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Abstract 

Picrosirius red staining constitutes an important and broadly used tool to visualize collagen and fibrosis in various tissues. Although 
multiple qualitative and quantitative analysis methods to evaluate fibrosis are available, many require specialized devices and soft-
ware or lack objectivity and scalability. Here, we aimed to develop a versatile and powerful “QuantSeg” macro in the FIJI image proc-
essing software capable of automated, robust, and quick collagen quantification in cardiac tissue from light micrographs. To examine 
different patterns of fibrosis, an optional segmentation algorithm was implemented. To ensure the method’s validity, we quantified 
the collagen content in a set of wild-type versus plakoglobin-knockout murine hearts exhibiting extensive fibrosis using both the 
macro and an established, fluorescence microscopy-based method, and compared results. To demonstrate the capabilities of the seg-
mentation feature, rat hearts were examined post-myocardial infarction. We found the QuantSeg macro to robustly detect the differ-
ences in fibrosis between knockout and control hearts. In sections with low collagen content, the macro yielded more consistent 
results than using the fluorescence microscopy-based technique. With its wide range of output parameters, ease of use, cost effec-
tiveness, and objectivity, the QuantSeg macro has the potential to become an established method for analysis of PSR-stained tissue. 
The novel segmentation feature allows for automated evaluation of different patterns of cardiac fibrosis for the first time.
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Introduction
Picrosirius red (PSR) is a histological staining technique used to 
mark collagen fibers in various tissue sections. After early experi-
ments in the 1960s and its proper description in 1979, it has gar-
nered widespread use as a tool to visualize collagen content in 
different organs and to assess the amount, size, and distribution 
of fibrotic areas [1–3]. Hallmarks of this technique include the 
simplicity of its staining procedure, high sensitivity, and specific-
ity based on a strong interaction between collagen and dye, and 
purported hue and color saturation stability toward fluctuations 
in staining solution composition as well as overtime [3]. PSR 
staining was primarily intended to be used in conjunction with 
polarization microscopy due to the induction of birefringence in 
collagen fibers, thereby ensuring high specificity as the few non- 
collagen structures stained red by PSR (such as keratohyalin 
granules, some fish hearts, and mucous producing cells in some 
species) are not birefringent or, in the case of amyloid, lack the 
typical fibrous appearance [2, 3].

However, due to lacking experience with and limited access to 
polarization microscopy in many institutions, alternative meth-
ods of analysis and quantification are frequently used. To date, 
there is no gold-standard technique of analyzing PSR-stained sec-
tions. Apart from polarization microscopy-based detection of 

collagen birefringence, available methods include hue-based dis-
crimination of collagen and parenchyma in bright-field images 
(BF), the employment of physical glass filters blocking part of the 
color spectrum, and the usage of conventional or confocal fluo-
rescence microscopy [3–5]. Based on those forms of image acqui-
sition, a plethora of ways handling and analyzing the image data 
exists, including purely qualitative histopathological evaluation, 
collagen spot counting over a grid, manual pixel-based quantifi-
cation involving open-source or proprietary image analysis soft-
ware, and automated approaches such as macros in programs 
like ImageJ [5–9]. Some of these techniques are plagued by a cer-
tain degree of subjectivity which could influence results, be it in 
estimating and manually setting exposure times or in interpret-
ing what counts as a collagen spot and what does not. Another 
problem is the time-consuming nature of some methods which 
often renders them unsuitable for large projects as they are not 
scalable to hundreds or thousands of images. For computational 
solutions, frequently, the usage of multiple and sometimes paid 
programs is required alongside numerous and repetitive user 
inputs for each image. Regarding the few automated script-based 
solutions described so far, either the source code has not been 
made available by the authors, or it is outdated and does not run 
with modern versions of the respective software [7, 9]. Regardless 
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of the underlying microscopy, most computational approaches 
quantify the collagen amount or degree of fibrosis by only calcu-
lating the fractional area of collagen compared to the total tissue 
area [7–9]. Histochemical approaches such as hydroxyproline 
assays lack the capability of elucidating the spatial distribution 
of collagen in the sample yet provide low cost and high scalability 
[10].

Here, we present a publicly available, free, fully automated, 
and time-saving method for collagen quantification and localiza-
tion in PSR-stained histological heart sections, yielding a more 
comprehensive set of measurements than previous approaches. 
Furthermore, we aimed to enable a degree of flexibility enabling 
the method to be used for other samples besides cardiac tissue.

Given that different pathologies lead to different distribution 
patterns of fibrosis in the heart is not natively accounted for by 
most analysis techniques, a differentiation of cardiac regions is 
only possible by manually capturing view frames from the re-
spective areas of interest. Aiming at a more objective and less 
time-consuming solution, we developed a technique which auto-
matically creates segmentations of whole murine heart sections 
into different micro-anatomical regions—to then serve as a foun-
dation for subsequent collagen quantification.

