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 Abstract: Micro-CT examination has been considered a valuable tool for investigating the bone microstructure in 
various contexts. To date, however, there has not been a sufficient body of work examining the employment of micro-CT 
modalities for assessment of skeletal wounds within the forensic context. The present study explores the potential of micro-
CT examination in assessing selected qualitative and quantitative characteristics of gunshot injuries in the human skull. For 
this purpose, two cases bearing gunshot entrance wounds occurring under different conditions (in fresh or dry bone) were 
scanned at multiple hierarchical levels (ranging from 140 µm to 6 µm) using a micro-CT device. The aim was to find the best 
imagery (e.g., voxel size) relative to a measured volume and physical dimensions of the samples, and suitable for (micro)-
trauma assessment of cranial cracks and microcracks. The best setting for recording trauma-related microcracks with respect 
to the display level, processing efficiency and necessary trade-off of the sample physical dimensions (several centimetres 
in this case) was associated with a voxel size of 12 µm. At this resolution, the size, the shape, the course, and the spatial 
arrangement of the observed microcracks of adequate captured extent of damage can be assessed with sufficient accuracy. 
This also permits evaluating and comparing various types of injuries (such as peri- and post-mortem) and conducting their 
differential diagnostics.

 Keywords: 3D digital models, cranial gunshot injury, micro-CT, microdamage, scanning conditions optimization, 
trauma timing.

*Correspondence to: Veronika Kováčová, MSc, Masaryk University, Faculty of Science, Department of Anthropology, Laboratory of 
Morphology and Forensic Anthropology, Kotlářská 2, 611 37 Brno, Czech Republic, E-mail: kovacova.v@mail.muni.cz

INTRODUCTION

 Bone is a composite material with great 
capacity to resist external forces [1]. However, if this 
capacity is exceeded, skeletal damage occurs. Given the 
multilevel inter-connected arrangement of the bone, 
any damage is typically manifested at multiple length 
scales [2, 3]. The occurrence and appearance of damage 
is defined by the properties of the bone tissue [4] as well 
as by the properties of the acting force [5]. This link 
can be helpful in distinguishing between different types 
of traumas and/or in reconstructing the circumstances 
under which they occurred [6-8]. 
 During a traumatic event, fresh bone tissue 
reacts very differently to external forces than dry tissue. 
This is primarily due to the differences in composition, 
particularly in the ratio of water content to mineral 
and organic contents. Fresh bone injuries are typically 

associated with “ante/peri-mortem trauma,” while dry 
bone injuries are typically referred to as “post-mortem 
trauma.” [8]. At the macroscopic level, the differences 
between skeletal damage to fresh or dry bones are 
distinguishable by a variety of visual characteristics, 
e.g., the angle, the shape and the sharpness of fractured 
edges, colour or discolouring, and overall texture of 
the edges [6-8]. At the microscopic level, the pattern 
of osteon fracturing and the finest micro-features, such 
as micro-cracks or fractures, have been proposed as 
indicative of the timing of an injury or object-bone 
interactions [9].
 Traditionally, assessment of skeletal micro-
features is approached by means of calcified ground 
sections [9,10], or alternatively by scanning electron 
microscopy [11-13]. Recently, computed tomography, 
in the form of micro-CT units, has achieved a 
spatial resolution capable of examining bones at the 
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microscopic level, even comparable to conventional 
histological techniques [14]. However, as far as 
traumatic skeletal events are concerned, there are 
limitations of this modality, e.g., sample size, costs, 
and radiation exposure [15], which have yet to be 
considered and optimized. 
 The present study tests the suitability of micro-
CT for examining gunshot injuries in the human skull at 
the microscopic level. The primary goal was to find the 
optimal conditions for examining the trauma-related 
microdamage characteristics. Particularly, the objective 
was to establish the appropriate voxel size with respect 
to the physical dimensions and the measured volume, 
which enabled to assess basic skeletal micro-features. 
The second objective was to assess and to compare 
microscopic characteristics of two cases with different 
skeletal injury (peri- and post-mortem) as a pilot study 
for further planned research on determining the timing 
of skeletal traumas at the microscopic level.

