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Introduction

Wilhelm Rontgen discovered the electromagnetic radiation known as X-rays in 1895.
One of Rontgens first images was of his wife’s hand which showed the structure of
the hand and bones beneath the skin. X-rays travel from the X-ray source through
the object (patient) being examined and are captured on an X-ray detector, originally
a photographic plate but now using an electronic detector, to create an image known
as a radiograph which gives a 2D representation of the object [1].

X-rays are absorbed in different amounts depending on the radiological density
represented by the Hounsfield number, symbol HU [2] of the material being
examined. Different materials therefore give different contrasts in the final image,
depending on their radiological density. The radiological density is a function of the
density of the material and the atomic number. The HU values are measured based on
zero HU being defined as the radiodensity of distilled water at standard temperature
(STP) and —1000HU being the radiodensity of air at STP. The HU value is calculated
from

HU = 1000 x (1t — fwater/ water — Mair)

where |[L = linear attenuation coefficient of substance, |Lyaer = linear attenuation
coefficient of water, and ,; = linear attenuation of air. Bone, which contains calcium
for example, has a higher atomic number than most tissues and therefore bones absorb
X-rays more readily to give a higher contrast than tissues and bony structures. This
is why they appear white against a black background in a radiograph (HU cortical
bone ~ +1000 or very dense bone 42000). Tissues like fat and muscle or air—cavities
like the lungs give a darker grey shade on the radiograph [2]. Metals typically have
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a HU of 3000 [3]. The ability of X-rays to discriminate between fat, tissue, muscle,
bone and fractures have thus meant that they have been commonly used as a medical
diagnostic tool since their discovery.

The first forensic use of X-rays followed very quickly after their discovery as it
was realised that foreign objects such as needles and bullets could easily be located
on an X-ray radiograph [1]. Professor Arthur Schuster, a physicist at Owens College
in Manchester, England used X-rays in the case of a gunshot wound to locate a
bullet fired by Hargreaves Hartley, into the brain of his wife Elizabeth Ann Hartley
at Nelson, Lancashire, on 23 April 1896 [4, 5]. The bullets were located but Elizabeth
Hartley died shortly afterwards from her injuries.

In the early 1950s, Godfrey Hounsfield from EMI in the UK and Allan Cormack
from Tufts University in the USA were separately and simultaneously instrumental
in working out that the internal structure of an object could be determined from
multiple X—ray images taken at various angles. They were subsequently awarded the
Nobel Prize for Physiology or Medicine in 1979 [6] for the development of X-ray
computed tomography. Their work showed that 3D representations of objects could
be achieved by taking multiple 2D radiographs and computationally reconstructing
3D tomograms of the internal structure of the object that can be used for visualisation
and quantification. The advent of storing radiographs digitally by capturing the X—
rays on flat screen detectors has meant that access to computing tools to reconstruct
the images in 3D becomes much more accessible than was the case with wet chemical
photographic plates and along with modern computing capabilities has vastly trans-
formed the way in which images can be recorded and manipulated to gain insights
into 3D structures.

Conventional multi—detector computed tomography (MDCT) is widely used in
medicine [7, 8] and has been adopted, along with MRI, as an essential tool in forensic
applications for many of years [9, 10]. Computed tomography uses X-ray projections
taken at multiple angles of view about an axis through an object to make a 3D
reconstruction using an algorithm [11]. It is widely used in post mortem imaging and
has become recognised as having the capability of allowing virtual autopsies [12],
although not all forensic practices have ready access to the scanners.

One of the disadvantages of multi—detector computed tomography (MDCT) is that
it has a relatively low resolution and a fixed magnification. For higher resolution X—
ray imaging, Cone Beam Computed Tomography (CBCT) can image smaller areas
with higher magnifications [13, 14]. This technique is commonly used for dental
X-rays [15] and breast examination [16].