Depending on the research question, the here-described novel 
“QuantSeg” macro can either quantify total collagen amounts 
within a heart section or automatically perform a comprehensive 
segmentation into its sub-regions (e.g. epicardium, myocardium, 
endocardium, etc). The techniques either can be run separately 
or be combined to obtain collagen quantification in the different 
micro-anatomical regions of interest.

Materials and methods
In order to meet all the criteria stated above, we decided to de-
velop a macro in FIJI (RRID: SCR_002285) [11]. This versatile im-
age analysis software is a distribution of the program ImageJ2, 
which is bundled in FIJI with a plethora of plugins and tools [12]. 
It includes a powerful script editor in which almost all functions 
of the program can be controlled automatically in conjunction 
with extensive access to the computer’s file system. The result-
ing scripts, so-called macros, can be installed and/or run in any 
program instance of FIJI as long as a suitably up-to-date version 
is used. The macro was last tested by us in 1.54f from July 2023. It 
is available at GitHub under the AGPL-3.0 license (https://doi.org/ 
10.5281/zenodo.10480349), also linked to within the supplemen-
tary material. There, an installation guide, a detailed manual, a 
video demonstration of QuantSeg’s usage, and the raw data can 
be found, as well.

Animal models and tissue samples
Heart sections exhibiting substantial amounts of collagen were 
obtained from two different rodent in vivo models. First, we used 
cardiac tissue from a cardiomyocyte-restricted homozygous 
plakoglobin-deficient (Jup-KO) mouse model which develops a 
cardiomyopathic phenotype with progressive cardiac dysfunc-
tion and cardiac fibrotic remodeling [13]. Jup-KO mice were gen-
erated as described previously [14, 15].

Analysis was conducted on cardiac tissue from 6- and 8-week- 
old Jup-KO and wild-type (WT) littermate controls of both gen-
ders. Secondly, we used heart tissue from rats at 8 weeks after 
sham surgery or experimental myocardial infarction (MI), the lat-
ter of which display segmental, transmural fibrosis. Surgeries 
were conducted as previously described [16].

All animal handling was in compliance with the directive 

2010/63/EU of the European Parliament and was conducted in ac-

cordance with institutional guidelines. The animals were housed 

in a climate-controlled facility on a 12-hour light/dark cycle and 

offered standard chow and water ad libitum.

PSR staining
To evaluate the extent of fibrosis, murine cardiac tissue samples 

were obtained and treated as previously described [13]. In brief, 

hearts were excised, fixed in 4% methanol-free formalin 

(Polysciences Cat# 18814-10) in PBS, embedded in paraffin and 

transversally sectioned (thickness 20 mm) using an RM2245 mi-

crotome by Leica Biosystems. Prior to staining with PSR, the sec-

tions were deparaffinated, rehydrated, washed, and incubated in 

PSR working solution (Morphisto Cat# 13422) for 25 min. After 

washing and dehydration, samples were mounted in water-free 

medium (EntellanTM, Merck Cat# 107960).

Bright-field microscopy
All images within this study were acquired using a BZ-X810 mi-

croscope by KEYENCE. Slides were imaged using a 20X objective 

lens with an exposure time of 1/120 second. After adjusting white 

balance, tile images were captured at a resolution of 1920�1440 

pixels. Finally, using the microscope’s proprietary software, tiles 

were stitched and saved with and without compression to obtain 

both a high-resolution overview image as well as a compressed 

version of lower file size. Using the QuantSeg macro, images were 

analyzed, first without segmentation to validate the method, and 

then with segmentation enabled to test the capabilities of 

this function.

Collagen quantification
To obtain robust collagen quantification values as output param-

