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Abstract

Background: The opportunity offered by whole slide scanners of automated 
histological analysis implies an ever increasing importance of digital pathology. To go 
beyond the importance of conventional pathology, however, digital pathology may need 
a basic histological starting point similar to that of hematoxylin and eosin staining 
in conventional pathology. This study presents an automated fluorescence‑based 
microscopy approach providing highly detailed morphological data from unstained 
microsections. This data may provide a basic histological starting point from which 
further digital analysis including staining may benefit. Methods: This study explores 
the inherent tissue fluorescence, also known as autofluorescence, as a mean to 
quantitate cardiac tissue components in histological microsections. Data acquisition 
using a commercially available whole slide scanner and an image‑based quantitation 
algorithm are presented. Results: It is shown that the autofluorescence intensity of 
unstained microsections at two different wavelengths is a suitable starting point for 
automated digital analysis of myocytes, fibrous tissue, lipofuscin, and the extracellular 
compartment. The output of the method is absolute quantitation along with accurate 
outlines of above‑mentioned components. The digital quantitations are verified by 
comparison to point grid quantitations performed on the microsections after Van 
Gieson staining. Conclusion: The presented method is amply described as a prestain 
multicomponent quantitation and outlining tool for histological sections of cardiac 
tissue. The main perspective is the opportunity for combination with digital analysis of 
stained microsections, for which the method may provide an accurate digital framework.
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BACKGROUND

Microscopic evaluation of myocardial tissue is commonly 
conducted at pathological and forensic departments, 
usually by means of bright‑field microscopy of 
hematoxylin and eosin‑stained  (H  and  E) microsections. 
A  part of the evaluation is a subjective estimate of the 
basic condition of the heart as perceived, e.g., amount of 
fibrosis, cell size, nuclear size, and presence of lipofuscin. 
In clinical settings, subjective estimates of histological 
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parameters may work, but in scientific settings the need 
for reproducible parametric representation of data is not 
satisfied. Furthermore, with the current introduction 
of whole slide scanners in clinical settings, a demand 
for automated analysis of digitized microsections is 
increasingly manifested. This study explores the digital 
analysis of autofluorescence from unstained microsections 
as a means to quantitate basic histological parameters 
of myocardial tissue. The method is intended for both 
clinical and scientific purposes.

The versatility of autofluorescence is reflected in the 
broadness of previous application studies ranging from 
noninvasive methods for diagnosing cancer and metabolic 
diseases[1‑4] to histological diagnostics of functional 
disorders.[5,6] The common feature is quantitation of 
tissue components and/or metabolites by means of 
fluorescent properties.

Methods for automated quantitation of histological tissue 
components in myocardial microsections using digital image 
analysis have been widely published.[7‑14] Fibrous tissue has 
attracted a surplus of attention. Three principal approaches 
for quantitating fibrous tissue have been applied: 
(i) Discrimination by staining color, (ii) discrimination 
by polarization properties, and (iii) discrimination by 
fluorescence properties. Regarding  (i) specific staining is 
necessary to provide robust detectable contrast in color, 
e.g.,  by Sirius red or Masson’s trichrome staining.[8,9,14] 
Regarding  (ii) it is well established that birefringence 
of Sirius‑stained fibrous tissue is suitable for digital 
quantitation.[9,12] Regarding  (iii) fibrous tissue has been 
quantitated with a combination of two‑photon excitation of 
autofluorescence and second harmonic generation imaging 
of collagen,[7,11] which requires a confocal fluorescence 
microscope mounted with a femtosecond laser. This setup 
is limited in availability and has so far been tested only on 
experimentally acquired myocardial tissue.[7,11] In addition 
to fibrous tissue, cardiac lipofuscin has been the subject 
of autofluorescence‑based quantitation,[10,13] specifically by 
discriminating lipofuscin with autofluorescence intensity.

In this study, we aimed to test autofluorescence as 
the base of an objective high‑throughput method for 
quantitating the histological presentation of tissue 
structures in myocardial microsections. This was 
performed by quantitative analysis of histological 
autofluorescence intensities obtained at different 
wavelengths with a commercially available slide scanner. 
Settings for image acquisition along with quantitation 
algorithms are presented. The method quantitates both 
fibrous tissue, myocytes, lipofuscin, and the extracellular 
phase  (ECP) in unstained microsections. In addition, 
the method was tested at various fixation times and 
microsection thicknesses as autofluorescence is known to 
increase with fixation time[15] and microsection thickness 
is expected to affect the autofluorescence.

