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Abstract Computed tomography represents the gold

standard in forensic and palaeopathological diagnosis.

However, the X-rays used may affect the DNA quality

through fragmentation and loss of genetic information.

Previous work showed that the effects of ionizing radiation

on dry DNA are non-significant with P\ 10-8, which

cannot be detected by means of polymerase chain reaction

methods. In the present paper, complete analytical model

that characterizes radiation effects on fragmented DNA in

dry, wet, and frozen states is described. Simulation of

radiation tracks in water phantom cells was performed

using the Geant4-DNA toolkit. Cell hits by electrons with

energies between 5 and 20 keV were simulated, and the

formation of radiolytic products was assessed at a tem-

perature of 298 K. The diffusion coefficient and the mean

square displacement of reactive species were calculated by

Stokes–Einstein–Smoluchowski relations at 273 K.

Finally, DNA fragment damage was estimated using the

density distribution of fragments calculated from atomic

force microscopy images. The lowest probability of radi-

ation-induced DNA damage was observed for dry state,

with a range from 2.5 9 10-9 to 7.8 9 10-12 at 298 K,

followed by that for frozen state, with a range from 0.9 to

4 9 10-7 at 273 K. The highest probability of radiation-

induced DNA damage was demonstrated for fragmented

DNA in wet state with a range from 2 to 9 9 10-7 at

298 K. These results significantly improve the interpreta-

tion of CT imaging in future studies in forensic and

palaeopathological science.

Keywords Radiation risk � Computed tomography �
Fragmented DNA � Ancient remains � Geant4-DNA

Introduction

X-ray imaging has a long tradition in palaeoradiology and

was first performed by the physicist Wilhelm Koenig of

Frankfurt in 1896 to examine a mummified child and a cat

(Koenig 1896). In the past, progress in palaeoradiology was

influenced by the development of sophisticated clinical

imaging systems such as computed tomography (CT) and

micro-CT (mCT) with X-ray spectra corresponding to

80–140 kVp (CT) and 40–70 kVp (mCT), respectively. At

present, 3D techniques are widely employed and it is

believed that these increase the diagnostic yield and con-

fidence in the palaeopathological assessment of human

skeletal remains. Both micro-CT and CT use X-rays for

imaging and are considered as non-destructive methods

from the macroscopic viewpoint. Not surprisingly, such

techniques have become the gold standard in diagnostics of

irreplaceable ancient mummies. However, it should be

recalled that X-rays include energies much higher than the

ionization potential of DNA (&8 eV) (Miller et al. 1994);

X-rays are considered to be ‘‘ionizing’’ and may damage

DNA molecules by direct and indirect actions of radiation.

Therefore, CT scans can be considered as a destructive

method at micro- and nanoscale, especially when indirect

effects of radiation become dominant in CT studies of wet

and frozen objects (Alpen 1998, p. 120). Consequently,

researchers have successfully used non-ionizing imaging

techniques such as magnetic resonance or terahertz imag-

ing (Rühli et al. 2007; Oehrstroem et al. 2010), a scientific

breakthrough given that the ancient remains are mostly

desiccated. To date, CT imaging is hard to be replaced, due
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to the insufficient discrimination of hard and soft tissue

obtained by non-ionizing techniques.

In general, CT-induced DNA lesions of ancient remains

depend on their physical state of their surrounding (e.g.

dry, wet, or frozen tissue) and on the quality of the DNA

preservation (Wanek et al. 2013). There are different types

of mummification techniques to slow down the decompo-

sition of soft tissue and to preserve the DNA. In this work,

the statistical method used does not distinguish between

anthropogenic or natural mummification and the different

kinds of body desiccation. This work is focused on the

understanding of physicochemical phenomena of radiation

in the different physical states of preservation. Important

parameters which affect radiation-induced DNA damage

are the tissue density (Wanek et al. 2013), and the physical

state of ancient remains absorbing ionizing radiation.

Relevant physical parameters such as temperature (in

Kelvin) and relative humidity (RH) are defined as the

following: dry tissue (298 K, 60 % RH); frozen tissue

(273 K, &100 % RH); and wet tissue (298 K, &100 %

RH).

The radiation damage to dry objects was successfully

investigated in our previous work (Wanek et al. 2013), as

depicted in the right column in Fig. 1. In the present study,

the radiation damage to wet and frozen objects is assumed

to be higher than the aDNA damage in dry objects due to

the ‘‘indirect action’’ of ionizing radiation that plays a more

dominant role than the ‘‘direct action’’ (Kudryashov 2008).

However, the radiation damage to frozen objects in Fig. 1

is assumed to be smaller in comparison with wet objects

according to the Arrhenius law in Eq. (5). Figure 1

summarizes the hypothetical radiation damage to objects in

different physical states.

There are two research questions that had to be

answered by the present study:

1. Which factors affect the radiation-induced aDNA

damage in liquid cells at room temperature?

2. Which factors affect the radiation-induced aDNA

damage in frozen cells at freezing temperature?

The hypotheses involved are:

(1) The temperature of objects affects the molecular

diffusion of radiation-induced reactive species.

(2) Indirect radiation effects increase the probability of

aDNA damage.

In this study, the effects of CT imaging on mummified

remains were investigated theoretically under three general

conditions of irradiation: in dry, wet, and frozen states.

Materials and methods

General considerations

Radiation damage classification plays an important role in

the cost–benefit analysis not only for CT imaging studies in

forensic and palaeophatological science but also in every-

day clinical radiology. By knowing the CT-induced dam-

age to objects in liquid, frozen, or dry state, researchers

may determine a system of hierarchies before performing

CT examinations and genetic analyses. Radiation-related

damage to aDNA in different physical states has never

been addressed before and may be valuable for choosing

the optimal genetic analysis method.

