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Abstract The goal of this study was to investigate the use

of dual-energy computed tomography (CT) in differentiating

frequently encountered foreign material on CT images using

a standard single-source CT scanner. We scanned 20 dif-

ferent, forensically relevant materials at two X-Ray energy

levels (80 and 130 kVp) on CT. CT values were measured in

each object at both energy levels. Intraclass correlation

coefficient (ICC) was used to determine intra-reader reli-

ability. Analysis of variance (ANOVA) was performed to

assess significance levels between X-Ray attenuation at 80

and 130 kVp. T test was used to investigate significance

levels between mean HU values of individual object pairings

at single energy levels of 80 and 130 kVp, respectively.

ANOVA revealed that the difference in attenuation between

beam energies of 80 kVp compared to 130 kVp was

statistically significant (p \ 0.005) for all materials except

brass and lead. ICC was excellent at 80 kVp (0.999,

p \ 0.001) and at 130 kVp (0.998, p \ 0.001). T test showed

that using single energy levels of 80 and 130 kVp respec-

tively 181/190 objects pairs could be differentiated from one

another based on HU measurements. Using the combined

information from both energy levels, 189/190 object pairs

could be differentiated. Scanning with different energy levels

is a simple way to apply dual-energy technique on a regular

single-energy CT and improves the ability to differentiate

foreign bodies with CT, based on their attenuation values.
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Introduction

Less than a year after their discovery, X-Rays were used in

the course of a forensic investigation to locate bullets in the

neck of a fatally injured gunshot victim [1]. Since then, the

detection, localization and identification of foreign bodies

was the goal of many forensic radiologic examinations [2].

The introduction of cross-sectional imaging modalities to

forensic medicine, most notably computed tomography

(CT) [3–5], allowed for a more accurate localization of

foreign materials than conventional radiographs [6]. The

ability of CT to quantify X-Ray attenuation in Hounsfield

Units (HU) [7, 8] is beneficial for the identification of

objects. However, previous attempts to differentiate

selected forensically relevant materials through HU mea-

surements were limited by overlapping CT numbers [9,

10]. This limitation may be overcome by dual-energy CT

(DECT).

In clinical imaging, DECT has a wide range of appli-

cations. It can be used to generate virtual non-contrast

images, characterize atherosclerotic plaques, measure

vascular perfusion of the brain, the heart, or the lungs,

assess steatosis or iron overload in the liver, determine

renal stone composition, detect bone bruise lesions, or

reduce metal artifacts through monoenergetic image

reconstruction [11–16]. Several of these clinical applica-

tions may also be implemented in forensic radiology. Dual-

energy CT may be particularly useful to assess the com-

position of foreign objects within a corpse.

The behavior of individual materials at different X-Ray

energy levels depends on their atomic number, the electron

density, their density and their diameter [7, 8]. Knowing

how a material behaves at different energy levels provides

information about the composition of the material [12, 13,

15]. Currently, the most widely used dual-energy CT scan-

ners are equipped with two X-Ray tubes that scan patients at

two defined, different energy levels simultaneously [11, 15].

However, in the post-mortem setting, restrictions regarding

radiation dose do not apply and dual-energy scans can be

obtained with a single-source CT by scanning a corpse

twice, at different energies levels [17] (Fig. 1).

The goal of this study was to assess the advantages of

dual-energy CT regarding the differentiation of frequently

encountered foreign materials using a standard single-

source CT scanner.

Materials and methods

Materials

All 20 materials examined in this study were selected with

regard to their potential forensic relevance, such as debris

from motor vehicle accidents, shrapnel and fragments from

explosions, projectiles from firearms, or jewelry for iden-

tification. The following materials were included: front and

side windshield glass from a car, a block of tarmac, various

rocks and other building materials (brick stone, tile, gran-

ite, quartzite, sandstone, slate, and cement), fragments of a

windowpane, and a range of metals (aluminum, steel,

brass, lead, silver and gold). All objects were placed in an

anthropomorphic gelatin phantom with a gap of at least

2 cm between each object to avoid overlapping streak

artifacts during CT.