METHODS

We identified twenty autopsies performed at the 
Pathology Department, Rigshospitalet, University of 
Copenhagen, Denmark, in the period 2009–2013 with 
archived samples of myocardial tissue. The regional ethics 
committee classified the study as a methodology study 
requiring no Ethical approval. Relatives had given consent 
to both clinical and scientific aspects of the autopsy. In all 
cases, sampling was from the left ventricle and with the 
intention of verifying an infarction. All samples included 
areas with infarction as well as areas with noninfarcted 
myocardial tissue with various amounts of fibrosis. 
The latter was used as a model tissue. The age range 
of the included was 35–77  years  (median  =  65  years), 
the male/female gender ratio 14/6, and the postmortem 
interval at autopsy 24–136 h (median = 68 h). For testing 
the impact of fixation time and microsection thickness, 
an additional sample was taken from the left ventricle of 
a 59‑year‑old male autopsied 48 h postmortem in 2015.

Tissue Handling
All samples were formalin fixated  (neutral buffered 
4% solution) and paraffin embedded following routine 
procedures. The duration of fixation was between 1 and 
5  days. Microsections were cut at 4  µm thickness. The 
additional sample was parted in two and fixated for 1 and 
4  days, respectively. Each part was cut in microsections 
of 2 and 8  µm thickness following paraffin embedding. 
All microsections for autofluorescence were kept in the 
dark with minimal exposure to light when handled, which 
included 45  min of drying at 45°C, paraffin dissolution 
by 2  ×  15  min of xylene immersion and mounting of 
coverslips using xylene‑based glue (Pertex, Histolab Products 
AB, Göteborg, Sweden). Upon drying, the sections were 
ready for autofluorescence imaging. Fluorescence images 
were acquired, and the microsections were immersed in 
xylene until loosening of the cover slips and finally Van 
Gieson (VG) stained using a standard protocol. Neighboring 
microsections were H  and  E‑stained following standard 
protocol.

Scanning
Areas of normal myocardium without infarction were 
identified on the H  and  E‑stained microsections. The 
autofluorescence of these areas in the neighboring 
unstained microsections were imaged at two wavelengths 
within the visible spectrum: The blue area  (using a 
DAPI‑filter, excitation λ =365  nm, emission λ =445) 
and the red area  (using a Rhodamine filter, excitation 
λ =555  nm, emission λ =605  nm) using a Zeiss Axio 
Scan Z1 slide scanner  (Zeiss, Oberkochen, Germany) 
with an light emitting diode  (LED) illumination 
module  (Zeiss Colibri II) and an Orca Flash 4.0 camera. 
Ring aperture contrast  (RAC) focus mode was used for 
both coarse  (×20 objective, 6 points per area) and fine 
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autofocus  (×20 objective, onion skin mode with the 
parameter set to 0.1). Scanning was done with the  ×20 
objective and exposure times were 100 ms in the blue area 
and 200 ms in the red area. We selected these exposure 
times through testing as they produced ample and similar 
autofluorescence intensities from the myocytes. During 
the scanning, both wavelengths were photographed 
immediately in each tile position by photographing first 
the blue area and then the red area. A  scanned area 
was typically 3  ×  3  mm. Stitching, which is a built‑in 
function of the Zeiss microscope software that smooths 
the transition between imaged tiles, was disabled to avoid 
manipulation at the tile borders.

Point Grid Counting
After VG‑staining of the digitally quantitated 
microsections, random parts of the quantitated areas 
were imaged at ×100 magnification using a standard light 
microscope  (Leica DM2000 LED, Leica Microsystems, 
Wetzlar, Germany) mounted with a charge‑coupled 
devices camera, resulting in 1.2  ×  1.2  mm images. 
A  point grid was applied to these images with random 
offset using an ImageJ grid plugin (Wayne Rasband, NIH) 
with a spacing of approximately 50  µm, giving a total of 
approximately 450 counting points in each image. The 
spacing corresponds to a higher sampling intensity than 
the 100 µm spacing suggested in a previous publication.[8] 
By eye observation on screen, each counting point was 
determined as representing either fibrous tissue  (stained 
red), ECP (unstained), or cells (stained yellow).