Mummified remains in dry state

From a physical point of view, desiccated mummified

remains are characterized by small density differences

between hard and soft tissue. As an example, the density

difference between bone and muscle tissue in desiccated

remains (1.8 - 1.3 = 0.5 g/cm3) is similar to that in nor-

mal tissue (1.8 - 1.0 = 0.8 g/cm3) (Wanek et al. 2013).

Dehydrated cells with a large number of DNA fragments

[e.g. 40 9 106 fragments at a length of 150 base pairs (bp)]

are typically embedded in brittle tissue. The average

fragment size of mummified DNA is often in the range

between 100 and 200 bp (Pääbo 1989; Haack et al. 2000).

Clearly, such low quality of DNA with a large number of

fragments affects the reliability of the polymerase chain

reaction (PCR) method in forensic and palaeopathological

studies. Researchers have noted that ‘‘only mummification

Fig. 1 Diagram shows the hypothetical probability for radiation-

induced damage of fragmented DNA under different physical states

following CT exposure. Each ellipsis indicates the estimated prob-

ability level and the methods used. The damage to dry objects is

investigated in our previous study (Wanek et al. 2013). Geant4 (2015)

and Geant4-DNA are computational stochastic methods. Einstein–

Smoluchowski laws are used to calculate the damage to frozen objects
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by desiccation provides high quality DNA’’ (Shved et al.

2014) as demonstrated by salt mummification. Further

degradation of the historically valuable DNA can be

stopped by specific environmental conditions; for example,

the British Museum recommends a relative humidity of

50 % and a temperature range between 18 and 25 �C for

dry remains, for Egyptian mummies (Rae 1996).

(a) The effect of CT scans on dry DNA

In the past, the impact of low-dose ionizing radiation on

dry specimens was investigated by several research groups

(Grieshaber et al. 2008; Paredes et al. 2012; Ziegler et al.

2013) using molecular analysis techniques. However, the

extremely small effects of CT imaging on ancient DNA

(aDNA) are not readily quantifiable with the current PCR

method. To overcome this limitation, the radioinduced

aDNA damage, which mainly originates from secondary

electron hits was estimated using stochastic Monte Carlo

(MC) simulations and theories, for example probability rules

and target theory (Lea 1955). Our previous work entitled

‘‘DirectAction ofRadiation onMummifiedCells:Modelling

of Computed Tomography by Monte Carlo Algorithms’’

(Wanek et al. 2013) was focused on desiccated human

remains. The main findings described there indicate the

dominance of single cell hits with P(1)dry_cell = 0.28 after

CT simulation assuming Poisson distribution (Wanek et al.

2013). The probability for a single DNAhit was estimated by

P(1)DNA = vDNA/Vcell, where vDNA is the DNA volume and

Vcell is the cell volume (EPFL 2012). Thus, the probability of

a non-fragmented DNA damage (NFD) was approximated

with P(NFD) & P(1)dry_cell 9 P(1)DNA & 0.28 9 0.012

& 0.0034. Note that these results were approximately in

line with those from the X-ray risk calculator for abdomen

CT of a 20-year-old female with P(NFD) & 0.0014

(Hanley 2013). These examples are related to direct

effects of low-dose ionizing radiation and NFD. In the

case of fragmented DNA (e.g. aDNA), the probability to

hit the many nano-volumes present in the cell is dra-

matically reduced; a more precise explanation is given in

the next section.

(b) Direct action of ionizing radiation on fragmented

DNA

Direct action of ionizing radiation is characterized by

damage to molecules through direct absorption of energy

by the molecules (Kudryashov 2008). Ionizing radiation

may transfer kinetic energy to atoms or molecules in the

so-called physical stage (\10-13 s) (Kudryashov 2008). In

the physical stage, secondary electrons may ionize or

excite atoms and DNA molecules. The probability of

degradation of aDNA by direct radiation action on dry

remains was evaluated using MC simulations (Wanek et al.

2013) with anthropomorphic cell phantoms. It was shown

that the average probability of damaging fragmented DNA

(FD) can be expressed as

PðFDÞ ¼ PðNFDÞ � 1=n½ � / vDNA FR ð1Þ

P(FD) is proportional to the volume of the DNA frag-

ment vDNA_FR, which is calculated by dividing the volume

of normal DNA (EPFL 2012) by the number of fragments n

(vDNA_FR = 6.41 9 10-18 m3/n).

As shown in Eq. (1), the average probability of destroying

the fragmented DNA is about 1/n times lower than the

probability of damaging normal non-fragmented DNA in

living cells, abbreviated here by P(NFD). Equation (1) is

used to summarize the radiation-induced direct effects on dry

DNA as a function of the number of fragments. According to

the probability rule, the overall probability of damaging all

fragments (DAF) within a cell tends towards zero in Eq. (2)

with increases in the number of cell hits m, as demonstrated

by the Poisson distribution in Wanek et al. (2013).

PðDAFÞ ¼ PðNFDÞ � P x1ð Þ � P x2ð Þ � � � � � PðxnÞ
¼ PðNFDÞ � PðxnÞ½ �m! 0

ð2Þ

where m = {0, 1, 2,…} is the number of cell hits and x is

the DNA fragment. As also shown in our previous work,

the radiation sensitivity of dry objects depends mainly on

the DNA fragment size and the number of cell hits, but less

on the density of the tissue surrounding the cell nucleus or

on X-ray tube voltage.