When higher resolution than cone beam tomography is needed then micro— or
nano—CT [17] systems, often found in engineering or materials science research, can
be used. Micro— and nano—CT are used for studying materials, foods, and samples
from biology, geology and palaeontology. The scans can also be used for metrology
and accurate characterisation of dimensions of internal structures produced during
manufacturing. Nano—CT is outside the scope of this chapter as it commonly requires
high-resolution X-rays from a synchrotron storage ring. Micro computed tomog-
raphy (WCT) was developed in the early 1980s [17, 18]. The term applies to X-ray
tomography with voxel (volume element) resolutions that are typically between 1
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and 50 pm. Mini—CT typically has voxel resolutions between 50 and 200 wm and
nano—CT has voxel resolutions between 0.1 and 1 wm. However, micro—, mini— and
nano—CT are all often described generically as wCT. wCT has become an increas-
ingly important technique since its inception because it has a number of advantages
including:

Quick and easy radiographic inspection

Exceptional resolution

Photo-realistic reconstruction

Non—destructive

Little or no preparation of specimens other than securely mounting
Intuitive visualisation that brings results to life

Ability to create 3D replicas using modern 3D printing tools.

WCT is attractive for forensic applications as it can provide images which have
much higher magnifications and resolutions than that achievable in clinical CT
scanners [19].

Another form of CT is industrial computed tomography [20-22] that was also
developed from medical CT. It is widely used for industrial inspection, for quality
control of complex three—dimensional engineering components and for inspection of
assemblies of parts. There are two types of industrial CT scanners:— some use a cone—
shaped X-ray beam and flat—panel type of detector as is used in WCT; whereas others
use a collimated fan—shaped beam with a detector in a line—scanning mode. Indus-
trial CT can be used for flaw detection, engineering failure analysis, and metrology
(inspection of the dimensions of components and in particular internal features that
cannot otherwise be measured using e.g. laser scanning or touch probes). Addition-
ally, industrial metrology can be used for reverse engineering of components. Indus-
trial scanning has potential forensic uses in engineering, for example, inspections
of gear boxes/air bags/switches or other components that might have failed. Other
forensic uses can include examination of firearms, or explosive devices, and searching
for concealed compartments [23]. Industrial CT can also be used for applications in
forensic anthropology when access to MDCT or (CT is not available [23].

Table 3.1 compares the typical size of objects that can be imaged, resolution, and
X-ray energy for the different types of tomography. All X-ray CT systems rely on
the absorption of X-ray photons. This gives limits to the volume of objects that can
be scanned as if all the photons are absorbed before the detector then there are no
data. Higher atomic number materials/denser materials absorb X-rays more readily
than lower atomic materials/lower density materials and thus the largest volume that
can be measured is limited by the volume that allows analysis of the X-rays reaching
the detector.

One disadvantage of WCT techniques is that they usually require a further anal-
ysis, for example by scanning electron microscopy with energy dispersive X-ray
analysis or other chemical analysis by X—ray diffraction, to determine the chemical
composition or phase of a foreign material within a sample or specimen. One way
in which CT can become more useful in determining the chemistry of the body is by
measuring the HU values of common materials found in forensic pathology, including
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Table 3.1 A comparison of the different object sizes, resolution and X-ray energy for a number
of different 3D X-ray computed tomography modalities

Object size Resolution (Voxel size) | X-ray energy
Medical multidetector CT | Whole human body can | >100 pm 80-140 keV
be imaged

Typical engineering
component such as an
automobile cylinder head
which fits through
scanning ring

Medical cone beam CT Dental scanners will 500 pm 60-90 keV
allow head and jaw to be
imaged

Micro CT Varies but 280 mm >0.1 pum 30-300 keV
diameter by 600 mm
height is typical for a
cone—beam system where
the specimen rotates

Industrial CT Varies but typically 0.8 x | ~0.5 pm >450 keV
1.2 m part envelope

steels, brass, aluminium for example, glass, rocks or other man—made materials to
produce a reference set of materials that can aid identification [24]. These materials
can then be incorporated into phantom samples (a specially designed object with
defined components and composition) that can be scanned alongside the sample of
interest.