RESULTS AND ANALYSIS

The obtained autofluorescence images were in focus 
with level contrast and intensity. All images were 
considered suitable for further analysis. Examples are 
given in Figure  1. Particular differences between the two 
wavelengths are noted. In the blue filter  [Figure 1a], the 
intensity of fibrous tissue was high and the intensity 
of lipofuscin was low. The opposite holds true for the 
red filter  [Figure  1b]. The images can be regarded as 
different stainings simultaneously of one microsection. 
No bleaching artifacts from autofocus could be identified. 
The inserted intensity histograms include fitted standard 
deviations corresponding to the myocytes. In both 
wavelengths, they were considered normally distributed.

Image Analysis
In keeping with the objective high throughput 
commitment, it was considered mandatory to develop 
a reproducible quantitation algorithm suitable for fully 
automated processing. The quantitation algorithm was 
based on parametric data analysis of the autofluorescence 
intensities. In particular, the fibrous tissue was determined 
by analysis of pixel intensity ratios of blue‑to‑red 
autofluorescence, lipofuscin by analysis of pixel intensity 
ratios of red‑to‑blue autofluorescence, and ECP by 
analysis of pixel intensities of blue autofluorescence. 
The pixel intensity ratios are best appreciated as images. 
Figure  1c shows an image where pixel values are ratios 
of blue‑to‑red autofluorescence intensities from the 

Figure 1: Examples of fluorescence images. (a and b) The same area in the blue and the red filter, respectively. (c and d) The corresponding 
ratio images with (c) being the ratio of blue to red and (d) the ratio of red to blue. Intensity histograms with fitted standard deviations 
corresponding to the myocyte peaks are shown in the small insets. Van Gieson‑staining and quantitations of the central parts of this 
microsection are displayed in Figure 2
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corresponding pixels in Figure  1a, b, and d show the 
reciprocal image consisting of red‑to‑blue ratios. In 
the blue‑to‑red ratio image [Figure 1c], the myocytes are 
seen as a featureless background with uniform intensity, 
whereas the fibrous tissue is amplified and leveled. In 
the red‑to‑blue ratio image  [Figure  1d], lipofuscin is 
amplified and leveled.

All image analysis was done using ImageJ,[16] Origin 
(Origin Lab Corporation, Northampton, MA, USA) 
and Excel  (Microsoft, Redmond, WA, USA). All images 
entered the analysis in 8‑bit gray scale form.

The following Steps 1–5 present the autofluorescence‑based 
quantitation, which has been tested on various area sizes. 
If the area is below 1  ×  1  mm, the included fitting 
procedures become unstable due to irregular, “spikey” 
intensity histograms. If the area is too large, variations 
in the microsection thickness may theoretically provide 
instability. This problem, however, was not encountered 
analyzing bigger areas up to 3 × 3 mm. It is consequently 
recommended to perform the analysis on square sections 
of at least 1 × 1 mm and be cautious with squares more 
than 3 × 3 mm.
•	 Step 1: Creation of a mask of the ECP is performed 

using a standard distribution fitted to the myocyte 
peak in the histogram of the blue autofluorescence 
image. This was done by exporting the intensity 
histogram from ImageJ to Origin and fit a single 
peak in the fit module with Gauss function checked. 
Pixels with intensities below the fitted peak value‑2 
standard deviations are thresholded from the 
remaining image and used as a mask representing 
ECP [Figure 2]

•	 Step 2: The ECP mask is subtracted from the blue 
and the red images using the image calculator 
function in ImageJ resulting in ECP being 
represented with the value 0

•	 Step 3: The images are leveled with respect to the 
peak intensity of the myocytes: The blue/red ratio 
of the myocyte peak intensities is identified from 
histograms  (Please see small insets in Panels a‑b of 
Figure  1) and used to align the red with the blue 
image using the math  →  multiply function. For 
instance, the red image is multiplied by 2 if the 
myocyte peak intensity value of the blue image is 
twice that of the red image