In general, the determination of the radiation sensitivity

of ancient cells and aDNA at low doses presupposes the

consideration of worst-case scenarios, in order to quantify

the small radiation effects. Millions of DNA fragments in

the cell make the ancient DNA insensitive against low-dose

radiation because only a few fragments may be damaged

during X-ray imaging by direct action of radiation (Wanek

et al. 2013). To simulate worst-case scenarios, it is assumed

that each DNA fragment hit leads to a double strand break.

This approach is in conformance with the target theory

defined by Lea (1955).

Mummified remains in wet and frozen states: role

of indirect effects of ionizing radiation

In contrast to direct effects of ionizing radiation, indirect

effects play the dominant role in wet and frozen states of

ancient remains. Wet mummies can be found as bog bodies

in northern Europe and range in date ‘‘widely from 900 BC

to 1800 AD’’ (Brothwell 1996, p. 161); such mummies are

characterized by different conservation methods. Several

natural mummified bodies under wet conditions were also

found in China (Than 2011). One of the most prominent

frozen mummies, recovered from a glacier in the Italian

Alps, is a Neolithic Iceman called Oetzi (3200 BC)
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(Spindler 2000). Under wet and frozen conditions, hydro-

lytic and oxidative damage increases (Willerslev et al.

2004), and such chemical modifications influence the

indirect action of ionizing radiation which leads, after the

ionisation and excitation of water molecules, to the for-

mation of large quantities of highly reactive chemical

products (Eqs. 3, 4) such as the hydrogen radical H� and
the hydroxyl radical OH� (Hutchinson 1960). Such free

radicals contain one unpaired electron, often depicted with

an odd number of electrons around the oxygen atom.

Exposure of wet or frozen objects to CT radiation leads to

the production of numerous oxygen-based radical species,

with the hydroxyl radicals being most important (Foote

et al. 1995). As demonstrated by an empirical model

(Yamaguchi et al. 2005), there is a strong increase in the

number of OH� radicals produced by water radiolysis

(quantified by the so-called G-value given in molecules per

100 eV) where the energy of incident electrons ranges

from 5 to 20 keV (Yamaguchi et al. 2005). This outcome is

supported by our previous work, which showed that the

range of absorbed energy in wet cells is similar (Wanek

et al. 2013). Electrons with energies less than 7.4 eV may

recombine until thermalization and formation of hydrated

electrons (Nikjoo et al. 1996).

(a) The physico-chemical stage

Fast events such as recombination processes of radicals

as well as atomic and electronic rearrangements occur in

the so-called physico-chemical stage (1 fs to 1 ps) (Kar-

amitros et al. 2011). Typical dissociation reactions in water

are shown in Eqs. (3) and (4). Foote et al. (1995) found that

the major reaction pathway mainly involves the ‘‘abstrac-

tion of an H-atom from a C–H bond’’ in the deoxyribose

phosphate moiety of the DNA molecule. The formation of

reactive free radicals in water due to X-ray exposure is:

H2O ! H2O
þ þ e� ð3Þ

The positive ion H2O
? in Eq. (3) may dissociate to two

mobile radicals: the hydrogen H� and the hydroxyl radical

OH�.
H2O

þ ! H � þOH� ð4Þ

Note that the reactivity of the hydroxyl radical has ‘‘not

been widely studied in frozen aqueous solution’’ (Kahan

et al. 2010, p. 843).

(b) The chemical stage

Reactive substances may diffuse or interact with DNA

molecules by breaking chemical bonds in the timescale

from 1 ps to 100 ns (Mozumder and Hatano 2004). This

stage is called ‘‘chemical stage’’, and all reactions in this

time range were simulated for a step of 1.5 ns as demon-

strated also by Incerti (2014). According to Karamitros

et al. (2011), the changes of radiochemical yields (e.g. G-

value of OH�) between the time points of 100 ns and 1 ls
are negligible. Draganic et al. (1993, p. 87) have underlined

the different radiolytic behaviours of liquid water and ice,

which ‘‘influence the fate of the primary species formed’’.

These authors stress that hydroxyl radicals or hydrogen

atoms in ice are also ‘‘mobile and cause oxidations or other

chemical changes’’ (Draganic et al. 1993, p. 88), similarly

to the situation in liquid water. This is in conformance with

Willerslev’s review reporting that permafrost ice contains

3–8 % unfrozen water (Willerslev et al. 2004) and this fact

may lead to ‘‘spontaneous hydrolytic damage’’ (Willerslev

et al. 2004, p. 141) of the DNA such as through backbone

cleavage. The difference from liquid water is the rigid

structure of ice, which leads to radiation-induced yields

reduced by a factor of 10 in ice and frozen aqueous solu-

tions (Draganic et al. 1993). The relationship between

reaction rate and temperature will be discussed more in

detail using the Arrhenius formula in Eq. (5).

(c) Energy deposition in water

In the case of low-LET (linear energy transfer) radiation

such as X-rays, the ionization of water molecules is pre-

dominantly (&70 %) responsible for DNA damage in liv-

ing objects (Gunderson and Tepper 2012). In order to

simulate indirect actions of ionizing radiation on ancient

remains, electron tracks with different incident energies

must be generated in water cell phantoms. Energy deposi-

tion in water by electrons occurs as spurs, blobs, and short

tracks depending on the amount of energy deposited in the

biological system (Mozumder and Magee 1966). For

example, track entities formed by electrons with energies in

the range from 6 to 100 eV are called spurs which expand

with time due to diffusion of chemical species (Samuel and

Magee 1953). Absorption of higher energies by secondary

electrons in water is called blobs (100–500 eV) and short

tracks (500–5000 eV) (Samuel and Magee 1953).

