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Abstract. Background: Fibrosis is associated with various cardiac pathologies and dysfunction. Current quantification methods
are time-consuming and laborious. We describe a semi-automated quantification technique for myocardial fibrosis and validated
this using traditional methods.

Methods: Pulmonary Hypertension (PH) was induced in adult Wistar rats by subcutaneous monocrotaline (MCT) injection
(40 mg/kg). Cryosections of myocardial tissue (5 µm) of PH rats (n = 9) and controls (n = 9) were stained using Picrosirius red
and scanned with a digital microscopic Mirax slide scanner. From these sections 21 images were taken randomly of each heart.
Using ImageJ software a macro for automated image analysis of the amount of fibrosis was developed. For comparison, fibrosis
was quantified using traditional polarisation microscopy. Both methods were correlated and validated against stereology as the
gold standard. Furthermore, the method was tested in paraffin-embedded human tissues.

Results: Automated analysis showed a significant increase of fibrosis in PH hearts vs. control. Automated analysis correlated
with traditional polarisation and stereology analysis (r2 = 0.92 and r2 = 0.95, respectively). In human heart, lungs, kidney and
liver, a similar correlation with stereology (r2 = 0.91) was observed. Time required for automated analysis was 22 and 33% of
the time needed for stereology and polarisation analysis, respectively.

Conclusion: Automated quantification of fibrosis is feasible, objective and time-efficient.

Keywords: Collagen, fibrosis, slide scanner, whole slide image, image analysis, open source, Picrosirius red, polarised light,
stereology

1. Introduction

Collagen fibers play an important role in sustain-
ing structural integrity of healthy tissues. More cru-
cially they play a vital role in pathological processes
like inflammation and after tissue injury. For instance,
chronic inflammation, irrespective of cause and organ
affected, often results in fibrosis, i.e., an excess of con-
nective tissue [46]. This process is of particular impor-
tance in the heart as it is involved in numerous dif-
ferent cardiac diseases [39]. In the diabetic or hyper-
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tensive heart disease for example, the myocardium of
the left ventricle (LV) undergoes drastic structural re-
modeling. Activation of neurohumoral pathways, like
TGF-β, endothelin-1 or angiotensin II, stimulate the
transition of fibroblasts into myofibroblasts and en-
hance the production of extracellular matrix (ECM)
components in both ventricles in these hearts [39,48].
This not only affects myocardial structure, but also
leads to stiffening of the ventricle and altered signal-
ing to cardiomyocytes, known to contribute to both
systolic and diastolic heart failure [2,39–41,43]. Simi-
larly, in pulmonary hypertension (PH), the right ventri-
cle (RV) of the heart is subjected to pressure overload
causing activation of fibroblasts and subsequent RV
dysfunction [15,24]. Cardiac arrhythmias, like atrial
fibrillation, are known to originate from a disturbed in-
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tercellular signaling due to fibrosis [5,12]. In many car-
diac diseases, histological changes of the myocardium,
including fibrosis, have been linked to cardiac function
and even survival [29,40].

One of the most widely used methods to visualise
fibrosis in histological tissue is by staining it with Pi-
crosirius red [21,25,32,37,45]. Picrosirius red, in con-
trast to more traditional stains like van Gieson and
trichrome, has selectivity which makes it ideal and su-
perior for both staining and quantification of collagen
[44,45]. Moreover, known issues by traditional meth-
ods like staining variability and the tendency of stain to
fade is absent when using Picrosirius red. Picrosirius
red enhances the birefringence properties of collagen
which makes the collagen fibers easy to detect using
circularly polarised light [13,32,45]. Quantification of
fibrosis subsequently can be performed with stereol-
ogy. This conventional manual planimetry method has
proven its value but it is laborious, and the result de-
pends in part on the skill of the observer.