•	 Step 4: Creation of a mask of the fibrous tissue by 
generating and analyzing the blue‑to‑red ratio image. 
In summary, the standard deviation  (SD) of the 
myocyte peak in the ratio image is used to approximate 
the upper‑intensity level that includes pixels covering 
myocytes, and a transition analysis is performed to 
reproducibly identify that particular level. In the 
case of the blue to red ratio image, fibrous tissue is 
considered all pixels with intensity above the upper 
intensity level of the myocytes, and in the case of the 
red‑to‑blue ratio image, lipofuscin is considered all 
pixels with intensity above the level of the myocytes. 
The detailed procedure for identifying fibrous tissue 
is described in the following: The blue image is 
divided with the red image using the image calculator 
function; 32‑bit float must be checked. In the resulting 
ratio image, the intensity variation of all tissue 
elements is leveled, and the fibrous tissue intensity 
is amplified, and lipofuscin intensity is diminished. 
Typically, fibrous tissue is too small a representation to 
be represented by a peak in the intensity histogram of 
the generated ratio image  [Figure  1c]. Hence, fibrous 
tissue must be defined based on the myocyte peak 
as follows: A  standard distribution is fitted to the 
myocyte peak of the ratio image, which in theory is 
located at 1.0. By eye observation, it was established 
that the transition from myocytes to fibrous tissue 
is approximately at 5 SD above the myocyte peak 
intensity, where intensity values above represent fibrous 
tissue and intensities below represent myocytes. Thus, 
peak intensity  +  5 SD is used as the starting point 
of the myocyte‑to‑fibrous tissue transition analysis. 
The transition analysis considers the drop in pixels 
covering myocytes as the threshold approaches the 
signal emanating from fibrous tissue. In particular, 
single pixel presentations are regarded as reminiscences 
of myocytes. All single‑pixel representations above 
threshold are quantitated for each 0.02 threshold 
interval in the range: Starting point  (myocyte peak 
intensity + 5 SD) ± 0.40, which covers approximately 
10% of the intensity range of the generated 32‑bit ratio 
image. The ratio of change in single pixel presentations 
to the number of single pixel presentation at the 

Figure  2: High magnification image of a Van Gieson‑stained 
area (a) and the corresponding black/white masks from the digital 
quantitations including fibrous tissue (b), extracellular phase (c), 
and lipofuscin  (d). This particular section was selected as both 
solid fibrous tissue with strands down to a few micrometers (lower 
half) as well as hardly discernible network‑like strands below 1 
µm (e.g. the capillarized area central left) are represented
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initial point of the analysis  (∆n0.02/nstarting point ‑   0.40) is 
plotted against the intensities of the analyzed range. It 
is noted that the change in single pixel presentations 
approach zero with increasing threshold  [Figure  3]. 
In the plots, an exponential equation approaching 
zero asymptotically is fitted using the function “fit 
exponential  →  asymptotic1” in origin  [Figure  3]. 
The adjusted R2 of the 20 fits performed in this 
study was typically around 0.95 and 0.88 at lowest. 
The fit provides the basis for selecting the threshold 
reproducibly, which was defined in this study as 
the intensity of the fit corresponding to the value 
∆n/nstarting point ‑ 0.40= −0.015

•	 Step 5: Creation of a mask for lipofuscin is done by 
repeating step 4 only replacing the blue‑to‑red ratio 
with the red‑to‑blue ratio.

The output of the digital quantitation algorithm is 
best presented as black/white masks of the quantitated 
tissue components  (black pixels)  [Figure  2]. Regarding 
fibrous tissue  [Figure  2b] and ECP  [Figure  2c], 
differences between the VG‑stained section and 
the autofluorescence‑based digital quantitations are 
inconspicuous. Lipofuscin  [Figure  2d] cannot be 
identified in the VG‑stained section. The images are 
representative of all quantitations. The solid fibrous 
tissue is readily recaptured, whereas recapturing of the 
thin strands is less certain. The thin strands are probably 
in the proximity of the lower limit of what can be 
quantitated with the presented technique.

Verification of Digital Quantitations
This part of the results and analysis section concerns 
verification of the digital quantitations. The VG‑stainings 
were used both for point grid counting for correlation with 
the digital quantitations and an analytical comparison 
between color depth and autofluorescence intensities.

Figure  4a shows an example of a point grid quantitated 
area along with corresponding digital quantitation 
of ECP  [Figure  4b], fibrous tissue  [Figure  4c], and 
lipofuscin [Figure 4d]. Fibrous tissue, ECP, and cells were 
quantified in the point grid analysis. It was not possible 
to quantify lipofuscin using the VG‑stain because the 
lipofuscin could not be differentiated from surrounding 
myocyte cytosol. Scatter plots displaying the correlations 
between point grid quantitations and digital quantitations 
are presented in Figure  5. The digital quantitation of 
cells is the entire area of the section with fibrous tissue 
and ECP subtracted. An evident correlation is noted. The 
function y = x is entirely included in confidence intervals 
of the cell and ECP quantitations. The confidence 
interval of the fibrous tissue quantitation is slightly below 
x  =  y in the central part of the fit corresponding to a 
small systematic underestimation of fibrous tissue in the 
digital quantitation.

