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ABSTRACT 

Accurate estimation of postmortem interval (PMI) is crucial in forensic medicine. The hyaline cartilage, 
being predominantly composed of a dense extracellular matrix and partly resistant to factors influencing 
protein degradation, can be utilized for analyzing PMI intervals. Various staining methods are available for 
cartilage staining for PMI evaluation; however, the conventional visual scoring method for assessing stain-
ing intensity is susceptible to evaluator bias. This study compared the visual scoring method with a modified 
Bern score with semi-automatic image analysis. The cartilage samples were obtained from human cadavers 
with known time of death. Forty-five histological slices were prepared and stained using Alcian blue, Saf-
ranin-O with Fast green, Safranin-O without Fast green, Masson trichrome, and Sirius red. Ten evaluators 
visually scored each sample on a scale of 0 to 3. A semi-automatic analysis was conducted on the same 
images using the deconvolution plugin of the ImageJ software by three independent evaluators. Linear 
regression was used to assess the correlation between the mean grey value and the mean Bern score from 
all evaluators. The results showed strong correlations across all evaluated staining techniques (r ≥ 0.77, 
p < 0.0001), with Masson trichrome staining exhibiting the highest correlation. The intra-class correlation 
coefficients between the independent semi-automatic assessments were excellent for all five stainings 
(ICC ≥ 0.965). Accordingly, semi-automatic image analysis can be a suitable replacement for the visual 
scoring method, particularly when no procedural artifacts are present. 

Keywords: Bern score, cartilage, histology, postmortem interval, semi-automatic analysis, visual scoring 
method. 

INTRODUCTION  
Precise determination of the time of death is imper-

ative in forensic medicine (Dell’Aquila et al., 2021). 
Various traditional techniques, such as body tempera-
ture measurement, electrical or chemical supravital 
stimulation of skeletal muscles, or rigor and livor mortis 
assessment, are commonly used for estimating the post-
mortem interval (PMI). However, the reliability of these 
methods, which are based on early physical postmortem 
changes, decreases as the PMI extends (Hayman and 
Oxenham, 2016; Shrestha et al., 2024). Biochemical or 
histological changes can be utilized to assess the PMI, 
especially within isolated compartments less affected by 
putrefaction. Analytic techniques based on such indices 
have emerged as promising tools, offering the potential 
for a  more objective and reliable estimation of the time 

of death (Wei et al., 2020; Tomsia et al., 2022; Madea 
et al., 2001; Pigaiani et al., 2020). 

Several biochemical techniques that analyze protein 
degradation have been suggested for assessing PMI. 
Proteins undergo specific changes postmortem, some of 
which follow a regular and predictable pattern (Sacco et 
al., 2022; Pittner et al., 2022; Zissler et al., 2020). Many 
studies have investigated protein degradation in various 
tissues with different techniques, such as Western blot-
ting, liquid chromatography-mass spectrometry, and im-
munohistochemistry (Zhang et al., 2020; Choi et al., 
2019; Alibegović et al. 2020). While the significance of 
protein degradation in PMI assessment has been exten-
sively emphasized, practical challenges arise due to var-
ied methodologies, results obtained from both animal 
and human specimens, and the examination of different 
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tissues exposed to diverse factors influencing their in-
tegrity (Ehrenfellner et al., 2017; Choi et al., 2019; Zis-
sler et al., 2020). 

Hyaline cartilage is considered ideal in PMI estima-
tion for its stability and slower decomposition rate due 
to absence of vasculature (Chang et al., 2024). As a dif-
fusion-dependent isolated compartment, the tissue ex-
hibits partial resistance to external factors impacting 
protein degradation (Tomsia et al., 2022). With a com-
paratively low cell density in contrast to the dense extra-
cellular matrix, it proves particularly valuable for late 
postmortem analysis (Alibegović, 2014). Nevertheless, 
while cartilaginous tissue is utilized for age estimation, 
its potential in forensic medicine remains underex-
plored. Various protein staining methods have been 
demonstrated for PMI detection in cartilage tissue (Ali-
begović 2014; Alibegović et al. 2020; Chang et al.,2024; 
Rogers et al., 2011); however, the main drawbacks when 
assessing the staining intensity are the subjectivity of the 
evaluator and the categorical nature of the results. To 
categorize evaluator estimates, a  semi-quantitative grad-
ing scale can be employed for the assessment of inten-
sity, with one such being the modified Bern score—a 
four-grading scale employed for the assessment of the 
cartilage staining intensity (Power et al., 2021). Accord-
ingly, this study aimed to compare the visual scoring 
method to a semi-automatic approach in the assessment 
of PMI with stained cartilage sections, using a modified 
Bern score. 