Instrumentation

Figure 3.1 illustrates the two types of arrangements that are commonly used in wCT
scanners. In the first, a specimen is scanned by rotating it around a vertical axis
whilst the X-ray source and detector are static. In the second (typically used for
scanning small animals) the sample is positioned horizontally and the X-ray source
and detector are rotated around a horizontal axis through the animal.

The size of sample that can be imaged in a pCT is determined by the space
between the source and the detector. A sample must be able to sit on the rotation
platform and be rotated in a stable manner without impeding (touching) the detector
or source. In order to be able to exactly reconstruct the 3D image, the specimen has
to stay in the field of view (FOV) for all rotations.

The time taken for a scan depends on the number of radiographs that are taken
and the time for an individual radiograph to be taken. The time for an individual
radiograph depends on the X-ray flux that is generated by the X-ray source and the
absorption of the X-rays by the sample. The flux determines the time required to
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Fig. 3.1 Common X-ray computed tomography configurations a cone beam system typical of
many laboratory systems b small animal wCT scanner configuration ¢ set-up for an industrial
X-ray CT line scanner. [llustrations courtesy of Vicky Eves, UK
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obtain a projection image of the required quality dependent on the signal-to—noise
ratio and obtaining a good dynamic range of contrast. The X-ray flux and expo-
sure time will determine the number of X-ray photons incident per image pixel. It
is important that the detector is not over—saturated by photons. The contrast sensi-
tivity is determined by the characteristics of the specimen and also the instrument
characteristics.

A typical laboratory wCT system with the configuration shown in Fig. 3.1a is
shown in Fig. 3.2.

The noise in the reconstructions can be decreased by using frame averaging as long
as the incident X-ray beam is stable. Essentially, this consists of acquiring multiple
images at each rotation step which are then averaged to get the final image projection
that is used for reconstruction with an improved signal-to—noise ratio. Depending
on the detector, four frame averages with a 12 bit detector are comparable to a 14 bit
detector i.e. in terms of the ability to discriminate between pixels of different grey
levels. It is not possible to get a valid reconstruction if the detector saturates at any
point in the image.

Fig. 3.2 A Nikon XT H225 micro computed tomography scanner in the Department of Engineering
at the University of Leicester showing the sample chamber and control monitors for setting up the
scans
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Magnification, Resolution and Quantification

The magnification M in a WCT system is is defined as the ratio of the focus—to—
detector distance over the focus—to—sample distance, i.e. M = FDD/FOD as shown
in Fig. 3.3.

The spatial resolution of X-ray CT systems is influenced by a number of factors
including the focal spot size, X-ray detector performance, system magnification,
number of projections, filtering and the reconstruction algorithms that are used.

The spatial resolution is usually defined by the voxel size which is a function of the
pixel size divided by the magnification. The spatial resolution is defined by how far
two features of the object need to be separated to be distinguishable in the measured
image [25]. This can either be determined by visual resolution tests using line group
test patterns (which are observer dependent) where the resolution is defined by when
two distinct lines cannot be separated or by using modulation transfer functions [26].

If WCT is being used for metrology purposes to derive quantitative data from
the images, then it is important that the spatial resolution and other sources of
error in the data are well understood. Additionally, it is important for the validity
of measurements and their interpretation that measurements are both reproducible
and repeatable i.e. that here is agreement of results from experiments performed
in the same way under the same conditions and also for repeated measurements of
a single sample under the same conditions. It is important that appropriate calibra-
tions are performed [20, 27]. Additionally, variables during the measurements should
be carefully controlled. These can include factors related to the CT systems:— the
measurement object itself, the analysis method of the scans, the environment for
scanning such as temperature and, humidity, and finally the operator using the same
scanning parameters for repeated measurements.