As a further means to validate the digitally quantitated 
fibrous tissue and ECP, an analytical proof of concept 
is presented in Figures  6 and 7. In Figure  6, part of a 
VG‑stained section is shown that includes strands of 
fibrous tissue. The red color corresponding to fibrous 
tissue is demarcated by including increasing intensities of 
the red spectrum using the RGB color threshold feature 
of ImageJ, where Figure 6d was set to fit the fibrous tissue 
as perceived by the author. Figure  6e‑h show the same 
section of the blue‑to‑red ratio image, where pixels in 
Panels f‑h are increasingly demarcated going from highest 
to lowest intensity with Panel h representing the digitally 
determined threshold. It is noted that deeper red in the 
VG staining corresponds to higher gray scale intensity of 

Figure 4: Panel (a) displays a Van Gieson‑stained section with an 
superimposed point grid, whereas panels  (b‑d) displays outlines 
of the corresponding digital quantitations of extracellular phase, 
fibrous tissue, and lipofuscin, respectively. This particular section 
includes a higher amount of dispersive fibrous tissue than normal 
myocardium

dc

ba

Figure 3: Transition analysis plot of drop in the ratio of change in 
single pixel presentations to the number of single pixel presentation 
at the initial point of the analysis (∆n0,02/nstarting point ‑ 0,40) plotted against 
the intensities of the analyzed range. The red line is an exponential 
fit asymptotically approaching zero
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the ratio image. The area was chosen, as it includes solely 
fibrous tissue because myocytes in the VG‑staining could 
not be digitally distinguished from fibrous tissue.

A similar approach was used for ECP. Figure  7 
displays a VG‑stained area  [Figure  7a‑d] along with 
the corresponding area in the blue autofluorescence 
image  [Figure  7e‑h]. In the VG‑images, decreasing 
pixel intensities are demarcated resulting in the lightest 
areas of the section, which is regarded as ECP, being 
increasingly demarcated. In Figure  7d, the demarcation 
has been set to fit ECP as perceived by the author. In 
Panels e‑h, increasing intensities are demarcated, with 
Panel h representing the digitally determined threshold. 
It is noted that the highest intensities of the VG‑stained 
section correspond to the darkest pixels in the blue 
autofluorescence image. This analytical approach 
verifies the point grid quantitation by proving that the 
autofluorescence intensity, through quantitative analysis, 
correlates to the as‑perceived fibrous tissue, and ECP of a 
VG‑stained section.

As for verification of the lipofuscin quantitation, no 
comparison can be done to the VG‑stained sections. 
Figure 8 shows an example of lipofuscin content analysis. 

Panel a is an autofluorescence image in the red area. The 
outline mask of the corresponding digitally quantitated 
lipofuscin is shown in Panel b. Panel c is panel a with a 
slightly translucent Panel b on top.

Impact of Fixation Time and Microsection 
Thickness
Microsections cut at 2 and 8  µm from samples fixated 
for 1 and 4 days, respectively, were digitally analyzed and 
quantified with point grid quantification as described 
above. Long fixation time as well as thicker microsections 
resulted in an overall higher autofluorescence intensity 
in both the blue and the red area. At both fixation 
times and both microsection thicknesses the digital 
quantitation algorithm was applied successfully with 
satisfying correlations to the point grid quantitations. 
The outer boundaries of this additional experiment were 
the thin microsections fixated for 1  day and the thick 
microsections fixated for 4 days, which had the lowest and 
highest impacts, respectively, of thickness and fixation 
time on autofluorescence. Close‑up examples of these 
boundary samples with VG‑staining and corresponding 
fibrous tissue quantitation are shown in Figure  9. Panels 
9a‑b is a thin microsection fixated for 1  day and 9c‑d is 

Figure 5: Scatterplots of point grid counting versus digital quantitations of cells (a), extracellular phase (b), and fibrous tissue (c). X = Y 
is added as a red dashed line, black full line is least squares fitted line, and the green lines display the 95% confidence intervals thereof
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a thick microsection fixated for 4 days. The areas include 
transitions from solid fibrous tissue to hardly discernible 
smaller fibrils. As expected, the borders between stained 
and unstained components are unclear in the thick 
microsection (9c) compared to the thin microsection (9a). 
The fibrous tissue outline of the thin microsection  (9b) 
is by inspection in clear correspondence with the 
VG‑staining, whereas the outline of the thick section (9d) 
is in less obvious correspondence. This ambiguity was 
also present in thick microsections fixated for 1  day, but 
not in thin microsections fixated for 4 days. It should be 
noted that larger tissue component presentations were 
clearly outlined in the thick microsections.