(d) Diffusion of chemical species

The diffusion of chemical species (chemical stage) must

be simulated at 298 K using Monte Carlo technique. A

single electron track inside a phantom cell interacts with

water molecules by deposition of energy as described by

Mozumder and Magee (1966). It is expected that chemical

species are arranged around the electron track. In the

simulation, the resulting time-dependent inhomogeneous

spatial and chemical structure is surrounded by an envelope

representing the cross-sectional area. Using the top and

side cross-sectional area, a cylinder containing the volume

of risk (VOR) can be approximated. To determine the

changes of the produced chemical species at different

temperatures (273 and 298 K), the ratio of VOR273/

VOR298 can be calculated using Stokes–Einstein and
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Smoluchowski law. Note that the MC simulation done in

the present work was only validated for ambient tempera-

ture (298 K).

(e) Radical reaction with DNA fragments

Ancient DNA is composed of millions of fragments

which are located within and outside the nucleus. In

practice, the DNA has decomposed with time depending on

the environmental condition and the mummification tech-

nique used. In contrast to the work of Michalik et al.

(1995), Semsarha et al. (2014) and Bernal et al. (2015),

where DNA models represented different conformational

states, such a high number of aDNA fragments could not be

modelled analytically in the present study. In contrast, the

DNA fragment concentration (fragments/lm3) in liquids

was determined using images from atomic force micro-

scopy (AFM) measurements. The number of affected DNA

fragments is the product of the volume of risks (VORs) and

the DNA fragment concentration. It is assumed that DNA

fragments are homogeneously distributed in the cell.

Again, this approach assumes a worst-case scenario,

which means that all OH� radicals are able to react with

DNA fragments independent of the reaction radius calcu-

lated by Michalik et al. (1995). It presupposes that the

VOR is a subset of the volume formed by DNA fragments.

(f) Reaction rate as a function of temperature

According to the Arrhenius equation [Eq. (5)], the

reaction rate (k) of chemical reactions depends on the

temperature T (K) and the activation energy Ea (Brown and

LeMay 1997).

k ¼ A exp �Ea=RTð Þ ð5Þ

where A is the frequency factor (i.e. the probability of a

molecular collision leading to a reaction) and R is the

universal gas constant (R = 8.314 J/mol K). It is interest-

ing to estimate the reaction rate of chemical reactions in

frozen bodies to understand the relevance of the indirect

action of ionizing radiation at low temperatures. As an

example, the iceman Oetzi is preserved at -6 �C and 98 %

humidity (Samadelli et al. 2015); his body is rigidly frozen.

The temperature of wet objects during CT exposure may

have a significant impact on the chemical yields produced.

Based on Eq. (5), the chemical activities for the tempera-

tures T1 = 277 K (4 �C) and T2 = 267 K (-6 �C) can be

calculated, to demonstrate the decrease in reaction rates, k1
and k2, of radicals in a frozen body (e.g. Oetzi) as a

function of T2 by decreasing the temperature in a 10�
interval (Best 2008) [Eq. (6)]:

k1=k2 ¼ exp Ea=Rð Þ � 1=T2�1=T1ð Þ½ � ð6Þ

The activation energy Ea for producing OH radicals is

about 20 kcal/mol (Nakai and Yoneda 2000), which

corresponds to 83,680 J/mol. In agreement with the Q10

rule proposed by van’t Hoff (1884), according to Eq. (6)

the rate of chemical reactions is threefold to fourfold

slower at 267 K than at 277 K. This means that there is a

decrease in chemical reactions by a factor of 3.9 in the

considered temperature interval of 10 K. Accordingly, it is

concluded that the production of OH radicals through

dissociation decreases with a decrease in the room tem-

perature from 298 K (25 �C) to 267 K (-6 �C) by a factor

k1/k2 of about 50. In other words, the rate constant at 298 K

is about 50 times greater than that at 267 K, which may

lead to an increase in bond cleavages and rearrangements

caused by faster movements of molecules. In everyday life,

the reduced rate of biochemical degradation can be

observed by preservation of food in refrigerators. Best

(2008, p. 493) has underlined that ‘‘sufficiently low tem-

perature can virtually stop chemical changes for centuries’’.

Note that the radiation-induced DNA damage of frozen

objects can be assessed using the Stokes–Einstein relation

(see below in more detail), which allows the calculation of

the diffusion coefficient of the hydroxyl radical at 273 K to

determine its mean square displacement.

Monte Carlo toolkit

Interaction processes between elementary particles and the

atoms of a cell are of stochastic nature and can be studied

only by MC algorithms. Here, the radiation effects of

single electrons within water-filled ellipsoid phantoms of a

cell (cell size 6 9 6 9 10 lm3) were simulated by the

open-source toolkit Geant4-DNA (Incerti et al. 2010).

Geant4 stands for ‘‘Geometry and Tracking’’; the software

was developed at CERN ‘‘for the simulation of the passage

of particles through matter’’ (Agostinelli et al. 2003).

Electrons with energies of 5, 10, 15, and 20 keV were

generated sequentially at the cell border to simulate single

cell hits, the most dominant radiation-induced damage

(Wanek et al. 2013). Other important parameters such as

geometry and number of primary particles are discussed in

our previous work (Wanek et al. 2013). The object-oriented

C?? Geant4 toolkit for MC simulations was originally

developed by theoretical physicists for high energy physics

with the aim of enhancing the understanding of the com-

plex interactions between particles and matter. The Gean-

t4-DNA project is an extension of the general Geant4

toolkit initiated by Dr Petteri Nieminen at the European

Space Agency in 2001 (Nieminen and Santin 2015) with

the purpose of simulating physico-chemical phenomena in

biological matter. The accuracy of ‘‘Geant4-DNA physics

models for the transport of electrons in liquid water’’

(André et al. 2014, p. 92) was compared against several

other MC codes from the literature, and it was concluded

that ‘‘all of them are statistically compatible with Geant4-
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DNA’’ (André et al. 2014, p. 92). The energy range for

which validity was tested was from 4 eV to 100 keV for

electrons in liquid water (Munoz et al. 2012, p. 208).