MATERIAL AND METHODS 

Ethical Approval 

The study was approved by the National Medical 
Ethics Committee of the Republic of Slovenia (Permit 
numbers: 25/09/08 and 30/06/15). The study adhered to 
national confidentiality standards to safeguard sensitive 
patient health information and was conducted in accord-
ance with the principles outlined in the Helsinki Declara-
tion. The part of this study in which different examiners 
assessed the cartilage sections with the visual Bern score 
and correlated the results to PMI intervals has already 
been published (Alibegović et al., 2020). 

Sample Harvesting 

The hyaline cartilage samples were harvested from 
three fresh cadavers of young deceased men, aged be-
tween 20 and 45, who had experienced sudden death in a 
traffic accident, with precise documentation of the time of 
death. Although the postmortem medical data was lim-
ited, none of the subjects had any recognized joint pathol-
ogy. Promptly after the confirmation of death, the body 

was transported to a morgue with an environmental tem-
perature set at 4 ± 2 °C. Cartilage harvesting from the 
knee was performed during the autopsy for all cadavers 
within the initial 24 hours postmortem. Using an arthro-
scopic mosaicplasty instrument (Helipro, Lesce, Slove-
nia), three osteochondral cylinders were obtained in asep-
tic conditions from the femoral condyle of each cadaver 
and promptly placed in a DMEM/F12 medium (Capri-
corn Scientific GmbH, Ebsdorfergrund, Germany) con-
taining vancomycin, gentamicin, and amphotericin B (all 
procured from Gibco, Paisley, UK). The samples were 
sealed without media substitution, mimicking a postmor-
tem environment. The osteochondral cylinders were then 
stored in a cooling room at a  temperature of 11 ± 2 °C or 
temperature of 35 ± 2 °C until further analysis at different 
time points. At 2, 12, and 36 days postmortem, one oste-
ochondral cylinder was cut with a vibratome and put into 
the 10 % solution of neutral buffered formaldehyde 
(Sigma-Aldrich, Steinheim, Germany) for approximately 
24 hours. A more detailed description of the sample har-
vesting protocols can be found in the previously pub-
lished article (Alibegović et al., 2020). 

Preparation and Staining of Histological 
Samples 

Immediately following formaldehyde fixation, the 
samples were washed in increasing concentrations of 
ethanol solutions and subsequently embedded in paraf-
fin blocks. The samples were oriented in the split plane, 
ensuring the presence of all layers (superficial, middle, 
and deep) in each histological section. Histological 
slices, with a thickness of 4-5 μm, were prepared using 
a microtome, with 2-4 slices obtained from each paraffin 
block for each staining procedure. 

Five different histological staining techniques were 
employed. Alcian blue and Safranin-O stains were used 
for acidic polysaccharides (glycosaminoglycans), with 
Safranin-O partly combined with Fast green (with or 
without Fast green). Masson’s trichrome stain and Sirius 
red were utilized for collagen fibers. The Alcian blue and 
Masson’s trichrome stains were automated, while Safra-
nin-O (with or without Fast green) and Sirius red staining 
were performed manually (Figure 1). The detailed stain-
ing procedures are described in a previously published ar-
ticle (Alibegović et al., 2020). 

Manual Assessment of the Samples 

The samples were evaluated with the light micro-
scope (Nikon Eclipse 80i, Nikon, Tokyo, Japan) under 
×100 magnification. Ten evaluators, professor of biosci-
ences, pathology and forensic medicine specialists and 
residents, and laboratory technicians, assessed samples 
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using a modified Bern score, a  well-established method 
for grading cartilage staining. The staining intensity re-
ceives a score between 0 and 3, where 0 describes an 
absence of staining or extremely pale staining, while 
number 1 represents weak staining, 2 is moderate stain-
ing, and 3 is intensive sample staining. Prior to each 
evaluation, the assessors were provided with reference 
samples demonstrating the different staining intensities. 