DISCUSSION

We present an autofluorescence‑based technique intended 
for quantitation of tissue components in histological 
sections of the myocardium. Unstained histological 
sections of archived tissue from autopsies were used. The 
study acknowledges autofluorescence intensity as a tissue 
property suitable for quantitation of tissue components in 
histological sections. The digital quantitations are verified 
by comparison to point grid counting performed on the 

same microsections VG‑stained. The method separates 
itself from previous studies on digital quantitation of 
myocardial tissue components on two major points: 
(i) Several tissue components are quantitated from a 
single slide and  (ii) no staining is required. The method 
may serve as a stand‑alone part of any routine microscopic 
evaluation providing accurate quantitations and digital 
outlines of myocardial tissue components. This would 
provide immediate access to any desired distribution 
analysis of the microsection in question.

The quantitation algorithm is based on parametric analysis 
using no image manipulation such as contrast enhancing 
filtering. Although the approach provided satisfying 
quantitations in all cases, it is recognized that alternative 
analysis approaches may be applicable. In particular, 
filtering may replace the transition analysis, which would 
alleviate the computational strain. Using autofluorescence 
ratios for identifying tissue components, however, is 
considered indispensable for similar autofluorescence‑based 
techniques. We recommend executing the algorithm on 
square areas of 1–3 mm in width.

The digital quantitations of fibrous tissue, ECP and 
myocytes were satisfyingly correlated to point grid 

Figure  6: Images of the same section demonstrating the analytical verification of the fibrous tissue quantitation. In  (a‑d), which are 
Van Gieson‑stained, increasing areas of red are demarcated with red going from deep red to lighter nuances of red. In (e‑h), which is the 
blue to red ratio, image pixels with the highest intensity are demarcated in (f) and decreasing intensities are included toward (h) with 
(h) representing the digital quantitation
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quantitations performed on the VG‑staining. The digitally 
quantitated fibrous tissue, however, was marginally smaller 
than the point grid quantitation. A  similar difference was 
noted in a previous study comparing digital quantitation 
and point grid counting of cardiac fibrous tissue.[8] The 
difference is possibly a result of thinly occupied areas of 

fibrous tissue tending to be regarded as fibrous tissue 
in the point grid quantitation, whereas in the digital 
quantitation they may be mostly ECP. Point grid counting 
has been used for similar purposes in previous studies.[8,9] 

Figure 7: Images of a section demonstrating the analytical verification of the extracellular phase quantitation. In Panels a‑d, which is Van 
Gieson‑stained, areas of decreasing intensity are demarcated with red to cover the manually perceived extracellular phase completely (d). 
In the blue fluorescence image (e‑h), areas of increasing intensity are demarcated with red with (h) representing the digital quantitation
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e

Figure  9: Examples from the additional study of the effect of 
microsection thickness and fixation time. Panel a is a thin (2 µm) 
microsection cut from the sample fixated for 1 day and Panel c is 
a thick microsection (8 µm) from the sample fixated for 4 days. 
Panel b and d are the corresponding outline masks of the digital 
quantitations of fibrous tissue. Panels a and b are representative 
of thin microsections fixated for 4 days and Panels c and d are 
representative of thick microsections fixated for 1 day
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Figure 8: Depiction of the lipofuscin quantitation. Three images of 
the same section, where (a) is the autofluorescence image in the 
red area, (b) is the quantitated lipofuscin, and (c) is a combination 
of (a and b) with (b) made slightly translucent and layered on top 
of (a) for overview reasons
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It is recognized that digital quantitation of the VG‑stained 
microsections instead of point grid counting may have 
served the purpose of verifying the autofluorescence‑based 
quantitation more appropriately. Indeed, we attempted to 
develop a color deconvolution algorithm for quantifying the 
VG‑stained tissue components. However, vigorous image 
manipulation to the point of hardly recognizable tissue 
with considerable loss of detail was necessary. The attempt 
was eventually deemed a failure and point grid counting 
was selected for verification of the autofluorescence based 
quantitation. Along with the analytical verification, this 
approach was considered sufficient.