eters, 8-bit BF overview images of heart sections were processed 

and analyzed using the QuantSeg macro. In brief, each image was 

split into its hue, saturation, and brightness channels (HSB). The 

saturation channel was used to create a selection for the back-

ground area by applying a brightness threshold. The resulting se-

lection was transferred to the original image to measure the 

mean red, green, and blue (RGB) values of the background. In 

case the three obtained values displayed a discrepancy, the 

whole image’s RGB components were adjusted in order to estab-

lish correct white balance. Following that, the background areas 

were filled in with pure white to ease analysis and publication of 

the respective image. To differentiate between collagenous and 

parenchymal areas, the original BF image was transferred into 

the L�a�b� color space. Parenchyma and collagen selections were 

created by applying brightness thresholds to the resulting a� and 

hue channel, respectively. Both selections were transferred to 

the previously created saturation channel of the HSB color space 

to individually measure area and mean saturation of the differ-

ent tissue compartments. For the collagen selection, max gray 

value, spot count, and mean spot area were measured as addi-

tional values. Based on these values the output parameters 

Collagen Score, Area Fraction, Collagen Area, Mean Collagen Intensity, 

Max Collagen Intensity, Mean Spot Area, Spot Count, and Tissue 

Density were calculated and saved as .csv and/or .xlsx-files, the 

latter of which being only available after segmentation due to 

technical reasons. A detailed explanation of output values can be 

found in Supplementary Table 1.
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Heart segmentation
Automatic segmentation of heart sections was developed for and 
tested with murine tissue. Starting from continuous overview 
micrographs of transverse heart sections, the tissue silhouette 
was determined by recognizing two non-connected and continu-
ously bordered holes, interpreted as ventricle lumina. In case this 
pre-requisite was not given in the present tissue section, the 
QuantSeg macro was programmed to enable manual input for 
assisting feature recognition. Following the identification of the 
heart silhouette and the ventricle lumina, regions of interest 
(ROIs) were fitted to those structures and subsequently used to 
construct the remaining region ROIs. For heart segmentation by 
wall layers, the silhouette ROI was shrunk by a pre-defined value 
and subtracted from the original ROI to obtain a ring-like ROI for 
the epicardium. Endocardial ROIs were constructed in a similar 
manner by enlarging the ventricle lumen ROIs, respectively. The 
adjacent layers—subepi- and subendocardium—were then cre-
ated by shrinking or enlarging existing ROIs by preset amounts, 
carefully ensuring not to include background or ventricle lumen. 
However, in regions with low mural thickness, the same area 
could be assigned to both subepi- and subendocardium. The 
remaining areas were defined as a collective myocardial ROI. 
During the assignment of the different ROIs, discrimination be-
tween left and right ventricle was performed, based on the pre-
sumption that on average the right ventricular free wall is 
thinner than the left one. Wall thicknesses were measured by 
constructing a line through the center points of both ventricles, 
that is orthogonal to the septal plane. This line was then used to 
measure the thickness of both opposite free walls at different 
positions. Afterward, the mean thickness values were compared 
to take the final decision between the ventricles to further enable 
additional segmentation by latero-lateral composition (left, sep-
tal and right region). Existing endocardial and subendocardial 
ROIs were automatically assigned to the respective side. Sub- 
discrimination of myocardial, subepicardial and epicardial ROIs 
required the construction of additional lines that were then used 
to divide the tissue into left and right side, with the remainder be-
ing attributed to the septum area. Data from both the concentric 
and the latero-lateral segmentation were finally combined to cre-
ate a third, more detailed set of ROIs. Independent of the seg-
mentation, ring-shaped perivascular collagen was identified for 
later optional exclusion from quantification. Visualizations of all 
three segmentation dimensions were saved and all generated 
ROIs were exported as .zip-files to facilitate later collagen analy-
sis without having to repeat the segmentation process before-
hand. However, quantification can also be performed 
subsequently after segmentation, resulting in output parameters 
measured separately for each previously defined ROI region and 
saved as .csv and/or .xlsx-files.

Input parameters
In order to control the different functions the QuantSeg macro 
offers and to define the parameters needed to perform both seg-
mentation and analysis, an initialization file was designed to be 
read by the macro at the beginning of each run. After specifying 
its location directly in the source code, users can freely configure 
the macro to their needs. Its use is obligatory as it contains fun-
damental parameters such as the ventricular dimensions 
QuantSeg should look for when segmenting, thickness values 
used for delineating different strata, thresholds essential for col-
lagen recognition, as well as options related to the creation of vi-
sualization images. Along with detailed explanations of every 
parameter, the file is available in the supplementary material.

Method validation
To confirm that this new method is at least equivalent to other 
commonly used techniques, a set of murine heart sections was 
analyzed using the fluorescence microscopy-based technique in 
addition to the color hue-based approach described above, and 
Collagen Score and Area Fraction values were compared. In order to 
further validate the capabilities of the segmentation feature, a 
small number of rat hearts with myocardial infarction—display-
ing segmental, transmural fibrosis—were used.

Fluorescence microscopy
PSR stained slides were imaged using the same BZ-X810 micro-
scope by KEYENCE, this time in fluorescence mode. Using a 20X 
objective lens, images were acquired using both the GFP filter for 
the parenchyma and the TexasRed filter for collagen. For detailed 
information regarding equipment and wavelengths, please refer 
to the supplementary material. Due to the high fluctuations in 
fluorescence intensity, fixed exposure times could not be used 
and needed separate manual adjustment for each image. For the 
collagen channel, vascular collagen was taken as a reference to 
calibrate exposure time. After acquisition, tile images were 
stitched as described previously.

Fluorescence image analysis
Analysis of fluorescence images was performed using another 
short FIJI macro, hereafter referred to as the “fluorescence mac-
ro”. First, pixels representing areas of unspecific fluorescence— 
characterized by persistent signal in both channels at the same 
time—were removed by subtracting the green from the red chan-
nel using absolute values. Second, using brightness thresholds, 
collagen and cardiomyocytes were selected in their respective 
channel after which area and mean gray value were saved. A 
Collagen Score—calculated as described below—was then dis-
played alongside the fractional area. Due to the strong variation 
in collagen content and fluorescence intensity, the brightness 
threshold had to be chosen manually by the user to guarantee a 
reasonable selection of the structures of interest. The code of the 
fluorescence macro can be found in the supplementary material.