MATERIAL AND METHODS 

 In order to compare the manifestation of 
microcracks in fresh bone tissue with those in dry tissue, 
one skeletal sample of each type was selected. Both 
samples were flat bones of a human skull, and both bore 
skeletal damage due to a gunshot wound located in the 
cranial vault. The dry bone type (Case 1) was represented 
by a human skull obtained from an osteological archive 
at the Department of Anthropology, Faculty of Science, 
Masaryk University, Czech Republic. The skull contained 
an entrance gunshot wound located at the lower portion 
of the left parietal bone. The defect originated from an 
intentional post-mortem bioballistic test conducted 
on the already dry bone using a 9 mm Luger GECO 
handgun. The circular defect was approximately 1-1.5 cm 
in diameter; its edges were irregular and surrounded by 
the external bevelling. Neither radiating nor concentric 
heaving fractures were present. 
 The fresh bone type (Case 2) was represented 
by a cranial fragment of 4.7 cm×3.4 cm in size. The 
fragment was comprised of the frontal, sphenoidal and 
temporal bones; in its centre it bore an oval entrance 
defect of approximately 0.5-1 cm in diameter. The 
fragment, which had originated in a gunshot victim, 
was harvested for diagnostic purposes during a forensic 
autopsy at the Department of Forensic Medicine, 
Faculty of Medicine, Masaryk University, Brno, Czech 
Republic. 
 To assess the microdamage, the specimens 
were examined using a GE phoenix v|tome|x L240 

micro-CT device in the Laboratory of X-ray Micro and 
Nano Computed Tomography at the Central European 
Institute of Technology (CEITEC), Brno University 
of Technology, Czech Republic. The examination was 
conducted in concordance with Figure 1. Case 1 was 
first examined as a whole (volume 172 mm × 218 mm 
× 180 mm, matrix 1231×1560×1289) at low resolution, 
with a voxel size of 140 µm. This provided an indicative 
examination of the skeletal damage. Subsequently, the 
targeted area bearing the gunshot defect was scanned as 
the region of interest (volume 32 mm × 32 mm × 15 mm, 
matrix 1591×1593×773) with a voxel size of 20 µm in 
order to assess the data at the highest possible resolution 
while keeping the entire skull intact. Ultimately, a 
fragment of 4.3 cm × 3.5 cm, which captured the injury 
to a reasonable extent was cut out of the skull with a 
Medezine Swordfish 4000. The fragment dimensions 
allowed us to measure the injury with a voxel size of 12 
µm, the best resolution for such fragment size (volume 
37 mm × 29 mm × 10 mm, matrix 3054×2439×857). 
 Similarly, the area of interest of Case 2 was 
examined initially with the voxel size of 12 µm (volume 
22 mm × 24 mm ×19 mm, matrix 1808×1560×1551), 
the best resolution achievable for its physical 
dimensions. Subsequently, smaller chosen area of the 
fragment (volume 12 mm × 12 mm × 12 mm, matrix 
2014×2014×2024) was measured by local micro-CT 
imaging at the highest tested resolution of 6 µm in 
voxel size. This scan was conducted to assess whether 
such improvement in resolution can provide us with 
an adequate additional information while keeping the 
bone fragment intact (in spite of a significant reduction 
in the scanned area). The overview of scanning 
parameters is listed in Table 1.
 The acquired CT image datasets were inspected 
visually in the 2D display using functionalities available 
in Amira software 5.3.2. (Visage Imaging, Inc. 2010). 
The primary evaluation criteria were: how well the 
skeletal features could be differentiated; how distinctly 
the microcrack contours could be detected by visual 
inspection; and how sharp the edges appeared. Then, 
microcracks were detected by a threshold determined 
individually for every image dataset. Microcrack 
segmentation was conducted using a variety of manual 
segmentation tools available in Amira software: the 
Threshold tool, the Magic Wand tool, and the Brush 
tool (Fig. 2). The outer 3D surface of the bone samples 
was created using the automatic threshold-based 
segmentation with manual segmentation adjustments.
The amount of microdamage was quantified in both 
datasets examined at a voxel size of 12 µm. To make such a 
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P<0.05 is considered as significant

Figure 1. Overview of the hierarchical examination procedure of the analysed samples.
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quantification possible, the surface and the volume of the 
segmented microcracks were computed automatically by 
the SurfaceArea function available in Amira. Then, the 
ratio of these two parameters was calculated. In addition, 
in order to characterize the properties of the bone tissue 
through which the microcracks were propagating, the 
bone porosity in the vicinity of the microcracks was 
determined, as follows. First, the volume of the area 
where the porosity was to be specified was outlined. 
The volume was selected by expanding the microcracks 
segmentation by 25 voxels in every direction (the 
Grow Selection function). This created a radius of 300 
µm around each microcrack. Then, the porosity in 
this defined area was segmented automatically using 
a fixed threshold, and the volume of these two regions 
was quantified by the SurfaceArea function. Finally, the 
ratio between the volumes of the microcracks and the 
surrounding porosity was calculated. 