In the present study, Geant4, version 10.1 (64 bits),

released in December 2014 has been used. The toolkit

allows the simulation of particle and molecular species in

water cell phantoms, namely hydroxyl radicals �OH,
hydrogen H�, oxonium-ions H3O

?, dihydrogen H2, hydro-

gen peroxide H2O2, and hydrated electrons eaq
- (Incerti

et al. 2010). It is assumed here that excitations and ion-

izations of water atoms caused by secondary electrons are

responsible for the creation of free radicals (Abolfath et al.

2013). Cell hits from electrons with different energies were

simulated, and the produced chemical species were

assumed to form distinguishable volumes, called ‘‘Volume

of Risk’’ (VOR).

According to our previous study (Wanek et al. 2013),

incident mono-energetic electrons in the energy interval of

5 to 20 keV (Fig. 2) were considered as the most important

particles which may contribute to direct and indirect

damage of DNA fragments. The energy range is related to

the DNA damage ranges calculated in ‘‘Results’’ section. In

addition, the maximum energy absorption in cells (20 keV)

is related to the worst-case radiation risk for DNA damage

for indirect effects. Consequently, cell hits with secondary

electrons were produced to study the radiochemical yields

in the water phantom.

Mean energy absorption in wet cells

Figure 2 depicts the mean energy absorption in cell phan-

toms (normal tissue, 6 9 6 9 10 lm3) as a function of the

X-ray tube voltage. The diagram in Fig. 2 shows energy

absorptions in cells following exposure to secondary

electrons from CT imaging. Therefore, all simulations in

the present study were performed using the energy range of

secondary electrons between 5 and 20 keV. Note that the

diagram in Fig. 2 is based on the data of our previous study

on CT-induced direct radiation effects (Wanek et al. 2013).

Volume of risk in wet cell phantom

Volumes of risk were determined by Geant4-DNA simu-

lations; then the mean cross-sectional areas for four dif-

ferent electron energies (5, 10, 15, and 20 keV) and

chemical yields (CYs), namely hACY5i, hACY10i, hACY15i,
and hACY20i, were calculated. In Fig. 3 (top), the mean

cross-sectional area hACYi is shown. This area was calcu-

lated from the side view (SV) and the top view (TV) of the

electron track at each energy for the construction of the 3D

models. For the quantification of the mean cross-sectional

areas, the Java-based image processing software ImageJ,

V1.49q (Rasband 1997–2015) was deployed.

The conversion of 2D images of electron tracks and

radiolytic yields to 3D models of VORs was performed

with cylinder models. The cross-sectional area of the

cylinder hACYi in Fig. 3 is equal to the mean cross-sec-

tional area from CYs in cells. The length of all cylinders is

given by the mean path length of secondary electrons with

hLe-5i, hLe-10i, hLe-15i, and hLe-20i. The cylinder volume

is Vcyl = hVORi = r2 p hLe-i with the cross-sectional

Fig. 2 Mean energy absorption in cell phantoms (n = 85) at

different X-ray tube voltages: 80 (red) and 120 kVp (blue).

Histogram shows additional unpublished data from our previous

work (Wanek et al. 2013) (colour figure online)

Fig. 3 Top result of the Geant4-DNA simulation for a certain

electron energy of 5 keV (side view); the dotted line represents the

track of a single electron within a cell model. Ionizations and

excitations around the track structure result in the production of

chemical species in a water-filled cell phantom. Bottom the mean

cross-sectional area hACYi and the path length hLe-i (821 nm) of the

secondary electron are converted into a cylinder model with identical

cross-sectional area and length by a cylinder approximation. The

cylinder represents the 3D representation of all radiolytic yields per

electron energy
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area of the cylinder hACYi = 2 r hLe-i. The cylinder radius
r = hACYi/2 hLe-i can be inserted in the equation above

for Vcyl and one obtains Eq. (7):

VORh i ¼ ACYh i2p=4 Le�h i ð7Þ

DNA fragment density from atomic force

microscope images

Particular attention is paid to DNA fragments which are

close enough to react with the produced radicals (Hamm

et al. 1998). In order to quantify the number of randomly

orientated DNA fragments within the VOR298, the DNA

fragment density was determined. Measurements taken by

three different authors (Rivetti and Codeluppi 2001, p. 58,

Fig. 2a; Sanchez-Sevilla et al. 2002, p. 153, Fig. 1b;

González et al. 2012, p. 535, Fig. 2b) are shown in Table 1.

It can be seen qualitatively that the DNA fragments are

homogeneously distributed within an area of 2 9 2 lm2. In

Table 1, three 2D AFM images were extrapolated to 3D

space using ImageJ (Rasband 1997–2015).

The number of DNA fragments in Table 1 was auto-

matically counted from the AFM image, and the 3D frag-

ment density q was determined by the equation

q = (number of fragm/AAFM)
3/2, with the image area

AAFM = 4 lm2.

Probability of DNA fragment damage at 298 K

Considering the number of base pairs per diploid cell,

which is approximately 6.4 9 109 bp (EPFL 2012), the

probability of DNA fragment damage P(DI)298 (DI stands

for direct and indirect effects at 298 K) in Eq. (8) induced

by secondary electrons and single cell hits was estimated

by the quotient P = affected fragments within VOR/all

fragments within the cell.