Semi-quantitative and semi-automated methods of
fibrosis quantification have been introduced [3,28,
45,47]. However, detailed literature on methodologi-
cal and technical aspects of fibrosis quantification is
scarce. For a more precise analysis of the associations
between extent of fibrosis on the one hand, and patho-
physiology and clinical phenotype on the other, there
is a clear need for better tools for quantifying fibro-
sis in tissue sections. To achieve this we investigated
whether it would be feasible to quantify interstitial my-
ocardial fibrosis using a semi-automated image analy-
sis technique that would be reproducible, less sensi-
tive to user interaction and reduces time needed for
analysis. To this end, we employed the use of high-
speed, automated whole slide imaging (WSI) system
(also called digital slide system or virtual microscope)
to convert ordinary glass slides into digital slides. Sub-
sequent automated analysis of the captured images was
carried out using a ImageJ macro-based algorithm that
identifies, separates and quantifies Picrosirius red stain
representing fibrosis.

2. Materials and methods

2.1. Experimental model

We used the rat model monocrotaline (MCT) in-
duced PH, which is known to induce the production of
myocardial fibrosis due to RV pressure overload [7,18,
24,36]. PH was induced in male Wistar rats (n = 9) by

a single injection of MCT (40 mg/kg body mass s.c.,
Sigma-Aldrich, Zwijndrecht, The Netherlands) at ap-
proximately 180 g body mass. MCT was dissolved in
sterile saline (8 mg/ml) at pH 7.4. Control rats (n = 9)
received an equal volume of saline. After initial single
MCT injection PH development was maintained for
25 days with no further interventions. All experiments
were approved by the Institutional Animal Care and
Use Committee and conform the Helsinki convention
for the use and care of animals.

2.2. Echocardiographic measurements

Echocardiographic measurements were performed
to evaluate and to confirm clinical signs of MCT
induced PH. At day 0 and 25 trans-thoracic echocar-
diography (TTE) was performed on anaesthetised but
spontaneously breathing rats (4% isoflurane in air
maintained at 1.5%) using an Aloka SSD4000 ultra-
sonographic system equipped with a 13.5 MHz trans-
ducer (Biomedic, Almere, The Netherlands). A single-
lead electrocardiogram was obtained by placing
electrodes on the upper and lower limbs. Heart rate
(HR) was recorded for at least 3 cardiac cycles. The
morphologies of RV and LV was assessed and mea-
surements of end-diastolic diameter (EDD) and end-
systolic diameter (ESD) were made as described be-
fore by Hardziyenka et al. [17] and Salemi et al. [35],
respectively. All measurements were done according to
the recommendations and standards of the American
Society of Echocardiography [33].

RV and LV end-systolic and end-diastolic diameters
(ESD and EDD, respectively) of 3 representative car-
diac cycles in 4 different recordings were stored (Scion
Image version 4.0.3.2, Scioncorp, MD, USA). Aver-
age values were used to calculate RV and LV fractional
shortening (FS): FS = ((EDD − ESD)/EDD) × 100%.
In addition average values of the LVEDD and LVESD
were used to calculate stroke volume (SV) and car-
diac output (CO) by calculating end-systolic and end-
diastolic volumes assuming the LV as a prolate spher-
oid [10,31].

2.3. Hemodynamic measurements

Before euthanisation, the RV systolic pressure
(RVSP) was measured using a Millar pressure catheter
(Millar) by direct insertion through the RV walls after
thoracotomy. Data were obtained using a Power Lab
setup (AD Instruments, New South Wales, Australia).
Systemic blood pressure was monitored using a fluid-
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filled catheter inserted into the left carotid artery. Body
temperature was monitored and maintained at 37◦C
with a heating pad.

Pulmonary vascular resistance (PVR) was estimated
according to Poiseuille’s law: PVR ≈ [mean PAP]/
[cardiac output] ≈ (0.61 × [systolic RV pressure] +
2 mmHg)/[cardiac output] [6,16,27].

2.4. Histochemistry

2.4.1. Animal tissue
After isoflurane anesthesia, animals were euthanised

by excision of the hearts. Subsequently hearts were
perfused with Tyrode solution to remove blood [9].
Hearts were frozen in liquid nitrogen, and cryosections
(5 µm) were air-dried for 20 min. Direct staining of
cryosections with Picrosirius red caused a strong back-
ground staining of cardiomyocytes. To remove back-
ground staining we treated the sections as if they were
paraffin-embedded sections. Air-dried sections were
immersed in xylene for 10 min at room temperature
and transferred to water through descending concentra-
tions of ethanol (100, 96, 80 and 70%, all 10 s). Stain-
ing was performed using 0.1% solution of Sirius red
F3BA in saturated aqueous solution of picric acid for
one hour at 25◦C [21,32]. Subsequently, sections were
rinsed in 0.01 N HCl for 2 min. Sections were dehy-
drated in ascending concentrations of ethanol (70, 80,
96 and 100%, each 10 s) and cleared in two stages in
xylene, 10 min each. Sections were covered with Entel-
lan mounting medium (Merck, Darmstadt, Germany)
and a glass cover slip.