X-ray detector

R

X-ray

Sample
source

FDD

Fig. 3.3 Image magnification for wCT. FOD is the focus to sample distance and FDD is the Focus
to detector distance
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Software

An important part of any analysis by X-ray CT is image reconstruction. The recon-
struction of images is challenging as every voxel has between 8—16 bits of grayscale
information and a 3D volume image may have between 500 and 2000° voxels. This
tends to lead to large files and a need for considerable computing power for image
storage, transfer and display.

Most X-ray CT manufacturers have their own proprietary software for reconstruc-
tion. Most of these use a reconstruction method based on filtered back—projection
which is based on an algorithm developed by Feldkamp [28]. In addition, there
are a number of commercial software packages such as VGStudio MAX (Volume
Graphics, GmbH) Avizo (VSG Visualization Sciences Group, Mérignac, France),
and Simpleware (Simpleware Ltd., UK) which is a volumetric data processing soft-
ware that can export volumetric data into CAD and finite element models. There are
also a number of valuable freeware resources including Drishti [29], Image J [30]
and Dragonfly (Object Research Systems Inc., Montreal, Canada) although others
are also freely available.

Potential Sources of Error

There are several potential sources of error in wCT. These can be physical-based,
scanner—based, or sample—based.

In scanners where the source and detector rotate around the sample, it is critical
that the source and detector rotate so that deviation from the required ideal trajectory
around the axis of rotation is smaller than the detector pixel size. Sample mounting
is also important to avoid motion artefacts from the sample moving during scanning
or dynamic changes occurring during scanning through for example heating or a
hydrated sample drying out. Motion artefacts can also arise during dynamic scanning
from the sample itself moving (such as a fly hatching).

Beam Hardening

X-ray beams have photons of different energies. Beam hardening is an artefact that
occurs as the X-ray beam passes through an object as the lower energy X-rays are
absorbed preferentially and higher energy X-ray photons remain. This means that the
beam becomes “harder,” i.e. its mean energy increases since lower energy photons
are absorbed more rapidly than the higher—energy photons. Beam hardening can lead
to uneven contrast from the outside to the inside of the sample. This is known as
a cupping artefact (Fig. 3.4). Beam hardening can be reduced by using a physical
filter of a material that absorbs the lower energy X-rays placed between the X-ray
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Fig. 3.4 CT number profile across the centre of a phantom (containing uniform shotgun pellets)
showing cupping (brighter edges to the pellet) and streaking artefacts and the effect of using different
filters on the profile obtained

source and the sample. These filters are typically thin (0.5—mm- thick) metal sheets
of copper, tin or aluminium. An example of a cupping artefact from imaging shot—
gun pellets is shown in Fig. 3.4, and the way in which filters change the shape of the
artefact can also be seen. The disadvantage of using physical filters is that it reduces
the signal-to—noise ratio.

Beam hardening artefacts can also be reduced by using correction algorithms in
the image analysis.

Another type of artefact is a streak artefact. These usually occur when the X-ray
beam is completely attenuated by high—density objects, but can also be caused by
detectors with limited dynamic range, those with a limited number of discrete levels
of measurement between the maximum and minimum signal that can be registered,
such that peak white and peak black are readily reached and useful information from
the image is lost.

Noise artefacts arise from two sources: structured noise from instrument artefacts
such as electronic noise and detector inefficiency and random statistical noise from
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background radiation [31]. Noise artefacts can be reduced by increasing the signal
to noise ratio (SNR) i.e. by increasing the number of X-rays the sample is exposed
to. Image processing methods such as averaging can also be used when using recon-
struction software. One of the concerns about noise (in both medical and industrial
CT) is that it can lead to false positive readings (for example, noise can appear as
dots which could be mistaken for nodules in tissue samples [32] or pores or cavities
in castings in industrial components [33]).