PðDIÞ298 ¼ Pð1Þ � VOR298h i � qh i � BPSh i=6:4� 109

ð8Þ

The factor P(1) takes into account the direct radiation

effects and the probability of a single cell hit in normal

tissue (NT) of a wet cell (size 6 9 6910 lm3) with

P(1) = 0.37, according to Poisson distribution (Wanek

et al. 2013). The product hVOR298i 9 hqi represents the

number of potentially damaged DNA fragments within the

VOR at 298 K. The quotient 6.4 9 109/hBPSi stands for

the mean number of fragments in the whole cell phantom

with the mean base pair size hBPSi of 751 bp, and the

fragment length would be 751 9 0.34 nm (length of twist)

&255 nm (Table 1).

Molecular diffusion as a function of the temperature

The damage assessment of the frozen cell was carried out

using the Stokes–Einstein and Einstein–Smoluchowski

relations, and based on the simulation outcome of wet cell

phantoms. Note that the Geant4-DNA tool was originally

validated to simulate physico-chemical phenomena in

biological matter, and therefore, the interacting medium

was liquid and not frozen water. Therefore, the damage

assessment described in this section is based on mathe-

matical relations. According to the Stokes–Einstein equa-

tion, the diffusion coefficient Do of chemical species is

expected to decrease with decreasing temperature [Eq. (9)]

(Kuhn et al. 2009).

D0 ¼ kBT=6pgRH ð9Þ

where kB is the Boltzmann’s constant of 1.38 9 10-23 J/K,

T is the absolute temperature in Kelvin, and g is the

dynamic viscosity of water, which is g298 = 0.00089 kg/

ms at 298 K and g273 = 0.00178 kg/ms at 273 K (Crit-

tenden et al. 2012). According to the experimental work of

Holz et al., the hydrodynamic radius RH decreases slightly

(by about 4 %) when the temperature of water decreases

from 298 to 273 K (Holz et al. 2000). For the present

calculations, RH = 0.2 nm at 298 K from (Kuhn et al.

2009) and RH = 0.192 nm at 273 K from (Holz et al.

2000) was used.

Table 1 Calculated 3D fragment density from atomic force microscopy (AFM) images

Reference Number of

fragments/4 lm2

image

Number of

fragments/lm2

image

(Number of

fragments)1/2 = cube

edge length

(Cube edge length)3 =

fragment density

q (fragm/lm3)

Base Pair Size

(BPS) (bp)

1 114 28.5 5.3 152 1054

2 117 29.3 5.4 158 648

3 114 28.5 5.3 152 550

hMeani 115 28.8 5.37 154 751

All DNA fragments are measured in liquids by AFM; 1 Rivetti and Codeluppi (2001), 2 Sanchez-Sevilla et al. (2002), 3 González et al. (2012)

BPS base pair size is the length of one DNA fragment measured in base pairs (bp)
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Mean square displacement of chemical species

The impact of the temperature on the mobility and for-

mation of chemical species in water is a main issue in this

work. Any chemical species undergoes a random variation

(Brownian movement) in liquids; however, the lifetime of

radicals is generally short and is in the range of

microseconds (Karamitros et al. 2011). In the present

study, the movement of six different chemical species

around the secondary electron is estimated for the time

range between t0 = 1 ps and t1 = 1 9 105 ps (Dt & 1 9

10-7 s) (Karamitros et al. 2011).

This is exactly the time range used in the Geant4-DNA

simulation for radicals in the wet cell. The distance covered

by radicals between t0 and t1 is called the ‘‘mean square

displacement’’ (MSD). According to the Einstein–Smolu-

chowski relation, the MSD can be determined by Eq. (10)

(Karamitros et al. 2011)

Rh i ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi

6DtD0

p

ð10Þ

The temperature dependence of D0 results in different

MSDs such as hR298i and hR273i and the corresponding

volumes VOR298 and VOR273 for the temperatures 298 and

273 K (Fig. 4).

Solving Eq. (10) by substitution with Eq. (9) gives the

MSD ratio at 273 and 298 K.

hR273i2

hR298i2
¼ T273g298RH298

T298g273RH273

ð11Þ

As shown in Eq. (11), the change of the MSD depends

only on the temperature T, viscosity g , and hydrodynamic

radius RH.

Temperature reduction in cells results in volume changes

of radiolytically formed chemical species due to the

decreased displacements of molecules and the decreased

reaction rates. The VOR in Fig. 4 is defined with the for-

mulas hVOR273i = hR273i2 p hLe-i at 273 K and

hVOR298i = hR298i2 p hLe-i at 298 K. Assuming that the

mean length of the electron track hLe-i is approximately

identically for both temperatures, the ratio can be written as:

hVOR273i
hVOR298i

¼ hR273i
hR298i

� �2

ð12Þ

Probability of DNA fragment damage at 273 K

To get the probability of radiation-induced fragmented

DNA damage in frozen cells [Eq. (13)], Eq. (8) was

extended by the relation of Eq. (12):

PðDIÞ273 ¼ Pð1Þ � VOR298h i � R273h i= R298h i½ �2� qh i
� BPSh i=6:4� 109

ð13Þ

Equations (8) and (13) represent the probability of

damaging DNA fragments at 298 and 273 K for any

electron energy. Consequently, the overall calculations

include eight equations corresponding to four different

kinetic energies of secondary electrons, namely 5, 10, 15,

and 20 keV, and two different temperatures.

Results

Indirect radiation effects in wet cells

According to our previous work (Wanek et al. 2013), cells

in normal tissue (NT) are mostly affected by secondary

electrons and single hits. As demonstrated in Fig. 5, cell

hits at varying electron energies result in different volumes

of chemical yields (CYs).