Statistics
All statistical analyses were performed using GraphPad Prism 
version 10.1.0 for Windows, GraphPad Software, Boston, 
Massachusetts, USA, www.graphpad.com. Because most of the 
data were found to be distributed log-normally, values were first 
transformed using the formula Y ¼ ln(Y). The resulting data then 
passed normality tests required for ANOVA; additionally, QQ 
plots appeared straightened afterward. Diagrams show the mean 
and SEM along non-transformed values within a logarithmic co-
ordinate system in order to better visualize statistical results. In 
cases in which no prior transformation was used, linear axes are 
depicted. ����: p< .0001; ���: .001> p> .0001; ��: .01> p> .001; 
�: .05> p> .01.

Results
General principles of the novel QuantSeg macro
To minimize the need for technical equipment such as special 
microscopes or trained personnel, the collagen quantification 
part of the QuantSeg macro was based on the evaluation of color 
hue and saturation in BF images which can be acquired using 
any light microscope with digital capabilities. For best results, it 
is recommended to capture higher magnification tile images and 
to perform stitching afterward using software. To ensure a high 
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degree of objectivity and speed of analysis, we developed an algo-
rithm that takes overview images of entire heart sections and 
processes them as a whole without the need of frequent user in-
tervention. The program was designed to be strictly determinis-
tic, meaning that for one image, the same results will be 
produced on repeated analysis runs, guaranteeing additional 
inter-user reliability.

All parameters that control the features active in any analysis 
run can be chosen freely beforehand in the initialization file, sav-
ing run time when disabling steps that are not needed at the 
time. Threshold values that form the basis of collagen recogni-
tion have to be set here, as well, as they are strongly dependent 
on the exact hues produced by the staining, color saturation, ex-
posure time, and other factors.

In general, QuantSeg converts one image of a heart section into 
a set of numerical result parameters, as well as images that visu-
alize collagen recognition or heart segmentation. The extent of 
numerical outputs depends on the dimensions of segmentation 
chosen within the initialization file. For visualizations, sketches 
can be produced that schematically show the borders between 
regions within different segmentations (Fig. 1 A–C). Furthermore, 
a false-color representation of the recognized collagen can be 
produced. In this depiction, the thresholded a�-channel is 
mapped to the lookup table (LUT) “Fire” and superimposed over 

the grayscale saturation channel, clearly highlighting the colla-

gen recognized in the image against the parenchymatous back-
ground (Fig. 1D).

The leading parameter Collagen Score does not only consider 
the parenchymal and collagenous regions, but also accounts for 
color intensity values of both. Mathematically, this result is with-

out unit. However, we decided to introduce the unit “Collagen to 
Parenchyma Ratio”, abbreviated CPR. To account for the fact that 

most of the time, the resulting values are very small and are 
therefore multiplied by 1000 by default, the letter “m” is added to 

the unit’s name. Further explanations and formulas underlying 
the output values are listed in Supplementary Table 1. 

Numerical results can be written into a .csv or an .xlsx file, the 
latter requiring the external FIJI plugin Read and Write Excel [17]. 
Visualizations can be saved optionally, either as TIFF or 

JPEG files.

Comparison of QuantSeg and fluorescence data
In order to validate and compare our new quantification method 

to the conventional fluorescence macro described above, repre-
senting an established, commonly used technique, we used PSR- 

stained heart sections of Jup-KO mice compared to WT littermate 
controls. BF and fluorescence images were captured using the 
same fluorescence microscope (BZ-X810, KEYENCE). Figure 2A 

Figure 1. Optional visualization images put out by the macro. Segmentation by concentric wall layers (A), laterolateral composition (B), or both 
combined (C). Crosshatching shows overlap of regions. Darker areas in (C) indicate right heart, medium areas septum, and light ones left heart. The 
sketches are representations of the section shown in Fig. 2B. Labeling of ventricles in sketches is done automatically by QuantSeg. False-color 
representation (D) highlighting collagen in the heart section shown in Fig. 2A. Rectangle represents zoomed inlay. Scale bar: 1000 μm. Abbreviations: 
LV: left ventricle, RV: right ventricle.
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shows a representative Jup-KO heart section with extensive inter-
stitial and disseminated fibrosis located in both ventricular walls 
and the septum, comprising subepicardial, myocardial, as well as 
endocardial areas. Figure 2B shows a representative WT heart 
without Jup deficiency, displaying physiological amounts of col-
lagen located predominantly around blood vessels as well as in 
the epi- and endocardium.