Partial Volume Artefacts

Each voxel in a CT image represents the attenuation properties of the specific material
within the voxel. Partial volume effects or artefacts occur when a single voxel is filled
by substances of two widely different absorptions. This gives a beam attenuation that
is reflective of the average HU value of the substances. This can cause challenges in
interpreting images quantitatively, particularly around boundaries. In materials and
geology these effects can be used to highlight cracks or porosity and can add value;
however, the image interpretation can be more challenging. Sutton et al. [34] suggest
that partial volume effects are most problematic when the anatomical structure is
close to the voxel size and that the way of reducing the issue is either increased
magnification or else a detector with greater dimensions.

Scanner-based Sources of Error

There are a number of different errors that can arise from the WCT system itself. One
of these is beam drift, where the spatial location of the X-ray focal spot can move or
drift as the X-ray tube thermally expands. X-rays are typically generated by heating
a filament of a material, usually tungsten that generates an electron beam that hits
a target that then emits the X-rays. The temperature of the X-ray tube has to be
controlled by cooling so that any errors from thermal drift are eliminated. Another
issue related to the detectors, are concentric ring artefacts. These occur either from
defects in the detectors themselves, poor detector calibration or non—uniform output
from channel to channel in the detector array. Ring artefacts can be removed by
carefully controlling the sensitivity across the whole detector to be uniform or using
a numerical algorithm to correct for the issue.
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Radiation Damage

Micro—computed tomography is largely considered to be non—destructive but as voxel
sizes become smaller, the X—ray dose required to produce a high—quality radiograph
increases. The high radiation dose can lead to radiation artefacts and damage to
samples which might otherwise be considered to be macroscopically undamaged. The
dose can cause damage to DNA, lead to discoloration or create chemical or structural
damage for example. The radiation exposure of the object being studied increases
with the voxel side dimension to the 4™ power. Thus, higher spatial resolutions give
increased radiation exposure. The higher energy X-rays in tube source wCTs are
considered less damaging than X-rays used in nano-CT from synchrotron sources
which are usually lower energy X-rays with energies in the range soft (<1 keV) or
moderate (5-30 keV) [18] but when also combined with the higher X-ray flux from
a synchrotron source leads to a higher dose on the sample.

Immel et al. [35] studied subfossil bones and identified that a dose of <200 Gy
was the safe limit to prevent DNA damage. In order to achieve doses less than this the
CT voxel sizes needed to be >1 wm. Immel et al. [35] also suggested that a metallic
filter should be used between the source and the sample to filter out the lowest energy
and most damaging X-rays from the whitebeam radiation. McCollough et al. [36]
found that the dose for a head scanned in a medical scanner is typically of the order
of 0.06 Gy which should be low enough to avoid denaturing any DNA. For a 100 kV
tube source CT with a 10 wm voxel size, Meganeck et al. [37] showed that the dose
is ~0.4 Gy which again should be within acceptable limits.

Selected Applications

Bones and Toolmarks

Thali et al. [38] showed that WCT could be used for investigating knife marks in
bones. The shape and size of the mark could indicate the type of tool used to make
the mark. 3D analysis of the marks could be used to generate a “digital virtual knife”,
and hence bone injuries could be correlated to the knife that made them. General class
characteristics such as size, profile, shape, direction of travel and movement in the
wound could also be visualised. Pounder and Sim [39] used wCT to investigate the
serrations left by serrated knifes in stab wound tracts. Rutty et al. [19] demonstrated
how the 3D sectioning of images through saw tracts could be used to differentiate
between knife and saw marks from the shape of the bottom of false start kerfs and also
showed the advantage that wCT has in reducing specular reflection (from mirror-like
reflection of visible light) that is common in optical microscope images of tool marks
on bone. Further work on investigating the use of WCT on marks made with different
saws was performed by Norman et al. [40], who made cut marks with hand and
electric saws and analysed the information that could be obtained. They found that
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Fig. 3.5 Reconstruction of a wCT image of a partial cut through a jaw bone with an electrically
powered circular saw. A number of steps can be seen in the kerf wall and the kerf (cut) floor is
clearly visible. Partial cuts such as this can be used to potentially determine the thickness of the
cutting blade