2.4.2. Human tissue
Post-mortem tissue samples of a 78 year old male

patient with known PH in his medical history were ob-
tained. From the paraffin-embedded tissue samples of
this patient, myocardial tissue, lungs, kidney and liver
sections were cut and stained with Picrosirius red as
described above.

2.5. Digital slide scanner, image acquisition,
processing and analysis

2.5.1. Mirax scan
Picrosirius red stained sections were automatically

scanned with a digital (microscopic) Mirax slide
Scanner system (3DHISTECH, Budapest, Hungary)
equipped with a 20× objective with a numerical aper-
ture of 0.75 and a Sony DFW-X710 Fire Wire 1/3′ ′

type progressive SCAN IT CCD (pixel size 4.65 ×

4.65 µm). The actual scan resolution (effective pixel
size in the sample plane) at 20× is 0.23 µm. The
accompanying software allows the user to navigate
through the captured Whole Slide Image (WSI) at any
given digital zoom up to 540×. The experimenter can
mark areas to be excluded, like staining artefacts or,
e.g., perivascular areas, by placing an annotation in the
image acquired for analysis. Bright green colour was
used to facilitate automatic detection of an annotation
by the image processing macro in ImageJ (Fig. 1).

2.5.2. Quantification of fibrosis using semi-automated
image analysis

After scanning the Picrosirius red sections with the
Mirax scanner, 21 images of a section at 20× magni-
fication (images taken at full resolution with a single
image dimension set at 1024 × 768 pixels, pixel size
is 0.23 µm × 0.23 µm) were obtained randomly from
the LV, the RV and the septum from across the entire
digital slide as described above. The images were sub-
sequently analysed using the batch mode of the ImageJ
macro.

2.5.3. Macro for ImageJ image analysis
All images were analysed using an in-house devel-

oped macro, which requires ImageJ v1.38 or higher.
This ImageJ macro was written to quantify the per-
centage of fibrosis compared to the total amount of
tissue within an image. This percentage was assessed
by determining the total tissue areas occupied by car-
diomyocytes and collagen and excluding the lumen
(i.e., empty spaces), as well as excluding annota-
tions of perivascular fibrosis and staining artefacts (ar-
eas demarcated bright green by the user, in order to
be recognised by the macro). The colour threshold-
ing algorithm used by this macro is based on an al-
gorithm written by Landini (version v1.8) available
at http://www.dentistry.bham.ac.uk/landinig/software/
software.html.

For all images to be analysed, the macro first ap-
plies a colour transformation from the RGB colour
space to the CIE LAB colour space. Then for each
specific tissue compartment (for instance lumen, car-
diomyocytes or collagen fibers) the macro applies spe-
cific thresholds. All thresholds used by the macro were
set empirically by analysing a test set of 63 images
(RV, LV and septum) and selecting the threshold which
identifies the components best. This was independently
done by AMH, KTBM and JAMB. These empirically
determined thresholds were recorded in the macro to
be applied on all images to be analysed. Once the
macro is loaded onto the ImageJ software and exe-
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Fig. 1. The Mirax scan was used to scan entire sections of Picrosirius
red stained myocardial. The Mirax viewer software allows the user
to navigate through the section and zoom until the desired magni-
fication used for analyses of fibrosis. If the user wishes to exclude
areas, like staining artifacts or vessels, the user can apply annota-
tions to the image by demarcating them in (in our study) green (ar-
row). (The colors are visible in the online version of the article;
http://dx.doi.org/10.3233/ACP-CLO-2010-0548.)