In BF images, analysis was performed with the new QuantSeg 
macro and in fluorescence images using the fluorescence macro. 
Both methods were able to detect the significant difference in 
collagen content between Jup-KO and WT hearts, for both 
Collagen Score and Area Fraction (P < .0001, Fig. 3A). The mean of 
Area Fraction obtained from the QuantSeg macro analysis proved 
to be very close to the one resulting from fluorescence analysis 

(Fig. 3B). Value dispersion, however, was visibly greater in the 
fluorescence data for low collagen content WT hearts. 
Supplementary Table 2 displays the coefficients of variation for 
all groups of Fig. 3, clearly showing more closely grouped values 
around the mean for WT hearts from QuantSeg analysis com-
pared to those obtained via the fluorescence-based technique. 
QuantSeg produced only slightly larger value dispersion in high 
collagen content hearts.

More comprehensive understanding of 
fibrosis patterns
As already stated, apart from the two parameters indicating a 
general degree of fibrosis within the tissue, the QuantSeg macro 
provides more information concerning distribution of collagen 
and the resulting patterns of fibrosis. However, no significant dif-
ferences in mean (P ¼ .0747, Fig. 4B) or max collagen color inten-
sity (P ¼ .8745, Fig. 4C) were detected between Jup-KO and WT 
hearts, indicating that differences in degree of fibrosis do not 
stem from discrepancies in color saturation. Furthermore, no sig-
nificant differences in tissue density (P ¼ .0899, Fig. 4F) were 
found. For parameters regarding different fibrosis patterns, how-
ever, a significantly larger total area of collagen (P < .0001,  
Fig. 4A), mean collagen spot area (P < .0001, Figure 4D), and num-
ber of collagen spots (P < .0001, Fig. 4E) were observed in Jup-KO 
samples. These results show that the differences depicted in  
Fig. 3 are caused by significantly more numerous and larger col-
lagen spots that lead to an overall increase in area encompassed 
by collagen.

Segmented collagen quantification in  
Jup-KO hearts
In order to quantify the collagen content in the different micro- 
anatomical regions within a heart section, a full segmentation of 
each of the same hearts was performed, followed by a differenti-
ated collagen analysis using the QuantSeg macro. Parameters 
used for segmentation can be found in the initialization file 
within the supplementary material. Across all regions analyzed, 
a strong difference between Jup-KO and WT hearts was detected, 
both for Collagen Score and Area Fraction. When comparing group 
means, all regions belonging to laterolateral composition were 
equally affected by fibrosis in Jup-KO compared to WT mice for 
both Collagen Score and Area Fraction (P < .0001, Fig. 5A). Regarding 
segmentation into concentric wall layers, differences were also 
prominent in all layers (P < .0001, Fig. 5B), with myocardial tissue 
from Jup-KO displaying a higher fraction of fibrotic areas than 
the associated serous membranes (endo- and epicardium). The 
results indicate that here, a disseminated pattern of fibrosis is 
present, with all regions of the heart contributing to the differen-
ces seen in the overall collagen content.

Segmented collagen quantification in MI 
rat hearts
Rat hearts with experimental MI by means of ligation of the left 
anterior descendant coronary artery and therefore transmural, 
segmental fibrosis (Fig. 6A), were analyzed to better demonstrate 
the capabilities of the QuantSeg macro’s segmentation feature. 
Sham-treated littermates served as controls (Fig. 6B). MI hearts 
showed a significantly higher Collagen Score compared to sham (P 
¼ .0012; Fig. 7A). For both Collagen Score and Area Fraction, the seg-
mented collagen quantification showed a more or less unaffected 
right heart and septum, in contrast to a significantly increased 
collagen content located in the left heart (P < .0001, Fig. 7B). 
Here, the evaluation of concentric fibrosis pattern is not 

Figure 2. Representative PSR-stained heart sections of 8-week-old 
animals. Jup-KO mouse heart displays extensive fibrosis and myocardial 
atrophy (A). WT control mouse heart tissue without fibrosis, 
representing the aspect of a healthy heart with normal collagen content 
(B). Stitched overviews. Scale bars: 1000 μm. Rectangles represent 
zoomed inlays. Abbreviations: See Fig. 1.

Figure 3. Scatter plots showing collagen content determined using the 
conventional fluorescence technique compared to the QuantSeg macro. 
The same hearts from 6–8-week-old animals were analyzed using both 
methods. Collagen Score (A) and Area Fraction (B) represent both methods’ 
main output parameters. Statistics performed by two-tailed unpaired t- 
test with (A) and without (B) Welch’s correction. n¼ 9.
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expedient as following the MI, the left ventricular wall has 
thinned considerably so that the micro-anatomical boundaries 
cannot be established adequately by the segmenta-
tion algorithm.

Discussion
The main goal of our work was to develop and provide a method 
for analyzing whole PSR-stained histological sections that is 
quick, easy, and more powerful than previous approaches while 
being reproducible, objective, robust, cheap, and freely available, 
all at the same time. It was of major importance to obtain results 
that can be compared even across staining batches and different 
experiments. Furthermore, we wanted to expand the possibilities 
of this technique by enabling micro-anatomically differentiated 
quantification of the collagen content in heart sections. To 
achieve this, an extensive macro for the software FIJI was devel-
oped and tested.