the width of the tool marks obtained from wCT could be consistently matched to the
saw blade width and that marks made in fleshed bone were different to those made
in defleshed bone. Norman et al. also produced an extended study of tool marks in
bone from various different knives [41]. wCT analysis of weapon marks on bones
can also be applied to archaeological cases such as analysis of the weapon marks on
the remains of Richard III [42].

Figure 3.5 gives an example of the information that can be obtained from a wCT
image.

The image shows a 3D reconstruction of a wCT image of a partial cut made
with an electrically powered circular saw through a jaw bone. A number of steps
can be seen in the kerf wall and the kerf (cut) floor is clearly visible. Partial cuts
such as this can be used to potentially determine the thickness of the cutting blade.
An additional advantage of using WCT in dismemberment cases is that the images
are reconstructions and therefore can be shown in court in a way that pathology
photographs cannot be shown. A further advantage of the 3D data is that it can be used
along with 3D printing to provide replicas which again can be shown in court [43].
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Larynx Fractures

Strangulation is a challenging cause of death to diagnose and a common homicide
method, particularly for women who are commonly strangled by their partners. One
of the challenges for the forensic pathologist is that the injuries can be subtle with
no obvious bruising or compression of the neck and with a lack of features that can
be attributed to asphyxia.

A number of authors have used wCT for analysing strangulation cases [44]. Baier
[45] performed a comprehensive set of scans in which larynxes from a control group
were imaged using WCT and compared to the current “gold standard” of histology.
They examined two larynges from suspected strangulations and showed a strong
correlation between the histology and the WCT images.

An example of a fractured larynx is shown in Fig. 3.6 (image courtesy of Prof
Mark Williams of the University of Warwick). The fractures are labelled as A for a
fracture on the posterior right greater horn and B for a fracture on the thyroid laminae.
There was also a possible fracture identified at the base of the left superior horn of
the thyroid cartilage.

The disadvantage of WCT for analysing injuries such as this is that the soft—
tissue injuries cannot be readily visualised but it does show the benefit of using this
technique for analysing fractures that cannot be seen on a conventional MDCT used
for post—-mortem virtopsys.

Fig. 3.6 An antero-lateral
view of the volume-rendered
WCT scan of a larynx A =
hyoid fracture, B = fracture
on left inferior margin of
thyroid lamina, C = possible
fracture of left superior
thyroid horn
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Gunshot

Analysis of gunshot residue is important for understanding the firing range in fatalities
from gunshot. W CT has been used for detection of gunshot residue (GSR) in firearm
wounds [46] and also for estimating firing distances from residue around gunshot
wounds [47]. This work showed how wCT was able to generate a 3D reconstruction
of the spatial distribution of GSR particles.

Giraudo et al. [48] performed detailed studies on the analysis of gunshot residue
on wounds from a 0.32ACP pistol (Berretta Mod. 81) when the shots were made
through fabrics as most shooting injuries are made when the victim is clothed. The
shots were fired into sections of human calves at three different muzzle—to—target
distances. All entrance wounds showed evidence of radio—opaque materials, whereas
no exit wounds showed any evidence of GSR. This showed the value of WCT as a
potential screening tool for differentiating between entrance and exit wounds.