Semi-Automatic Image Analysis 

The slides for digital image analysis were visual-
ized using a light microscope (Axio Zoom.V16, Zeiss, 
Oberkochen, Germany) under ×100 magnification. The 
scanning was performed with a digital camera (Axio-
Cam MRm, Zeiss, Oberkochen, Germany) and ZEN im-
aging software platform (AxioVision, Zeiss, Jena, Ger-
many), with 16-bit images of whole sections acquired 
at a  resolution of 1388 × 1040. All similarly stained sec-
tions were captured with identical image settings. The 
digital intensity of staining analysis was performed us-
ing the ImageJ software (National Institutes of Health, 
Bethesda, Maryland, United States) and image pro-
cessing packages Fiji (Schindelin et al., 2012). Using 
the deconvolution plugin, the blue, red, and green chan-
nels were split (Ruifrok and Johnston, 2001). The blue 
channel was used to quantify the intensity of Alcian 
blue and Masson’s trichrome staining, while the red 
channel was employed to quantify the intensity of Saf-
ranin-O with Fast green, Safranin-O without Fast green, 
and Sirius red staining. All color channels were con-
verted into greyscale 8-bit images. Staining intensity 
was assessed by measuring opacity, which was deter-
mined as the average mean grey intensity along five 
transverse lines across the sample, avoiding folded or 
destroyed parts in the captured slides of stained 

cartilage (Fig. 1). Background intensity was calculated 
as the average mean grey values of four different areas 
in the image not occupied by the cartilage section. The 
manual assessments were performed by three independ-
ent, single-blinded evaluators. 

Statistical Analysis 

The data are presented as means with 95 % confi-
dence intervals (CI) unless otherwise stated. Linear re-
gression was utilized to determine the correlation be-
tween the mean grey value measured using digital im-
age analysis and the mean Bern score from all evalua-
tors for each assessed slide. Statistical analysis and gra-
phing were performed with GraphPad Prism 10 
(GraphPad Software; LLC, San Diego, USA). Intraclass 
correlation coefficients (ICC) were calculated with ab-
solute values using SPSS software (IBM SPSS Statis-
tics, Chicago, USA). Statistical significance was con-
sidered at a  P-value below 0.05. 

RESULTS  
In total, 45 histological slices stained with the dif-

ferent techniques were evaluated and compared (Fig. 1). 
Strong positive correlations (r ≥ 0.77) were noted be-
tween the intensity staining evaluated by digital image 
analysis and visual scoring assessment (Fig. 2). The co-
efficient of determination was highest for Masson tri-
chrome staining, and slightly lower, but comparable for 
Alcian blue, Safranin-O with or without Fast green, and 
Sirius red staining. The subtraction of background in-
tensity did not significantly improve the magnitude of 
correlation (Table 1). The ICC for semi-automatic as-
sessment was excellent for all five histological stainings 
(Table 2).  

Table 1. Linear regression of visual scoring method and semi-automatic image analysis: the effect of background. 

Staining Slope equation Slope (95% CI) r R squared 
Alcian blue BG 32.95x + 164.40 32.95 (25.89-40.00) 0.82 0.67 
Alcian blue sBG 31.53x + 102.60 31.53 (23.94-39.12) 0.78 0.62 
Masson trichrome BG 40.56x + 070.25 40.56 (34.86-46.26) 0.89 0.79 
Masson trichrome sBG 38.86x + 014.01 38.86 (33.75-43.96) 0.90 0.81 
Safranin-O + Fast Green BG 30.91x + 157.50 30.91 (24.60-37.22) 0.81 0.66 
Safranin-O + Fast Green sBG 29.13x + 143.50 29.13 (22.17-36.09) 0.77 0.59 
Safranin-O BG 33.80x + 146.60 33.80 (27.39-40.20) 0.84 0.71 
Safranin-O sBG 33.73x + 130.20 33.73 (27.08-40.38) 0.83 0.69 
Sirius red BG 55.08x + 051.17 55.08 (44.08-66.08) 0.82 0.68 
Sirius red sBG 49.50x + 036.60 49.50 (38.68-60.32) 0.80 0.64 

BG – background; sBG – subtracted background; CI – confidence interval. Comparison of the mean visual scores with 
mean semi-automatic scores. The differences in slopes with and without the background are statistically non-significant. 
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Fig.1. Comparison of different stains with measuring the opacity. The histological stained slices and their corre-
sponding images with mean grey values are shown for (a-c) Alcian blue, (d-f) Masson trichrome, (g-i) Safranin-O 
with Fast green, (j-l) Safranin-O without Fast green, and (m-o) Sirius red. The last column depicts images with grey 
values, each containing five transverse lines across the sample that are avoiding folded parts or artefacts. 
 

Table 2. Intra-class correlation between independent 
raters for semi-automatic image analysis. 