Comparability to established methods
Our novel QuantSeg macro was able to quantify the difference in 
collagen content between fibrotic and healthy hearts just as well 
as the fluorescence microscopy-based method. In hearts with 
low collagen content, QuantSeg-derived data were even more ro-
bust and showed less value dispersion. This can most likely be 
accounted to problems in delimiting collagenous areas those sec-
tions using the fluorescence-based approach as we observed that 
choosing valid image acquisition and analysis parameters proved 

extremely difficult. Due to the strong variance of fluorescence in 
different sections, it was necessary to manually and often drasti-
cally adjust exposure times in order to maintain comparable lev-
els of signal. An additional bias was caused by the need to 
threshold manually, further introducing subjectivity into the 
results. Even small adjustments resulted in large alterations for 
the area counted as collagen. Furthermore, the signal intensity of 
the tiny amount of collagen present in the tissue was comparable 
to that from non-specific red background, which made a clear 
differentiation very hard. Organs with high amounts of fibrosis, 
on the other hand, usually displayed strong red fluorescence 
clearly discernable from background, simplifying threshold se-
lection. BF images of the same organs proved to be more consis-
tent which is why in most cases, the same thresholds can be 
applied throughout. In addition, BF images do not contain non- 
specifically stained structures or background signal, rendering 
this acquisition mode more suitable for accurate collagen 
quantification.

Advantages of QuantSeg’s collagen 
quantification feature
Rather practical advantages of this method lie in the staining and 
imaging techniques needed. Because the macro is built on the in-
terpretation of BF images, the requirement for expensive and 
highly specialized equipment such as fluorescence or polariza-
tion microscopes is eliminated [3–5]. Also contributing to the af-
fordability of this method is that (i) no paid or proprietary 
programs are used and (ii) no specialized training regarding 

Figure 4. Scatter plots showing additional QuantSeg output parameters. Significant differences in Total Collagen Area (A), Mean Collagen Spot Area (D), and 
Number of Collagen Spots (E). No differences in Mean (B) and Maximum (C) Collagen Intensity and Tissue Density (F). The same hearts from 6–8-week-old 
animals were analyzed. Linear axes were used in (B, C). Statistics performed by Mann–Whitney test (A) or two-tailed unpaired t-test with (D) or without 
(B, C, E, F) Welch’s correction. n ¼ 9.
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equipment or software is required. Due to its speed, the tech-
nique is easily scalable to large numbers of images: In contrast to 
fluorescence microscopy, image acquisition times are lower due 

to shorter exposure times and only one channel being imaged. 
Whole sections can be processed at once, eliminating the need 
for repeated capture and analysis of singular view frames from 
the same slide. The usage of BF images also ensures a high degree 
of inter-user reliability because usually, one and the same expo-
sure time and white balance setting can be used for an entire 
batch of slides with no need of constant intervention or manipu-
lation. Employment of microscopes with automation features 
even allows for largely unattended image acquisition. The high 
reliability and robustness of the quantification algorithm also 
allows for better comparison of data from different experiments.

Furthermore, only one program is used throughout the entire 
quantification process. Analysis times therefore range from 
roughly 15 s to 2 min per image, depending on its resolution and 
the enabled features, clearly setting it apart from manual meth-
ods. Direct speed comparisons to other computational methods 
were not possible due to their limited availability. Also, for the 
analysis process a minimal amount of user decisions has to be 
made: As long as staining intensity and color hues are constant 
among the images, the threshold values necessary for analysis 
need to only be set once at the beginning and kept throughout an 
entire batch. Apart from that, users are only required to open the 
respective images within FIJI and start the macro, ensuring a 
very high degree of objectivity and reproducibility. Regarding the 

Figure 5. Scatter plots showing data from segmented collagen quantification. PSR-stained heart sections from 6–8-week-old animals were segmented 
in two dimensions [latero-lateral composition (A), strata (B)] and analyzed using the macro. Statistics were performed by two-way ANOVA and �Sid�ak’s 
multiple comparisons test. n¼ 9. Abbreviations: EP: epicardium, SEP: subepicardial layer, M: myocardium, SEN: subendocardial layer, EN: 
endocardium, (r): right ventricle, (s): septum, (l): left ventricle.

Figure 6. Representative PSR-stained rat MI and sham heart sections. 
8 weeks after MI rat hearts displayed strong, segmental, left-ventricular 
fibrosis and myocardial atrophy (A). 8 weeks after sham procedure, 
control rats represented healthy hearts with normal collagen content 
(B). Stitched overviews. n¼3. Scale bars: 2500 μm. Abbreviations: 
See Fig. 1.

Macro-based collagen quantification and segmentation | 7  



output of results, this method offers a more comprehensive set 
of parameters measured than most methods: Collagen Score (in-
corporating color intensity), Area Fraction, Collagen Area, Mean 
Collagen Intensity, Max Collagen Intensity, Mean Spot Area, Spot 
Count, and Tissue Density allow for broader conclusions compared 
to other computational methods, also regarding patterns of fibro-
sis. The automated output into tabular files greatly reduces the 
risk of manual transcription errors.