WCT can also be used to evaluate the distribution of shot gun pellets into a sample.
Figure 3.7 shows how the distribution of pellets from a shot gun discharged into a
butchered pig’s leg can be determined using W CT. The image shows the results from
a test shot made using a Spanish Laurona 12-Bore Over/Under 28" barrel shotgun
with the lower barrel having a quarter choke. The ammunition was a twelve—gauge
shot cartridge with plastic wadding. The figure shows that the pellets stop at differing
distances into the leg, with a band of pellets towards the bottom of the figure at the
point at which the pellets do not have sufficient energy to penetrate further into the

o

Fig. 3.7 1CT image of shotgun pellets into a pig’s legs. Pellets are shown in red. The entrance
wound position is marked by the green pins
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flesh. The surface of the skin which was difficult to see with the wCT analysis, was
marked by pins which are shown in green. The surface was not straightforward to
determine as it was difficult to manipulate the image because of the large contrast
range between the flesh and pellets. The pins therefore gave a convenient way of
accurately determining the position of the entrance wounds.

A range of experiments were undertaken with differing firing distances into a
butchered pig’s leg from contact (0 m), 1 m, 2 m, 3 m, and 4 m and these could
be correlated against the depth of penetration of pellets into a victim with closer—
range shots penetrating to further distances. The spread (scatter) of the pellets also
increased as the distance of the muzzle from the leg increased.

Entomology

Benecke [49] suggested that forensic entomology became identifiable as a discipline
after the first use of insects and other arthropods as forensic indicators in Germany
and France in the late by Reinhard and Hofmann; although there are case reports
from China as early as the 13th Century of flies being found on deceased bodies.
Bergeret, a French physician, is attributed as the first to use blow—fly pupae and
larval moths [49] for determining postmortem interval (PMI) which is defined as
the period between the time of death of a cadaver and when it was discovered. PMI
is challenging to determine accurately as there are a large number of variables that
affect the rate of decomposition of a cadaver, but forensic entomology is deemed
useful in estimating the time since death with an acceptable degree of confidence to
aid investigation [50]. Different insects and animals are interested in the cadaver at
different stages of the cadaver decomposition [51].

Calliphora vicinia and Calliphora vomitoria [50] are the most common blowfly
species in the UK and are the first to conquer a fresh cadaver [52].

Itis often difficult to determine the age of a blowfly during the pupation stage as the
fly is cocooned in a casing and the external features of the cocoon look very similar
over the entire developmental stage. Figure 3.8 shows the different developmental
stages of the pupae.

The traditional method for determining the pupal development stage is to use an
invasive technique where the pupae is killed, stained, and dissected [52-54].

WCT is ideal for investigating the different stages of the pupal development as
the internal 3D structure of the cocoon can be examined. Richards et al. [55] used
WCT to scan Calliphora vicina (Diptera: Calliphoridae) during metamorphosis and
reconstructed the internal structures of the pupae. Their work showed that WCT
was a viable and a better alternative to the traditional methods. Martin—Vega et al.
[56] were able to track the development of pupae, determine the critical periods
in its development, and understand the role of the gas bubble during the structural
development of the flies with unprecedented detail.
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Fig. 3.8 The different phases of the pupal development

A series of images of blow—fly larvae at different stages of development were
scanned in a Nikon XT H 225 industrial micro—CT scanner controlled by Nikon
Inspect—X software with the parameters below:

1. 60kV and 70 pA
2. 700 ms exposure
3. 0.5 mm tin filter

Pupae were held in place in the scanner by inserting them into a paper drinking
straw which was found to give a way of obtaining images of several pupae in a single
scan with good mechanical stability of the pupae.

The images were pre-processed using the scanner software and then uploaded
to VGI Studio MAX where the air phase of the sample was removed. These files
were then uploaded to Image-J to remove any noise and to create sharper and better-
contrasted stacks of images. The image stacks were then uploaded to Drishti where
the stacks of images were compiled into a 3D model that could be rendered and
processed. In Drishti the scans were put through a series of morphological operations
to expose the external and internal features of the fly within the pupae. Images of the
scans were then collected and arranged to show the progression in the development
of the pupae. Pupae were developed at a range of temperatures and for a varying
number of days.