cuted, the experimenter is requested to select the im-
age to be analysed (Fig. 2A). First the macro detects
the annotated areas to be excluded from the analy-
sis (Figs 1 and 2B). In this case the macro detects
the green demarcation line by specifically threshold-
ing the demarcation colour. Next, every pixel inside
the demarcated area will be assigned to the area to be
excluded from the analysis. Then the algorithm deter-
mines the “total tissue component” (i.e., all the infor-
mation in the image which does not represent the an-
notated areas (Fig. 2B) or lumen (Fig. 2C)). In short,
the macro first determines the lumen part (i.e., the
empty spaces in de the image where there is no stain-
ing at all). The lumen masked image is then inverted
and from this image the area to be excluded is sub-
tracted, resulting in the ‘total tissue component’. The
total tissue component is split in a part containing fi-
brosis and a remaining part (i.e., cardiomyocytes and
other tissue components than fibrosis). The algorithm
detects the fibrosis by setting thresholds specific for
the Picrosirius red stained component. The detected
fibrosis components in the image are presented in a
temporary “fibrosis” image (Fig. 2D). The algorithm
then assesses the remaining cardiomyocytes, by clas-
sifying the remaining area, by subtracting the exclu-
sion areas, lumen and fibrosis from the entire image,
and presents the results in a temporary “cardiomy-
ocyte” image (Fig. 2E). After obtaining all the indi-
vidual components and correcting the images for the
areas to be excluded, the macro assesses the areas of
all components in pixels, presents them in a table to
the user who can then assess the percentage of fi-
brosis (i.e., area of fibrosis/(area of cardiomyocytes +
area of fibrosis)×100) for the image analysed (Fig. 2F).

The macro is able to analyse multiple images in a
row (batch mode). This batch version opens each im-
age in a folder, processes them as described above and
writes the results for each image on a separate line to
a semi-colon separated output file. The macro as out-
lined above (also the batch mode) is available as online
supplement.

2.5.4. Quantification of fibrosis using polarised light
microscopy image analysis

The same sections in the same 21 areas described
above were studied (using the original slides) with
a Leica DMRB microscope (Wetzlar, Germany) fit-
ted with polarisation filters. Circularly polarised light
was obtained as described by Frohlich [13] and Whit-
taker [45]. Images were obtained with a 20× objec-
tive and a monochrome charge-coupled device cam-
era (Sony XC-77CE; Towada, Japan) connected to an
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Fig. 2. This figure shows the different steps of the ImageJ macro in identifying different structures in (A) Picrosirius red stained myocardial
crossection. (B) First the macro determines the area to excluded which is demarcated by the investigator. (C) Subsequently the areas not occupied
by structures are analysed and determined as lumen. (D) The macro then analyses the area occupied by fibrosis and by subtracting these values,
the area occupied by (E) cardiomyocytes (in this study; this image contains all tissue compartments left) is determined. At last (F) the results in
pixels are presented to the user. (Colors are visible in the online version of the article; http://dx.doi.org/10.3233/ACP-CLO-2010-0548.)
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LG-3 frame grabber (Scion; Frederick, MD, USA) and
analysed using ImageJ v. 1.41a, developed for mi-
croscopy (USA National Institute of Health, http://
www.macbiophotonics.ca/imagej/). The effective pixel
size at 20× is 0.25 × 0.25 µm and the image size
in pixels 756(H) × 581(V). A threshold was set only
showing areas occupied by collagen, and subsequently
binary images were made. The relative area occupied
by collagen is then calculated in proportion to the total
area (Fig. 3A–C).

2.5.5. Quantification of fibrosis using stereology
Stereology served as gold standard to validate the

methods used. To that end we used the Q-prodit soft-
ware (Leica) to perform stereology. This software gen-
erates a 0.29 mm × 0.72 mm (area 0.2088 mm2 at the
section level) 200-points Weibel-grid for a 20× objec-
tive with numerical aperture of 0.5. The grid was su-
perimposed on images of 7 randomly selected areas of
5 sections (in a total of 35 areas), a subset of the same
sections as well as areas of each section which were
previously analysed by the two methods described ear-
lier. The number of intersections between collagen fi-
bres and the grid within the reference area were noted
and the relative area occupied by collagen was calcu-
lated.