Apart from that, polarization imaging is known to have limita-
tions in its sensitivity when visualizing very thin or disorganized 
fibrils, such as in reticular collagen type III or basement mem-
branes containing collagen type IV. Most of the time, those struc-
tures are better appreciated in PSR-stained BF images given their 
strong red staining [18].

Limitations of the collagen quantification feature
As differentiation of collagen and parenchyma is highly depen-
dent on color intensity and hue, a high quality and consistency of 
staining is critical for the successful employment of this method. 
Although the time span between staining and analysis when us-
ing BF imaging and the QuantSeg macro is of low importance due 
to the high temporal stability of PSR staining, results can be influ-
enced by varying quality of fixation and embedding, section 
thickness, staining time, as well as diluted or contaminated 
staining solutions [3]. QuantSeg does not have the capability to 
alert the user to such problems or even correct for them. Thus, 
quality and consistency of staining must be ensured. Also, one 
should verify that data generated by QuantSeg matches visual as-
sessment of samples in question. Furthermore, failure to prop-
erly white balance before image acquisition has the potential to 
strongly distort results despite the macro’s internal white bal-
ancing efforts. This is because those are done on an image exhib-
iting a compressed color depth of 24-bit, possibly yielding 
different hues after white balancing than the microscope sensor 
would produce. Fluorescence and polarization microscopy-based 
methods are less vulnerable to that as both fluorescence signal 
as well as birefringence ensure a high specificity in recognizing 
and delineating collagenous areas by means less dependent on 
those factors. In addition, differentiation of collagen fiber thick-
ness and packing density is lost with BF imaging as this feature is 
only achievable with polarization microscopy [19]. The QuantSeg 

macro therefore does not offer means to automatically exclude 
the non-collagen structures mentioned above from the analysis 
that are stained red by PSR. If the tissue to be analyzed is at risk 
of containing such structures, employment of a polarization- 
based or histochemical method should be considered instead. 
Regarding the Collagen Score output parameter, color intensity 
values (from 0 to 255) for collagen and parenchyma are included 
into the calculation. On the one hand, this allows for a better dif-
ferentiation of sections that might exhibit comparably large 
areas of collagen yet differ in color intensity. Also, higher levels 
of color intensity in general (e.g. through longer staining times) 
are automatically corrected for by dividing the product of colla-
gen area and saturation by the saturation of parenchymal tissue. 
The exact influence of these parameters of color saturation is not 
known which is why Collagen Score values should be critically 
evaluated pertaining to this possible bias. On the other hand, so 
far, it is not known if and how density, thickness, type, or orienta-
tion of collagen fibers influence red saturation in PSR-stained 
sections and whether it changes linearly with just one, or expo-
nentially with multiple of these parameters. This poorly under-
stood relationship could lead to higher value dispersion 
especially in regions with low collagen content as shown in 
Supplementary Table 2. Therefore, the interpretation of Collagen 
Score values should be done with respect to this fact, too. If these 
characteristics are of particular interest, polarization-based 
methods should be used instead. Another problem could be that 
tissues with very high degrees of fibrotic scarring and atrophy 
can present paler in color than less affected counterparts in 
some cases. Causes for this might be decreased density of the tis-
sue, pseudo-vacuoles, and high content of non-collagenous ex-
tracellular matrix. Intuitively, one might want to assign a higher 
fibrosis score to those areas, but, due to their paleness, the 
QuantSeg macro will output lower Collagen Score and also Area 
Fraction values, through under-recognition of non-parenchymal 
areas in this case. Similarly, QuantSeg’s reliability when analyzing 
samples of very low collagen content proved superior to the 
fluorescence-based approach yet was not tested extensively. For 
those cases, hydroxyproline assays such as the one developed by 
Lin and Kuan (2010) might be more suitable as it exhibited a very 
low detection limit [10]. Furthermore, QuantSeg’s reliability when 
quantifying collagen in hearts of different species or other types 

Figure 7. Collagen quantification of MI rat hearts with and without prior segmentation. Hearts from rats with and without myocardial infarction were 
examined using the QuantSeg macro. Scatter plot shows overall collagen content of MI vs. sham hearts (A). Statistics performed by two-tailed unpaired 
t-test. Line plots show data from collagen quantification segmented by latero-lateral composition (B). Statistics were performed by two-way ANOVA 
and �Sid�ak’s multiple comparisons test. n¼ 3. Abbreviations: See Fig. 5.
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of tissue is unknown because it was only tested on murine car-
diac tissue within this study. Therefore, users must be especially 
careful in interpreting data generated in such contexts and 
should ensure validity of results beforehand. The same is true for 
non-formalin-fixed paraffin-embedded tissue.