Imaging protocol

Imaging was performed using a single-source, six-slice

multi-detector row CT scanner (Somatom Emotion 6,

Siemens, Forchheim, Germany). The phantom, containing

all objects, was scanned at two different energy levels, first

at 80 kVp (kilovolt peak), then at 130 kVp, always using a

tube current time product of 130 mAs (milliampere sec-

ond) collimation of 6 9 1 mm. Both scans were repeated

three times on non-consecutive days of the same week. CT

image reconstruction was performed with a slice thickness

of 1.25 mm in increments of 0.7 mm, using bone-weighted

tissue kernels and extended CT-scale. Extended CT-scale

allows for HU measurements over an extended range, from

-1,000 to ?30,710 HU [18].

CT number measurements

All measurements were performed on a picture archiving

and communication system (PACS) workstation (IDS7,

Sectra, Linköping, Sweden). CT numbers were measured

using a circular region of interest (ROI) tool (see Fig. 2).

ROIs were placed manually by one reader (a doctoral

student under the supervision of a radiologist with 5 years

of experience). To ensure reliable HU measurements, each

ROI included more than one pixel and ROIs were placed

off the border of an object [19]. ROI measurements rep-

resent a very robust method and the accuracy and reliability

of the ROI values is independent of a reader’s experience

[19]. All measurements were performed on all three indi-

vidual scan series to account for possible tube voltage

fluctuation between the different scan series. In addition,

all measurements were repeated on the same position on

three different slices (i.e., at different levels within an

object) to account for possible heterogeneity of the

material.

Statistics

Mean CT numbers were calculated for each material at 80

and 130 kVp. Intra-reader reliability was assessed with
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intraclass correlation coefficient (ICC). An ICC of 1.0

indicates absolute agreement. Analysis of variance

(ANOVA) was performed to assess significance levels

(p) between X-Ray attenuation at 80 and 130 kVp. Addi-

tionally the t test was used to investigate the significance

levels (p) between mean HU values of individual object

pairings at 80 and 130 kVp, respectively. A p value\0.05

indicates statistical significance. The practical utility of

dual-energy measurements was assessed through plotting

individual CT numbers of every material in a dual-energy

coordinate grid. The y-axis represents the HU at 80 kVp

and the x-axis represents the HU at 130 kVp. For clarity,

we used to separate grids for materials with CT numbers

below and above 3,500 HU.

Results

The mean CT numbers of the examined materials are listed

in Table 1. All 20 materials can roughly be divided into

two groups: one group (HU below 3,500) contains all

Fig. 1 Detail of a post-mortem CT (left femur) with CT number

measurements in Houndsfield-Units (HU). The corpse was scanned

twice: a was scanned at 130 kVp (higher energy), b was scanned at 80

kVp (lower energy). The bone attenuates the higher energy X-Ray

beam (a) less than the lower energy X-Ray beam (b). HU depend on

the energy of an X-Ray beam. Therefore the HU at 130 kVp is

different (i.e., lower) than the HU at 80 kVp. Knowing how a material

behaves at different energy levels provides information about the

composition of the material

Fig. 2 CT image of sample material (block of granite). To ensure

reliable HU measurements each region of interest (ROI) must be

placed off the border an object (to avoid partial volume effect) and

cover more than one pixel

Table 1 Mean CT-Numbers in HU of all 20 materials at 80 and

130 kVp

Material 80 kVp SD 130 kVp SD

Car windshield (front) 2,011 300 1,650 208

Quartzite 2,137 81 1,708 61

Tile 2,205 119 1,685 56

Brick stone 2,262 77 1,615 58

Cement 2,287 165 1,667 117

Pottery 2,299 83 1,720 76

Sandstone 2,311 81 1,810 57

Windowpane 2,374 69 1,880 43

Car windshield (side) 2,518 104 1,987 48

Tarmac 2,722 394 2,029 274

Limestone 2,789 146 2,325 61

Granite 2,804 294 2,173 182

Aluminum 2,956 42 2,273 31

Marble 3,307 92 2,522 55

Slate 3,367 203 2,569 136

Silver 11,373 776 11,953 905

Gold 20,280 3943 22,624 3,554

Steel 29,366 722 19,635 331

Brass 30,710 0 28,138 920

Lead 30,710 0 30,710 0

SD standard deviation
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non-metallic objects and aluminum, the second group (HU

above 10,000) contains exclusively metallic objects. Intra-

reader reliability was excellent for both, ROI measure-

ments at 80 and 130 kVp (ICC = 0.999, p \ 0.001; and

ICC = 0.998, p \ 0.001, respectively). ANOVA revealed

that the difference in attenuation between beam energies of

80 kVp compared to 130 kVp was statistically highly

significant (p \ 0.005) for all materials except brass

(p = 0.019) and lead, where there was no difference in the

attenuation at 80 and 130 kVp, respectively.