RESULTS 

 Searching for a suitable measurement protocol
 In the above-mentioned micro-CT setting, 
the bone microstructure, except for the porosity, was 
displayed relatively poorly at all resolutions, and bone 
structural elements (e.g., osteons and lamellar systems) 
could not be differentiated well from the surroundings.
 Microdamage, and microcracks in particular, 
were observable at all the tested resolutions, except for 
at the largest voxel size of 140 µm. At this resolution, 
only a few larger-scale cracks were observed, and 
these were assessed as unsuitable for any further 
processing. The microcracks at all other resolution 
levels were clearly recognisable, and their course and 
basic characteristics were well described. However, the 
distinctness of the microcrack borders, as well as the 
efficiency of the associated segmentation processes, 
differed significantly between the different levels of 
examination, as a result of the tested combinations of 
resolutions, sample sizes and scanning modes.
 Voxel size of 20 µm 
 In raw 2D CT cross-sections, the microcracks 
and their courses were clearly recognisable. But there 
was insufficient detection using the fixed threshold. 
As a result, only microcracks of larger sizes could 
be segmented, whilst the narrower ones as well as 
the thinner parts of the more extensive microcracks 
were detected only partially. This was due to the low, 
borderline resolution (the width of the thinner elements 
corresponded to one voxel) in conjunction with the 
higher noise in the data (a result of scanning a small 
proportion of the physical size of the inhomogeneous 
and irregular specimen by local tomography).Figure 2. Illustration of the segmentation effectiveness and 

precision – case 1, 12 µm.

Figure 3. Three-dimensional virtual models displaying the bone surfaces (transparent) and with the microcracks (in blue): A – Case 2 (fresh 
bone fragment), B – Case 1 (dry bone fragment).
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 Voxel size of 12 µm
 Case 1 
 In raw 2D CT cross-sections, the microdamage 
was distinctly visible, and its basic characteristics were 
well-described. The course and the borders of the 
microcracks were more distinct, and less fuzzy and 
fragmentary than when observed at the voxel size of 20 
µm. Similarly, the segmentation process was generally 
more efficient than at the previous level; the majority 
of visible microcracks were sufficiently detected by 
the fixed threshold (Fig. 2). Once reconstructed in 
3D, the models were considered adequate for further 
quantitative assessment. 
 Case 2 
 Under identical conditions and settings, the 
examination of the fresh type of bone provided also 
data, where the microcracks were well-defined and 
clearly recognisable in raw CT cross-sections; they 
were easy to demarcate and therefore suitable for the 
quantitative assessment.
 Voxel size of 6 µm 
 As expected, in the 2D CT cross-sections at 
the highest tested resolution, the course of the cracks 
appeared in higher detail than at previous resolutions. 
Here, the microcracks were distinctly visible and clearly 
describable. However, the presence of artefacts was a 
major setback during image processing. The artefacts 
interfered with the accuracy of the segmentation 
process, through which the detection of the microcrack 
borders was not uniform, accurate and complete for the 
set threshold.

 Comparison between Case 1 and Case 2 at a 
resolution of 12 micrometres 
 The visual comparison showed that overall, 
there was a noticeably lower amount of microdamage 
in Case 2 (Fig.3-A) than in Case 1 (Fig. 3-B). For Case 

2, the microdamage was present as numerous small 
microcracks, scattered across all three layers of the 
cranial bones. Their spatial orientation varied with 
respect to the bone surface and the gunshot defect. 
 By contrast, in Case 1, the overall amount 
of microdamage was much higher. However, it was 
manifested in the form of a few extensive, complex and 
branched microcracks, spreading out and enclosing a 
larger volume. In many instances, they ran across all 
layers of the cranial bone. A common feature was that 
they began at the margins of the gunshot defect, from 
which they diverged radially. 
 The metric assessment shows that there 
were quantitative differences between the observed 
microcracks in the two cases (Table 2). In Case 1, the 
microcracks were about ten times larger than they were 
in Case 2. Comparison of the microcrack/porosity ratios 
shows that Case 1 exhibited a lower level of porosity in 
the region surrounding the microcracks than Case 2.

DISCUSSION 

 The present study explored the use of a micro-
CT unit to visualize and examine bone damage at 
the microscopic level in forensic settings. Generally, 
computed tomography is considered to be well-suited 
to examining bone tissue [16] as it provides a sufficient 
contrast for the mineralized tissues [17,18]. The 
potential of employing micro-CT for forensic purposes 
has been recognized by several studies, for instance 
in evaluating skeletal toolmarks [14,19-21] and in 
detecting gunshot residue particles [22-24]. However, 
there are also some challenges to using this technology. 
The first and key aspect to be considered is the physical 
size and the scanned volume of the measured specimen. 
There is a direct trade-off here: the larger the specimen 
dimensions (and the scanned volume), the lower the 

Figure 1. Light microscopic micrograph of testis in control group.