2.6. Statistics

All values of hemodynamic and echocardiographic
parameters were averaged and mean ± SE given.
From a total of 18 RVSP measurements, 89% was suc-
cessful (control: n = 7, MCT: n = 9). RV echocar-
diography was successfully performed in all rats. 94%
of LV echocardiography was successfully performed
(control: n = 8, MCT: n = 9).

All other data, unless otherwise stated, are presented
as mean ± SEM. Student’s t-test was used to de-

fine differences between groups. Pearson’s correlation
analysis was used to detect correlations between the
different methods. p < 0.05 was considered to be sta-
tistically significant.

3. Results

3.1. Hemodynamic and echocardiographic
parameters of MCT induced PH

Table 1 shows hemodynamic and echocardiographic
parameters as well as body and lung masses of the
groups of animals studied. MCT clearly induced PAH,
which was signified by the development of the first
clinical signs. On day 25 RV systolic pressure has risen
to 62 ± 7 mmHg from 28 ± 2 mmHg at baseline in
control rats (p < 0.05 vs. control). During this pe-
riod there was a marked drop in cardiac output (CO)
from 116 ± 10 ml/min at baseline to 71 ± 10 ml/min
(p < 0.05 vs. control). In addition PVR increased from
15,120 ± 540 dyn · s · cm−5 at baseline, to 46,025 ±
578 dyn · s · cm−5 on day 25 (p < 0.05 vs. control).
The poor clinical and hemodynamic condition of the
MCT induced PAH rats was confirmed by dramatic
drop in body mass from 363 ± 9 g on day 0 to 311 ±
12 g (10% body mass loss) on day 25 (p < 0.05 vs.
control). A subsequent simultaneous increase in wet
lung mass was also observed in MCT treated rats com-
pared to control.

In addition echocardiographic data in Table 1
showed marked dilation of the RV in MCT rats as
demonstrated by increased RVEDDs (4.18 ± 0.52 mm
vs. 2.48 ± 0.05 mm, p < 0.05 vs. control) and
RVESDs (2.39 ± 0.38 mm vs. 1.07 ± 0.06 mm, p <
0.05 vs. control). Calculation of RV FS revealed a fur-
ther significant decrease in PH induced MCT rats com-
pared to control (44 ± 3% vs. 57 ± 3%, p < 0.05 vs.
control).

Fig. 3. This figure shows images used in the quantification of fibrosis using polarisation light microscopy. (A) Shows a typical example of
a Picrosirius red stained section of myocardium. (B) Using polarisation filters, only polarised light is passed through which can be trans-
ferred into (C) a binary image, used for calculation of the percentage fibrosis per area. (Colors are visible in the online version of the article;
http://dx.doi.org/10.3233/ACP-CLO-2010-0548.)
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Table 1

Hemodynamic and echocardiographic data for the RV and LV of control and MCT treated rats are presented as well as values for body and lung
mass. In addition, p-values are given for the variance for these parameters

Control MCT p-value vs. control Summary

Body mass (g) 361 ± 20 310 ± 7 p < 0.05 ∗

Lung mass (g) 1.71 ± 0.21 2.43 ± 0.10 p < 0.05 ∗

Heart rate (BPM) 391 ± 75 339 ± 21 p < 0.05 ∗

Cardiac output (ml/min) 116 ± 10 71 ± 10 p < 0.05 ∗

PVR (dyn · s · cm−5) 15,120 ± 540 46,025 ± 578 p < 0.05 ∗

RVSP (mmHg) 29 ± 1 63 ± 6 p < 0.05 ∗

RVEDD (mm) 2.66 ± 0.04 4.20 ± 0.45 p < 0.05 ∗

RVESD (mm) 1.09 ± 0.03 2.40 ± 0.24 p < 0.05 ∗

RV FS (%) 56 ± 7 43 ± 4 p < 0.05 ∗

LVEDD (mm) 6.87 ± 0.20 5.66 ± 0.34 p < 0.05 ∗

LVESD (mm) 3.09 ± 0.17 2.50 ± 0.20 p < 0.05 ∗

LV FS (%) 56 ± 2 61 ± 2 p > 0.05 NS

Systemic pressure (mmHg) 90 ± 1 71 ± 3 p < 0.05 ∗

Notes: n = 7–9 rats/group. MCT – monocrotaline; RV – right ventricle; LV – left ventricle; RVSP – RV systolic pressure; RVEDD and LVEDD –
RV and LV end-diastolic diameter, respectively; RVESD and LVESD – RV and LV end-systolic diameter, respectively; PVR – Pulmonary
Vascular Resistance; FS – fractional shortening; NS – not significant. ∗p < 0.05 vs. control rats. Values are means ± SE.