The t test revealed that there is a statistically significant

difference between the individual CT numbers in a

majority of the examined materials at both 80 and

130 kVp. Of the 190 possible combinations, only nine pairs

of materials could not be differentiated relying on their CT

numbers at 80 kVp. The HU of brick stone, cement, pot-

tery, and sandstone were so close that none of these four

materials could be distinguished from one another. In

addition, sandstone could not be differentiated from win-

dowpane and tile, and lead could not be distinguished from

brass (Table 2). A similar result was found at 130 kVp:

again nine pairs of materials could not be differentiated

based on CT numbers at 130 kVp. Quartzite, tile, brick

stone, and cement could all not be differentiated from the

HU of the car windshield (front). Tile could not be dis-

tinguished from quartzite and cement. The three remaining

undistinguishable pairs were: quartzite and pottery, sand-

stone and windowpane, and finally, car windshield (side)

and tarmac (Table 3).

The dual-energy grid visualizes the differentiation of

materials based on dual-energy CT (see Fig. 3). Materials

that were not differentiable after a single energy scan may

be distinguished with the additional information delivered

by the second scan. For example brick stone, cement,

pottery, and sandstone all feature HU around 2,300 at

80 kVp and are impossible to distinguish. However, at

130 kVp the individual attenuation of these four materials

diverges enough to allow for a secure differentiation. Of all

190 possible combinations out of the 20 scanned materials,

only one pair, i.e., sandstone and windowpane, could not be

differentiated using the information of both scans.

Discussion

The results of our study show that dual-energy CT is a

useful technique to distinguish different objects from one

another on CT.

Objects with overlapping HU values at one energy level

may be differentiated if their HU value is also measured at a

second energy level. This observation stands in agreement

with the findings from previous studies on dual-energy CT

Table 2 Differentiation of

materials at 80 kVp
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Pottery S S S S S S S S S S N S S S N S N S
Brass S S S S S S N S S S S S S S S S S
Aluminium S S S S S S S S S S S S S S S S
Steel S S S S S S S S S S S S S S S
Gold S S S S S S S S S S S S S S
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Window pane S S S S S S S S S S N S
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Lead S S S S S S S S S S
Car window side S S S S S S S S S
Granite S S S S S S S S
Cement S S S N S N S
Quarzite S S S S S S
Tile S S S N S
Tarmac S S S S
Brick S N S
Limestone S S
Sandstone S
Slate

S = statistically significant difference between the mean CT numbers of two materials

N = statistically not significant difference between the mean CT numbers of two materials
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[11, 12, 14, 15]. The usual restrictions regarding radiation

dose do not apply in the post-mortem setting, and the rep-

etition of a CT-scan with different scan parameters is a

simple way to apply dual-energy technique using a standard

single-source CT scanner [17].

We found that the combined information from the

scan at 80 and 130 kVp allowed differentiating all 190

possible combinations of the 20 materials examined in

this study except one single pair (sandstone and win-

dowpane). This is not surprising, since the chemical

basis of both these materials is quartz. After one scan

only, it was not possible to distinguish the materials of

nine pairs at 80 kVp and nine pairs at 130 kVp. For

example, a complex material such as a car windshield

was not distinguishable from quartzite, brick stone, tiles

and cement at 130 kVp, but the addition of a scan at

80 kVp allowed for a reliable differentiation. The

behavior of the individual materials at different energy

levels depends on their atomic number, the electron

density, their density and their diameter [7, 8]. Coursey

et al. provide a comprehensible overview of the physical

principles behind dual-energy CT and the interaction

between radiation and matter [13].