Capabilities analyzing collagen 
distribution patterns
Without performing segmentation, output values like Collagen 
Area, Mean Spot Area or Spot Count can give information about the 
general collagen distribution pattern. In case of the Jup-KO hearts 
analyzed above, these values show that their higher Collagen Score 
can be attributed not only to a significantly higher mean area of 
collagen spots, but also to a higher number of them, leading to 
an overall increase of collagen area. In cases in which different 
patterns (e.g. few big spots vs. numerous small ones) would pro-
duce comparable Collagen Scores, looking at these values can un-
mask those differences. To obtain even more information about 
the spatial distribution of cardiac collagen, the powerful, optional 
segmentation feature of the macro can be used to automatically 
recognize different micro-anatomical regions in a section on 
each of which a separate collagen quantification can then be ap-
plied. The data at hand gives two examples for how this feature 
can be used. First, segmented analysis expands the information 
obtained about Jup-KO hearts by showing that, although no single 
region outstandingly contributes to the high Collagen Scores, pa-
renchymal areas are more strongly affected by fibrosis than the 
serous membranes (epicardium, endocardium). Still, a significant 
increase in epicardial and endocardial collagen can be seen 
which is surprising considering that the JUP-deficiency in this 
model is cardiomyocyte specific. In hearts affected by artificial 
MI, on the other hand, one region responsible for the difference 
in Collagen Scores can be clearly identified. Here, the left side of 
the heart is the only region with significant fibrosis, due to the 
prior artificial occlusion of the left coronary artery. Analyses like 
these previously had to be performed by capturing individual, 
high-magnification view-frames from manually identified 
regions of the heart, quantifying them one by one and averaging 
afterward. Such technique could have produced similar results 
here but image acquisition and analysis time would have been 
many times larger. When high quality and intact sections are 
used, segmentation is fully automatic which further eliminates 
sources for errors, subjectivity and thereby data dispersion.

Limitations of heart segmentation
This feature was developed for and, so far, tested diligently on 
transverse murine heart sections. For it to work properly, it is 
mandatory that the heart sections are of high quality and retain 
important morphological features throughout the fixation, sec-
tioning, and staining process. The macro does not possess any 
capabilities in recognizing areas that are superior to the users’ 
ones. In case the anatomy of a section is unrecognizable to 
humans, the macro will most likely not be able to produce a sen-
sible segmentation either. Theoretically, the segmentation fea-
ture should be applicable to longitudinal sections in which both 
ventricles are clearly distinguishable, as well. A known issue here 
concerns the segmentation into left, septal and right heart. In 
this case, the part of the algorithm generating the straight sepa-
ration lines within the tissue often malfunctions due to the bi-
convex shape of longitudinally sectioned ventricles: In transverse 
sections, right and left ventricles are often shaped more convex- 
concave and round, respectively. The algorithm was adjusted 
specifically for this morphology and therefore can produce 

questionable results or even crash when presented with majorly 

differing ventricle shapes. Similar problems might arise when 

segmenting hearts of different species. In general, though, car-

diac tissue sections from animals other than mice or rats should 

not pose a problem. However, as soon as the anatomy of the sam-

ple is not comparable to that of murine hearts, sensible segmen-

tations might not be produced. In case of two-chamber fish 

hearts, the attribution of left and right ventricle will fail or at 

least output nonsensical results while, additionally, the looser 

packaging of cardiomyocytes could interfere with the recognition 

of ventricles. Users should test whether segmentation works on 

the samples beforehand and, if necessary, consider modifying 

sectioning accordingly.
An inevitable consequence of making the thickness of epicar-

dium, subepicardium, subendocardium, and endocardium freely 

adjustable by the user is that in some cases, one and the same 

area can be attributed to more than one anatomical region. In 

case of the junction area between a thin right ventricular wall, 

thin septum, and thin left ventricular wall, this area could be 

considered subendocardium, subepicardium, right, and left heart 

all at the same time. This effect could influence results especially 

in hearts exhibiting myocardial atrophy, which leads to wall thin-

ning. However, such an overlap can be reduced by decreasing the 

respective layer thicknesses in the initialization file. The 

QuantSeg macro is strictly deterministic, meaning it produces the 

same results on repeated runs as long as the same parameters 

are used. Therefore, segmentations only represent estimations of 

where micro-anatomical boundaries might be located. Those 

results are in no way universal or represent a “ground truth”. 

They are strongly dependent on the layer thickness settings, the 

morphology of the section, as well as the methodology that is in-

herent to the code. Data generated using this feature should be 

verified and interpreted with respect to this.

Conclusion
The data presented provide a first indication that the method de-

scribed here can be used as a valid technique in analyzing PSR- 

stained cardiac tissue sections with notably superior capabilities 

in detecting subtle differences between specimens with overall 

low collagen content. Its affordability, quickness, ease of use, ob-

jectivity, and multitude of output parameters let it stand out 

from other available methods and bear the potential to render 

time-consuming in-house solutions and tedious manual 

approaches obsolete. In the future, larger-scale employment and 

testing of QuantSeg is needed to confirm its envisaged broad us-

ability and establish it as an accepted and validated technique.
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