3.2. Quantification of fibrosis using circularly
polarised light microscopy image analysis

Analyses of Picrosirius red stained sections using
polarisation microscopy revealed a significant increase
in the amount of fibrosis in the RV of MCT rats
(3.02 ± 0.20%) compared to control (1.36 ± 0.09%,
p < 0.05). This significant increase in fibrosis was also
observed in the LV (2.72 ± 0.19%) vs. control (1.21 ±
0.20%, p < 0.05) and in the septum (2.50 ± 0.17%)
vs. control (1.00 ± 0.07%, p < 0.05) (Fig. 4A–C).

3.3. Quantification of fibrosis using semi-automated
image analyses

Analysis of the same areas using the ImageJ macro
revealed a similar pattern, showing significant increase
of fibrosis in RV of MCT rats compared to control
(4.03 ± 0.73% vs. 1.58 ± 0.19%, p < 0.05), in the
LV compared to control (3.20 ± 0.45% vs. 1.22 ±
0.10%, p < 0.05) and in de septum compared to
control (2.63 ± 0.38% vs. 1.04 ± 0.12%, p < 0.05)
(Fig. 4D–F).

3.4. Correlation of measurements with stereology

7 areas each of the RV, LV and the septum (a to-
tal of 21 areas previously examined in the above men-
tioned methods) were randomly selected in 5 cryosec-
tions and analysed using stereology. Quantification of

fibrosis using polarisation showed a significant correla-
tion with stereology (r2 = 0.93, p < 0.0001, intercept
at X = 0 is −0.09, Fig. 5A). Quantification of fibro-
sis on the Mirax scanned images with ImageJ (Mirax–
ImageJ) also revealed a strong correlation (r2 = 0.95,
p < 0.0001, intercept at X = 0 is 0.32, Fig. 5B).
In addition, Mirax–ImageJ correlated with polarisation
analysis (r2 = 0.92, p < 0.0001, intercept at X = 0 is
0.37, Fig. 5C).

3.5. Automated analyses on paraffin-embedded
human tissue

We tested whether the staining technique used on
frozen tissues is also applicable to paraffin-embedded
sections of human tissue as well as to other tissue than
heart. We therefore stained sections of human myocar-
dial tissue, lungs, kidney and liver with Picrosirius red,
and scanned these with the Mirax slide scanner. Qual-
itative image analysis showed consistent staining of fi-
brosis as in myocardial tissues of rat (Fig. 6A–D). Sub-
sequent quantitative analysis with the ImageJ macro
detected fibrosis in paraffin-embedded sections of hu-
man tissue of heart, lungs, kidney and liver similar to
cardiac tissue of rat and a similar correlation was found
with stereology (r2 = 0.91) (Fig. 7).

3.6. Time efficiency

Analysing 21 areas (7 areas each of RV, LV and sep-
tum) in sections using traditional stereology takes ap-
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Fig. 4. Polarisation and ImageJ analyses showed that hearts of PH rats revealed more fibrosis compared to control. Note the increase in collagen
content was not limited to the RV only, but was also found in the LV and the septum of these hearts. Note also that ImageJ analyses detected
more fibrosis than the method of polarisation.

proximately 45 min. It takes approximately 30 min to
analyse the same areas using polarisation microscopy.
Mirax–ImageJ was able to quantify fibrosis in the same
areas in 10 min, including scanning and selection of

regions of interest. Ergo, Mirax–ImageJ analyses was
able to quantify fibrosis in ca. 22% of the time needed
for stereology and 33% of the time required for polari-
sation microscopy.
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Fig. 5. We compared both analysis methods with traditional quantification of fibrosis using stereology. Both polarisation light microscopy (A)
and the ImageJ macro (B) correlated strongly with stereology (r2 = 0.93, p < 0.0001, intercept at X = 0 is −0.09 and r2 = 0.95, p < 0.0001,
intercept at X = 0 is 0.32, respectively). In addition, the ImageJ macro (C) correlated with polarisation microscopy as well (r2 = 0.92,
p < 0.0001, intercept at X = 0 is 0.37).