Figure 3.9 shows the development of a pupae at 2, 7 and 8 days. The wCT scans
gives an understanding of the internal structure within the epidermis. This was espe-
cially convenient during the first few days after the puparium formation where the
early tracheal tube structure (A), coiled tubular cluster (B) and gas bubble (C) is
easily seen.
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Day 2 Day7 Day 8

Fig. 3.9 Pupae development from pCT imaging illustrating the change in the tracheal tube and
coiled tubed cluster as the pupae mature. A is the early tracheal tube, B the coiled tubular cluster
and C the gas bubble

The point where the change from pre—pupal stage to pupal stage was also definite,
and allowed the apolysis to be observed and the change in the tracheal tube structure
to be visualised. Additionally, the progression of the coiled tubular cluster as well as
its change in position overtime can be seen in the images.

However, in comparison to features that can be identified by traditional methods
there are a number of structures that are not visible on the WCT images:— for example,
the central nervous system, the peripheral nervous system, and the muscles along the
body are not readily visible [57].

The full power of WCT as a visualisation tool for the internal structures can be
seen in images in Fig. 3.10.

One of the advantages of WCT scanning is that in many instances, for example,
in the imaging of blow—fly internal structures, the evolution of structure whilst an
organism is growing can be tracked with multiple scanning sessions over a period of
time.

A previous study on the radiation of Mexican fruit—fly suggests that the third
—instar larvae and prepupal stage pupae have low sensitivity to irradiation, and the
pupae are thought to be able to recover after each dose [58]. However, scans by
us found that only small numbers of irradiated pupae emerged compared to their
non-radiated counterpart, when each sample was only scanned once. Our scans
were conducted to minimise exposure to radiation and therefore the image quality
is less than if longer scans were used and therefore there is a compromise between
development and quality of information obtained during uCT scanning.
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Fig. 3.10 Image of a blow fly pupae from X-ray wCT images using Drishti post processing to
reveal and colour the structures that have developed

The scans in Figs. 3.8 and 3.9 were obtained without the use of staining as would be
required in traditional studies using reflected light microscopy. Stains are not always
required for wCT investigations. However, some researchers, such as Metscher, Kang
etal. and Swart et al. [59-61] have used staining to provide additional contrast which
improves the discrimination of the internal structure for studies of blow—flies and
barnacles. Not all contrast stains are inert, and some may damage the specimen.
Pauwels et al. [62] noted that acids such as phosphotungstic acid (PTA), dodeca
molybdophosphoric acid (PMA) and FeCl; solution when used in high concentra-
tions can dissolve calcified tissues such as bones and thereby destroy the specimen
being examined.

The choice of staining therefore depends on what the aim of the investigation is.
For fundamental science or entomology staining may be desirable but there will be
instances where a forensic sample must remain unchanged unless experts for both
prosecution and the defence agree that staining is an acceptable method from both
parties’ perspective.

Summary

Micro X-ray Computed Tomography has developed over the last 30 years as digital
X-ray detectors have allowed the capture of multiple radiographs that can be
reconstructed to give a 3D representation of the sample.

During this period, the time required to obtain the scans has reduced, and the
computing power of the systems to generate the 3D images has evolved at pace. The
power of the technique means that it has found multiple practical applications in the
areas of forensic science and engineering. Continuous improvements in the image
resolution and image contrast are likely to for the foreseeable future.
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One particular advantage of the technique for forensic applications is that the
images are traceable and easily shared, and the data can readily be stored. By compar-
ison to multi—detector computed tomography scans that are commonly used for
autopsy, WCT offers access to higher magnifications and higher resolutions, which
means that it offers additional functionality and possibilities for forensic applications.

As access to scanners improves and the software and interpretation of images
becomes more accessible, the diversity of applications in forensic science continues
to grow. LCT therefore adds powerful additional insights for the forensic practitioner
to interpret and understand forensic case work.
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