There are a growing number of publications on appli-

cation of DECT in clinical imaging [11–16]. So far, the

potential of DECT has not yet been fully appreciated in

forensic and post-mortem imaging. Our findings concur

with Persson’s statement that dual-energy CT may be used

to characterize foreign bodies [17]. The application of the

dual-energy technology could improve the results of earlier

attempts with single-energy CT to identify materials

through HU measurements. Bolliger et al. attempted to

differentiate several forensically relevant objects and

showed that metallic objects could be differentiated from

non-metallic objects, but they encountered significant

overlap between the mean HU values of several objects [9].

Jackowski worked extensively on dental identification and

the possibilities to differentiate dental implants [18, 20].

Challenges they reported related to the differentiation of

individual implants, might also be overcome through dual-

energy CT.

ROI measurements have very high intra-reader reli-

ability. Our measurements stand in agreement with the

findings from previous studies [19].

Limitations

The selection of material may be criticized. The

authors acknowledge that all materials examined in

this study were selected arbitrarily. However, dual-

energy technology relies on principles of radiation

Table 3 Differentiation of

materials at 130 kVp
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Cement S N S S S S S
Quarzite N S S S S S
Tile S S S S S
Tarmac S S S S
Brick S S S
Limestone S S
Sandstone S
Slate

S = statistically significant difference between the mean CT numbers of two materials

N = statistically not significant difference between the mean CT numbers of two materials
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physics and is, in theory, not dependent on the

selection of absorbers. Nevertheless, HU measure-

ments of metals can be quite challenging: metals are

powerful absorbers of X-Rays. Thin copper plates, for

example, are used as X-Ray filters in radiology and

lead is used for protective aprons and shields in

hospitals [7]. Because of their high density, metals

are very powerful X-Ray absorbers and regularly

induce artifacts on CT images that can negatively

affect the reliability of HU measurements on both

single- and dual-energy CT [21]. Therefore, one must

be very careful when attempting to assess metallic

objects with CT, even with dual-energy technique.

Conclusions

When a foreign object is detected in a corpse, single-

energy CT can locate the object and allow for the

assessment of its shape. With the addition of a second scan

at a different energy level, conclusions regarding the

composition of the object may be drawn. This additional

piece of information may be especially useful when dealing

with multiple cadavers in the setting of a mass disaster. The

most relevant objects can be identified and forensic

pathologists can be assisted in prioritizing the autopsy of

those cases most likely to yield important forensic

evidence.

Key points

1. Detection, localization, and identification of foreign

objects are elementary scopes of forensic radiology.

2. Dual-energy CT has the ability to measure the X-Ray

attenuation (in Hounsfield Units (HU)) of any absorber

at two different energy levels and thus conclusions

regarding the composition of an object may be drawn.

Fig. 3 The dual-energy grid

allows for differentiation of

materials that can not be

distinguished at 80 or 130 kVp

alone. The individual CT

numbers of each material were

plotted into the coordinate grid.

The y-axis represents CT

numbers at 80 kVp and the

x-axis represents CT numbers at

130 kVp. For clarity, we used to

separate grids for materials with

CT numbers below and above

3,500 HU. Example: The CT

numbers of material 6 (pottery,

2,299 HU) and material 7

(sandstone 2,311 HU) at 80 kVp

are too close allow

differentiation. However, at

130 kVp, the CT numbers of

pottery (1,720 HU) and

sandstone (1,810 HU) differ

enough to distinguish the

materials based on HU with

dual-energy CT
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3. Dual-energy measurements can be performed on a

standard single-source CT scanner if an object or

cadaver is scanned twice at different energy levels.

4. Single-source dual-energy CT scanning increases the

ability of object differentiation and identification

through provides additional information regarding

combined information from two energy levels.
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20. Woisetschläger M, Lussi A, Persson A, Jackowski C. Fire victim

identification by post-mortem dental CT: radiologic evaluation of

restorative materials after exposure to high temperatures. Eur J

Radiol. 2011;80:432–40.

21. Barrett JF, Keat N. Artifacts in CT: recognition and avoidance.

Radiographics. 2004;24:1679–91.

Forensic Sci Med Pathol (2013) 9:163–169 169

123


	Material differentiation in forensic radiology with single-source dual-energy computed tomography
	Abstract
	Introduction
	Materials and methods
	Materials
	Imaging protocol
	CT number measurements
	Statistics

	Results
	Discussion
	Limitations
	Conclusions
	Key points
	References