DNA fragment damage (direct and indirect) in wet

cells at 298 K

Table 2 shows the relationship between incident electron

energy and the probability P(DI) (direct and indirect

effects, DI) of DNA fragment damage. The probability was

calculated by Eq. (8) for different energies of simulated

electron hits (Fig. 5).

DNA fragment damage in frozen cells at 273 K

The results shown in Table 3 again demonstrate the rela-

tionship between different incident electron energies, the

changes in VOR at lower temperature, and the probabilities

P(DI) of DNA fragment damage. The probabilities were

calculated using Eq. (13) and based on the data simulated

at 298 K.

Fig. 4 Cross section of the cylinder approximation demonstrating the

different VORs due to the temperature dependence of the diffusion

coefficient. Note the different ranges of motion and the irregular

fluctuations of the chemical species when the temperature is changed

from 298 to 273 K
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The impact of temperature and tube voltage on DNA

fragment damage is shown in Fig. 6.

For comparison, Fig. 7 shows the linear relation

between the DNA fragment size and the probability of

damaging dry DNA fragments.

Comparative assessment of radiation damage

in different physical states

Figure 8 summarizes the overall results of the worst pre-

dictor (highest p value) obtained in the present study based

on simulations and calculations according to Fig. 6 for wet

and frozen objects, and according to Fig. 7 for dry objects.

Figure 8 also includes the highest additional cancer risk of

adult humans from exposure to X-rays obtained using the

X-ray cancer risk calculator (Hanley 2013). This risk was

based on a 20-year-old female following CT exposure of

the abdomen (Hanley 2013). Note that the risk calculator

may be inaccurate for paediatrics (Hanley 2013).

Discussion

The results support both hypothesis (1) which predicts that

the temperature affects the molecular diffusion of reactive

species, and hypothesis (2) which predicts that the indirect

radiation effects increase the probability of aDNA damage

in comparison with direct effects.

Dealing with aDNA means that available computer

models are limited due to the lack of structural studies on

ancient cells at nanoscale. Consequently, simulations were

focused in the present study on the produced chemical

species in a water cell phantom following X-ray exposure.

Modelling millions of DNA fragments distributed over a

wide range in the ancient cell phantom is currently unre-

alizable. Therefore, the Geant4-DNA simulation was based

on the generation of electron tracks and diffusion-con-

trolled chemical reactions inside of phantom cells in the

chemical stage at 298 K. The radiochemical yields, rep-

resented by the VORs, were simulated at 298 K and then

extrapolated to 273 K using the Einstein–Smoluchowski

relation. The DNA fragment concentration (fragments/

lm3) in water was determined using AFM images, and the

damaged fragments were calculated by the product of the

VOR and the fragment concentration. For the model cal-

culations, the worst-case scenario was considered. It was

assumed that the VORs are subsets of the volume formed

by DNA fragments.

Temperature dependences in the frozen environment

were described by the Einstein–Smoluchowski relation

[Eq. (13)], and the VOR decreased by a factor of 0.46

[Eq. (12)] at 273 K compared to that at 298 K. Comparing

Table 2 with Table 3, it was found that the VOR is

approximately halved when the temperature decreases

from 298 to 273 K.

The chemical species generated by the indirect action of

ionizing radiation in the water cell phantom are considered

to be surrounded by an envelope containing the tracks,

spurs, and blobs of secondary electrons. Based on the

Fig. 5 A-Top secondary electrons e- at different energies E1…4. A-

Bottom chemical yields (CY) in water phantoms H� (white), OH�
(magenta), H2O2 (green), H3O (yellow), H2 (white), and eaq (blue)

inside a phantom cell. The coloured tracks show the accumulated CY

in the time range between 1 ps and 100 ns according to Geant4-DNA

(G4Scheduler). B a secondary electron hits half of an elliptical cell

phantom with a full size of 6 9 6 9 10 lm3. All images in this

figure were taken in side view (SV) (colour figure online)
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calculated cross-sectional views, different VORs were

constructed. It was shown that the produced radicals within

these volumes are more effective in DNA fragment damage

than single direct hits in Fig. 8. This fact may explain the

low probability of radiation-induced damage to dry objects

exposed mainly to single hits (see Figs. 7, 8). Additional

evidence for the low radiation sensitivity of dry objects is

also provided by our previous work (Wanek et al. 2013).

The small probability differences shown in Fig. 7 between

80 and 120 kVp are caused by the fact that at 120 kVp

Compton scattering is the dominant process, while at

80 kVp photo-absorption is the dominant process (Wanek

et al. 2013). Figure 6 also displays the increase in radiation

damage with the decrease in the X-ray tube voltage by

photo-absorption in the phantom cell. Statistically, the

direct effects in dry objects are only significant for high-

quality DNA samples when target volumes of DNA frag-

ments become larger (Fig. 7).