Analytical verification of the quantitation of fibrous 
tissue and ECP was included because autofluorescence as 
presented is relatively unexplored in the context of digital 
quantitation. Thus, a rational approach in addition to the 
point grid counting was considered necessary to exclude a 
coincidental correlation between the point grid counting 
and the digital quantitation.

The unknown fixation time is an issue that deserves 
discussion. Fixation time is a known parameter 
of relevance to autofluorescence intensity in that 
autofluorescence increases with fixation time.[15] In the 
current study, the quantitation was based on relative 
differences in the autofluorescence intensities of different 
tissue components. It was reported that increase in 
autofluorescence with fixation time was accompanied by 
only small changes in the autofluorescence spectrum,[15] 
which indicates an even autofluorescence increase 
regardless of the tissue component. In the additional 
study evaluating fixation time, the method was applied 
successfully and validated with point grid counting on 
microsections from samples fixated for 1 and 4  days. 
Within the limited scope of the study, fixation time 
was of no apparent significance. We recommend using 
fixation times between 1 and 4 days.

It is recognized that variation in microsection thickness 
cannot be avoided. The quantitation algorithms are 
based on intrasection parametric data analysis. Assuming 
a linear relationship between section thickness and 
autofluorescence intensity, this can be regarded as a 
shelter against bias. This linear relationship, however, has 
not been established. In the additional study evaluating 
microsection thickness, the method was applied 
successfully and validated with point grid counting on 
microsections cut at 2 and 8  µm. Autofluorescence 
intensity increased with microsection thickness. The 
study, however, was too small to establish the detailed 
relationship between microsection thickness and 
autofluorescence intensity. It was noted that thick 
microsections resulted in unclear borders between 
tissue components in the VG‑staining and less obvious 
correspondence between the digital quantitations and 
VG‑staining. It is recommended to use uniformly thin 
microsections.

Bleaching of the slides during handling, i.e.,  destruction 
of fluorescence resulting from light exposure, is a 
possible source of bias. Slides were handled identically 
and with minimal exposure to light, thereby minimizing 
a potential bleaching effect. As a part of the scanning 
process, the slide scanner automatically sets the focus 
guided by a prescan identification of the focus plane in 
selected tiles. When using the RAC‑mode for autofocus, 
no bleaching could be detected digitally, whereas when 
using fluorescence‑based autofocus, clear bleaching was 
seen in the autofocus tiles. RAC‑mode was used to avoid 
bleached tiles, which would otherwise have to be omitted 
from the analysis.

The slide scanner used was mounted with an LED 
illumination source, which produces an excitation beam 
of more uniform wavelength as compared to traditional 
illumination sources. This is considered an advantage in 
that a narrow‑banded excitation beam is more likely to 
produce autofluorescence contrast resulting in images 
suitable for analysis.

The presented method could be valuable in diagnosing 
arrhythmogenic right ventricle cardiomyopathy, which 
requires quantitation of fibrous tissue.[17] Cardiomyopathy 
research may benefit from the method considering 
the increasing evidence that fibrous tissue presence is 
a marker of severity[18,19] and distribution a marker of 
the phenotype.[14,20] The method may be applicable in 
other organs of interest, for example, when quantitating 
fibrosis in kidney or liver. In addition, the accurate 
digital outlines of tissue components may provide a 
framework for the digital analysis of stainings performed 
after the autofluorescence analysis, for instance of 
immunohistological stains.

CONCLUSION

We have shown that autofluorescence intensity of 
unstained microsections may provide ample contrast to 
quantitate and outline multiple components in cardiac 
tissue. The quantitations are considered verified with a 
comparison to point grid counting. Quantitative analysis 
of autofluorescence may prove useful in the diagnosis of 
cardiomyopathies and other areas of histology, for example, 
in analyzing fibrosis in hepatic or renal tissue. The 
perspectives, however, of a fully automated histological 
multicomponent quantitation and outlining tool based on 
unstained microsections are best appreciated in a digital 
light‑an optimistic view sees quantitative autofluorescence 
analysis as the prestain starting point of any digital 
microscopy evaluation, providing a digital framework for 
image analysis of the staining to come.
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