Staining ICC (95% CI) 

Alcian blue 0.965 (0.943-0.980) 
Masson trichrome 0.979 (0.966-0.988) 
Safranin-O + Fast Green 0.984 (0.974-0.990) 
Safranin-O 0.967 (0.947-0.980) 
Sirius red 0.978 (0.970-0.983) 

CI – confidence interval; ICC – intra-class correlation co-
efficient. The comparison of absolute values with back-
ground not being subtracted. 

DISCUSSION 
In this study, we compared the visual scoring of 

staining intensities of cartilage histological sections with 
semi-automatic image analysis. The results demonstrate 
strong correlations between both approaches for all the 
assessed staining techniques, with the highest correla-
tion noted for Masson’s trichrome staining. The semi-
automatic method, even without background subtrac-
tion, appears to be a suitable substitute for the visual 
scoring method. 

The cartilage primarily comprises collagen and 
proteoglycans, and postmortem degradation impacts the  
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Figure 2. Correlation between visual score and semi-automatic image analysis with background for (a) Alcian blue, 
(b) Masson trichrome, (c) Safranin-O with Fast green, (d) Safranin-O without Fast green, and (e) Sirius red staining. 
The figure depicts the correlation with 95 % confidence intervals between the mean grey value measured by digital 
image analysis (y-axis) and the mean Bern score from different evaluators using the visual scoring method (x-axis). 
The highest correlation coefficient was detected for Masson’s trichrome staining. All the assessed correlations were 
statistically significant (p < 0.0001). 

histochemical staining intensity of these macromole-
cules. Because of its robust and resistant properties, it 
proves to be a reliable tissue for PMI detection (Ali-
begović, 2014; Chang et al., 2024). Considering the var-
ious staining protocols for cartilage, it is crucial to use 
identical methods when assessing PMI, particularly for 
meaningful result comparisons (Alibegović et al., 2020). 
It is imperative that time frames are considered because 
some stains, such as Alcian blue, cause overstaining 
with prolonged exposure and consequently impact the 
validity of the results (Rigueur and Lyons, 2014). This 
is especially important in automatic or digital analysis. 

In manual analysis, the experienced evaluator can par-
tially compensate for such differences based on previous 
experience and less experienced evaluators can lack this 
ability. The same goes for the semi-automatic method, 
where the evaluator's input is crucial to processing the 
data to some extent. It is imperative to recognize the 
learning curve that probably exists regardless of the 
semi-automatic or manual approach. 

The high-reliability between different evaluators in-
dicate that the semi-automatic method could potentially 
require only one evaluator. Therefore, it is less time-con-
suming compared to the visual scoring method, which 
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involves multiple evaluators. Conversely, the subjectiv-
ity of raters in manual assessment can lead to poorer 
agreement between the raters. In the manual scoring 
method, only poor, fair, or moderate agreement has been 
noticed between the raters (Alibegović et al., 2020).  In 
addition, the semi-automatic method yields a numerical 
result on a larger scale, enhancing objectivity (Rizzardi 
et al., 2012). Conversely, a  visual scoring method gives 
a categorical value on the scale and thus does not allow 
intermediate choices.  

The comparison of image analysis with or without 
the background subtraction do not suggest the necessity 
of subtracting the background. Furthermore, if the ac-
quisition settings are the same for all the analyzed im-
ages and there are no impurities in the optical axis that 
would create artifacts, this step could be less important 
(Zupančič et al., 2022; Zupančič et al., 2023). Moreover, 
the newer software can automatically address such is-
sues with bright field corrections. Notably, tissue fold-
ing on a slice could impact the semi-automatic assess-
ment; hence, visual inspection and evaluation should be 
preferred in such cases. In the future, applying digital 
image analysis aided by artificial intelligence or neural 
networks could help overcome the current challenge of 
recognizing the artifacts. Similar analysis with semi-au-
tomatic evaluation of staining intensities could be em-
ployed for other organ assessment as well (Alabbasi et 
al., 2022).  

We acknowledge that this study had some limita-
tions. First, for the comparison with the visual scoring 
method, the mean value of all evaluators was employed, 
thus reflecting the group average, not the individual 
scores. Second, the results of the semi-automatic quan-
titative method are relative compared to the values ob-
tained with the visual scoring method; however, this 
study aimed to assess the usefulness of the semi-auto-
matic method and not to evaluate the referential values.  

CONCLUSION 
In conclusion, the semi-automatic method can be a 

suitable replacement for the visual scoring method, par-
ticularly when no procedural artifacts are present. The 
excellent agreement between the raters suggests that it 
may be feasible to rely on just one evaluator. Future 
studies with a larger sample size should establish refer-
ence intervals for detecting specific PMI. 
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