Although Geant4-DNA simulations seem to describe

particle interactions on phantom cells in a reasonable way,

Table 2 Simulated probability P(DI) of DNA fragment damage

(direct and indirect) in wet cells; Ee- electron energy; hACYi (mean

cross-sectional area) and hLe-i (mean electron path length): measured

and calculated from the side and top view of the simulation;

dE (energy loss) and ions per length—produced by simulations;

volume of risk at 298 K hVOR298i calculated according to Eq. (7) and
normalized to 100 %

Ee- (keV) hACYi (lm2) hLe-i (lm) dE (keV/lm) Ions per length

(ions/lm)

hVOR298i
(lm3) 9 10-2

Damaged fragments

in hVOR298i
P(DI) 9 10-7

5 0.108 0.87 5.75 333 1.05 1.6 0.7

10 0.211 2.06 4.87 195 1.7 2.6 1.1

15 0.441 3.78 3.97 148 4.04 6.21 2.7

20 0.584 5.53 3.62 106 4.84 7.46 3.2

Damaged fragments: number of potentially damaged DNA fragments with [hVOR298i 9 hqi], see Eq. (8); note that hACYi depends on the

temperature of cells and the energy of the electron, while hLe-i depends only on the energy of the electron

Table 3 Calculated

probabilities P(DI) (DI: direct

and indirect effects) of DNA

fragment damage in frozen cells

as a function of incident

electron energy Ee-; VOR

volume of risk

Ee- (keV) VOR273

(lm3) 9 10-2
Damaged fragments

in VOR273

P(DI) 9 10-7

5 0.5 0.8 0.3

10 0.81 1.3 0.5

15 1.93 3.0 1.3

20 2.31 3.6 1.5

CT-induced probability of fragment damage to wet and frozen cells at different tube voltages

Fig. 6 Probability of CT-

induced DNA fragment damage

for 298 K (wet cells, red line)

and 273 K (frozen cells, blue

line). Grey shaded areas

indicate the ranges where the

mean energy absorption in cells

reaches its maximum (according

to Fig. 2) (colour figure online)
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the results should be validated with experimental molecular

techniques. Unfortunately, experimental procedures that

fulfil the requirements regarding accuracy, reliability, and

reproducibility are, to the best of our knowledge, not yet

available.

During the course of this work, a lack of research papers

relating diffusion and DNA fragmentation in ancient cells

at different physical states was noted. More research may

therefore lead to a better understanding of DNA fragmen-

tation in ancient cells and to enhanced models to be used in

future simulations.

The overall findings obtained in the present work are

encouraging, suggesting that desiccated mummies are not

subject to a significant radiation damage following CT

imaging. In the case of wet and frozen objects, forensic

scientists and palaeopathologists may define the workflow

in future X-ray imaging studies and molecular analyses, to

minimize the radiation damage to valuable ancient

remains. It was also demonstrated in the present study that

the radiation damage to ancient objects is always smaller

than the damage to living objects, due to DNA fragmen-

tation and the lack of metabolism in ancient objects. The

high number of DNA fragments (n) in ancient cells leads to

a dramatic decrease in the hit probability of secondary

electrons on nucleotides by 1/n [Eq. (1)]. Therefore, the

impact of direct and indirect action of ionizing radiation on

subunits of aDNA is smaller than the impact of low-dose

ionizing radiation on normal DNA of living objects

(Fig. 8), as predicted by target theory.

Conclusions

Our expectation that the temperature in liquid and frozen

cells affects the radiation damage to aDNA seems correct.

Stokes–Einstein–Smoluchowski calculations support this

notion that the cell temperature affects the probability of

radiation-induced aDNA damage, which results in a

decreased indirect radiation effect in frozen cells. How-

ever, the radiation-induced aDNA damage to wet objects

increases by about two orders of magnitude with

P = 10-6–10-7 because of the higher radical yields pro-

duced in cells at ambient temperature. Direct radiation

effects on dry objects (Wanek et al. 2013) were non-sig-

nificant, with the probability of aDNA damage being

P\ 10-8.

As demonstrated, the physical states of ancient objects,

the aDNA quality (fragmentation), and CT tube parameters

may have an impact on the radiation effect of CT imaging

of ancient remains and fragmented DNA. In the present

work, radiation risks to living, dry, wet, and frozen objects

were classified for the first time by taking into considera-

tion direct and indirect effects (Fig. 8).

In this investigation, MC simulations, Stokes–Ein-

stein–Smoluchowski relations, and AFM measurements

were combined to quantify the aDNA damage following

Fig. 7 Probability of damage to

dry DNA fragments for two

different X-ray tube voltages.

The probability is calculated

according to Eq. (1). The data

are based on our previous work

(Wanek et al. 2013)

Fig. 8 Comparison of probability of damage to fragmented DNA in

dry (rhombus), frozen, (square), and wet cells (triangle) following CT

exposure and additional cancer risk (circle) for a 20-year-old female

following CT exposure of the abdomen (Hanley 2013). Impact levels:

1 insignificant, 2 very low, 3 low, 4 Medium
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CT imaging of ancient remains in dry, wet, and frozen

states. Based on the data given by the Geant4-DNA

simulations of wet objects at 298 K, the decrease in

molecular diffusion of reactive species at 273 K was

calculated. The overall radiation-induced damage on

fragmented DNA in different physical states has never

been addressed before.

For any genetic analysis, it is vital that the DNA quality

is not affected by the applied ionizing radiation. However,

CT exposure may further degrade aDNA by fragmentation.

To avoid loss of genetic information, assessment of radi-

ation damage in different physical states plays an increas-

ing role in the case of X-ray imaging. However, several

research groups demonstrated that PCR methods are not

able to deliver reliable results. To overcome this gap, MC

simulations of electron tracks in water phantoms were

performed to assess important radiolytic effects.

Mummy researchers may ignore the radiation-induced

aDNA damage to dry remains following CT imaging. The

relevance of DNA fragment damage in wet objects (&8

fragments per cell hit) and frozen objects (&4 fragments

per cell hit) must be seen in relation to the methods of

molecular analysis used. In case of uncertainty, the

molecular analysis should be done before the X-ray

exposure is initiated.

Simulations and calculations in this study were based on

worst-case scenarios, assuming that DNA fragments are

homogeneous distributed within the whole cell. Additional

AFM investigations on aDNA structure would be a good

approach to overcome the assumption of DNA fragment

distribution in future work.
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