Fig. 6. Picrosirius red staining was also performed on human (A) myocardial tissue, (B) lung, (C) kidney and (D) liver and scanned with Mirax
scan. (Colors are visible in the online version of the article; http://dx.doi.org/10.3233/ACP-CLO-2010-0548.)

4. Discussion

Introduced as prototypes only a few years ago, high
resolution whole slide imaging (WSI) systems have be-
come indispensable in the field of diagnostics and re-
search alongside traditional microscopy. Despite their
increasing potential, however, detailed literature com-

paring quantification technique using/between WSI
and traditional microscope are scarce.

Our data shows that semi-automated quantification
of fibrosis in histological samples obtained from WSI
is feasible and strongly correlates with polarisation
light microscopy and stereology. Although this method
does not completely eliminates investigator’s influ-
ence, it reduces it to a minimum since determination of
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Fig. 7. The ImageJ macro was able to detect fibrosis in paraf-
fin-embedded sections of human tissue of heart, lung, kidney and
liver in the same way as in cardiac tissue of rat and a similar corre-
lation was found with stereology (r2 = 0.91).

the optimal threshold was done only once by analysing
a test set of 63 images. In addition, our method is time-
efficient, especially when large numbers of sections
have to be analysed and it reduces investigator depen-
dency to a minimum. The only investigator dependent
aspect is the initial selection and acquiring of images
in the regions of interest (RV, LV and septum), which
applies to all methods studied.

Servais et al. [38] in an earlier study reported the
results of automated quantification of interstitial fibro-
sis in a trichrome stained sections of renal biopsies
using color segmentation image analysis. However, de-
tailed description of automated method of quantifica-
tion and analysis were lacking making it hard to repro-
duce these results.

With respect to comparing standard methods to a
new automated method, to our knowledge, only the
study of Vasiljevic and co-workers, directly compared
different histological methodologies used for fibrosis
quantification [42]. This study, on human endomyocar-
dial biopsies, compares semi-quantitative scoring of fi-
brosis with computer assisted analysis and point-lesion
counting using a grid. Vasiljevic et al. show correla-
tions between different methods, however it must be
noted these are to some degree subjective. In com-
puter assisted image analysis, every section needs a
threshold to identify fibrosis. In semi-quantitative scor-
ing, the investigator itself has to determine the de-
gree of fibrosis, again in every section. In our study,
stereology correlated significantly with computer as-

sisted quantification of fibrosis, which is in accordance
with Vasiljevic et al. The major difference between
their method and the method presented here is that
our macro automatically discriminates between fibro-
sis and all non-fibrotic compartments, like lumen and
cardiomyocytes. Moreover, artefacts can be excluded,
although this requires manual annotations in the orig-
inal images. Vasiljevic also did not apply polarisation
microscopy, which according to literature, is still the
method of choice.

Recently, Gaspard et al. published a detailed de-
scription of fibrosis quantification using colour sub-
tractive image analysis in histological samples of my-
ocardium [14]. They described how thresholding of
colours in digital images can be used to discriminate
between fibrosis and surrounding tissue in a mouse
model of isoproteronol induced myocardial hypertro-
phy. In this technique, the investigator has to set thresh-
olds for every image that is analysed, which makes it
sensitive for inter-observer variation and it is labori-
ous. Compared to the study performed by Gaspard and
co-workers, our method does not need thresholding in
every image the investigator wants to analyse, since the
threshold are set empirically once on a test set of im-
ages. However, one may need a new set of test images
for each scanner used or for each staining batch. In ad-
dition, their method was not validated by comparison
with other methods used for histological fibrosis quan-
tification.