Sample Energy Current Timing Aver. Images Filter - Al 
[mm]

Time 
[min]

Resolution
[kV] [µA] [ms] [µm]

Case 1 - entire skull 120 350 400 2 2300 1,5 58 140
Case 1 - detail 120 170 400 2 2300 1,5 58 20
Case 1 - cut fragment 120 100 300 3 2500 1,5 53 12
Case 2 - fragment 120 100 300 3 2500 1 53 12
Case 2 - detail 100 80 900 2 2000 0,5 92 6

Table 1. The overview of used scanning parameters

   Parameter  Case1 - 12 μm  Case2 - 12 μm 
Microcracks  Mean surface (μm2)  45.960  4.176 
  Mean volume (μm3)  0.522  0.065 
  Mean surface/ mean volume  88.046  64.246 
Microcracks/porosity volume ratio   0.144  0.114 

Table 2. The results of microcracks quantification
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image resolution. 
 While searching for an optimal examination 
protocol, our initial intention was to keep our bone 
specimens intact. For a larger object, a higher image 
resolution can be achieved by applying region of 
interest tomography (local micro-CT imaging). This 
enables the scanning of targeted regions at a reasonable 
resolution. However, such scanning mode comes at 
a price. It creates unwanted noise, which makes the 
processing of the data much more challenging [25], less 
effective or even impossible. In our case, compromises 
had to be made, and one of the studied samples was 
reduced in size. 
 The optimal trade-off between acceptable 
extent of specimen physical size, scanned volume, 
resolution, and adequate image quality was shown to be 
a voxel size of 12 µm. At this resolution, the microcrack 
outlines were the most distinctive and the segmentation 
process the most effective. In contrast, the smallest 
tested voxel size of 6 µm yielded less satisfactory results. 
While additional information was gained because of 
the better resolution, this was achieved at a cost of the 
reduced measured volume, and of an image dataset 
with numerous scanning artefacts.
 In both Case 1 and Case 2, two forms of 
microdamage were observed. The first type manifested 
either as individual long linear or branched fissures, 
while the second showed as a network of tiny 
defects or cracks and fissures. By their appearance 
and basic morphological characteristics, these two 
types correspond to the main types of microdamage 
distinguished in research on fatigue microdamage. As 
a result, they were treated accordingly and referred to 
by the same terms, microcracks for the long fissures 
and diffuse damage or cross-hatching for the network 
[26]. There is, however, a significant distinction 
between size of microdamage classes as observed 
in our study and those reported in papers focused 
on fatigue microdamage. The microcracks in our 
datasets showed considerably (about ten times) larger 
maximum dimensions than those reported in the 
fatigue microdamage research. This difference was to be 
expected since the mechanism of damage was different. 
Also, capturing of possibly present thinner elements 
was limited to the lowest resolution we used (the voxel 
size of 6 µm). 
 The direct comparison between the two cases at 
the identical level of resolution demonstrated that there 
were apparent differences between them, expressed 
in the pattern of skeletal microdamage. To date, very 
few papers have addressed the issue of the pattern of 
peri-versus post-mortem skeletal microdamage. For 

instance, Pechníková et al. [10] reported no significant 
differences between the types of injuries for the fracture 
line courses at the micro-scale level. It is noteworthy 
that their study was conducted using ground sections, 
where the three-dimensional spatial arrangement 
of the damage was lost and therefore inaccessible for 
assessment. In addition, the study focused on the 
fracture line propagation with respect to osteons which 
were mostly unrecognizable in our CT images and thus 
cannot be evaluated in our study which makes our 
results incomparable.
 While our observations indicate that there 
may be specific microscopic characteristics helpful in 
differentiating between peri-mortem and post-mortem 
types of injury, the results are only preliminary. At 
this point, it would be unwise to draw any definite 
conclusions from our results. The small sample size 
and a lack of control, when taking into account other 
factors affecting resulting damage patterns (i.e., gunfire 
conditions, gunshot wound properties and localization, 
bone tissue properties) should be stressed as the major 
limitations of the present study.
 It can be concluded that micro-CT was shown 
to be a very effective tool for assessing gunshot-related 
skeletal micro-trauma. The voxel size of 12 µm was 
identified as the optimal trade-off between an adequate 
sample dimensions and the scanned volume and an 
achieved resolution, particularly for the assessment 
of microcracks. In addition to being non-invasive 
(albeit in relative terms), 3D character of micro-CT 
based examination allowed us to look for specific 3D 
microscopic characteristics which might have potential 
sufficient diagnostic power to differentiate skeletal 
traumas. Our results hint at skeletal characteristics 
capable of differentiating between the different timing of 
injuries. However, in order to verify any of the findings, 
more exhaustive testing including sizable sample, 
control for confounding factors and more advanced 
data processing and analysis has to be conducted. 
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