Investigators using traditional stains like van Gieson
and trichrome for detecting collagen are usually con-
fronted with the typical problems associated with au-
tomated image analyses such as variations in stain-
ing intensity, hue, contrast and the stain’s tendency
to fade. The fact underlying these problems is lack
of precise selectivity for collagen fibers [22,34,45] by
these stains. In addition, qualitative studies have shown
that collagen fiber structure changes with time as a
function of age or as wound healing progresses [8,30,
44]. As expected a subsequent time associated shift in
color spectrum (ranging from green to orange) would
be found [22]. In tissues where color change is ex-
pected to be present, separate hue (color) analyses may
be necessary to study the structural details of collagen
fibers.

To resolve these confounding issues, we chose Pi-
crosirius red to stain collagen. Picrosirius red F3BA in
saturated picric acid solution specifically and consis-
tently stained thin collagen fibers, did not fade and was
suitable for semi-automated quantification [32,34]. In
addition we took further step in our staining technique
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by initially incubating frozen sections of myocardial
tissues in xylene for 10 min as described earlier. This
background eliminating process proves crucial in re-
ducing staining variations to a minimum whilst gen-
erating a clear contrast between red stained collagen
fibers in a bright yellow background of cardiomy-
ocytes.

In our study, the ImageJ macro detected fibrosis
in paraffin-embedded tissue and on other tissues than
frozen rat heart tissue as well. However, it must be
noted that these tissues were examined with thresholds
set for cardiac rat tissue. In principle the macro can be
reused on any kind of histological staining in any kind
of tissue, as long as structures in the macro are defined
properly and thresholds are set accordingly.

Finally, it is worth noting that the ImageJ macro
analysis detected more fibrosis than the polarisation fil-
ter method (Figs 4 and 5). This outcome is consistent
with the study conducted by Diaz Encarnacion and col-
leagues [11] in which collagen content was assessed
and compared using 3 methods; Mason’s trichome, Pi-
crosirius red with and without linearly polarised light.
The highest collagen content was obtained in Picrosir-
ius red stained sections without polarised light.

We scanned the sections with a Mirax scanner en-
abling us to digitally store histological sections for
infinite period of time and for easy future refer-
ences, allowing simultaneous viewing of whole slide
histopathology and selection of regions for measure-
ment. Essentially any image capturing device such as
CCD camera could be employed for the acquisition of
digital images of sections. Subsequent analytical mea-
surements with our in-house developed macro can be
performed in an automated fashion by ImageJ. The
macro can also be rewritten for commercially available
software like ImagePro or Matrox Inspector.

We chose to investigate fibrosis in a rat model of
PH, induced by monocrotaline, which is one of the
most commonly used models to investigate RV pres-
sure overload and found a significant increase of col-
lagen content in the RV of PH rats compared to con-
trols. In our study however, fibrosis was not limited
to the RV as it was also observed in the LV of these
hearts. Lourenco et al. in an earlier study of monocro-
taline induced rat model of PH also reported a sim-
ilar observation [24]. In addition, they also observed
that RV fibrosis was significantly higher compared to
LV. In our study however, we could not demonstrate
such significant difference. Whereas Lourenco and co-
workers sacrificed experimental animals after 6 weeks,
ours were sacrificed after 3 weeks. Interestingly, in

their previous work [19] Lourenco and co-workers us-
ing the same experimental model reported an already
established RV hypertrophy after 3 weeks. It is known
in experimental models that right ventricular hyper-
trophy is accompanied by increased formation of my-
ocardial fibrosis [20,26]. Moreover, as observed ear-
lier, collagen fibers are expected to change as function
of age or as wound healing progresses. It is also known
that monocrotaline induced PH activates neurohumoral
factors, which can also influence structural remodeling
of the LV, in the absence of mechanical overload [1,
23,27]. In addition, vice versa, the RV also shows se-
vere fibrosis in the setting of systemic hypertension [4,
39,47].

5. Conclusion

We have demonstrated that the combination of
unique Picrosirius red staining technique and a well-
defined macro-based algorithm for semi-automated
WSI analysis provides a powerful tool for rapid quan-
tification of myocardial fibrosis. This will provide re-
searchers with useful information for monitoring the
severity of myocardial fibrosis and identifying ratio-
nale targets for interventions.

The proposed method to quantify collagen corre-
lates excellently with the traditional methods is time-
efficient and may prove less user dependent as far as
thresholding is concerned.
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