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Abstract
There are concerns that a combination of human and mechanical errors at a nuclear facility
could result in plant failure and lead to a significant level of harm to people and the environment.
During emergencies where a large number of individuals have been exposed, dose assessment
results are needed as soon as possible to help physicians develop a treatment strategy within a
few hours of the catastrophe. Hence, the purpose of this research is to test an effective rapid
technique for biological dosimetry that will enable the quantification of the amount of the
radiation dose absorbed in the event of a nuclear emergency.
Blood samples collected from 6 donors were exposed in vitro to different doses of gamma rays
(i.e. 0, 10, 20, 50, 100, 200, 500, and 1000 mGy). The induction of double-strand breaks (DSBs)
by ionizing radiation immediately results in the phosphorylation of the H2AX protein, a variant of
the nucleosomal H2A histone core protein. H2AX foci formation is considered a consistent and
quantitative marker of radiation-induced DNA DSBs. The detection and analysis of γ-H2AX foci
was performed using the Metacyte software of Metafer 4 image analysis system of an
automated microscope recently obtained by iThemba LABS. To validate the automated foci
scoring, the images captured by the automated image analysis system were manually analysed.
From the constructed dose response curves, it was noticed that data obtained manually were
not considerably different from automated counts. The validation method of visual inspections of
the captured images suggested reliable results compared to automated results. A fit of a second
order polynomial to the foci as a function of the applied radiation dose created the impression
that the foci reached a peak before a dose of 1000 mGy and then declined. When a better
function was fitted to the data, it kept increasing monotonously with dose all the way up to 1000
mGy, although it started to flatten out gradually as it approached 1000 mGy. Unfortunately no
measurements were taken between 500 mGy and 1000 mGy and therefore it is not possible to
see whether the actual data did or did not reach a plateau in this region.
Furthermore, for the α-values testing the sensitivity of individuals, the values for all 6 donors
range from 0.015 to 0.018. For the pooled data, the α-values are 0.018 12 and 0.017 98 with the
standard error 0.001 427 and 0.001 033 for manual and automated analysis respectively. A very
strong correlation was noted, and an almost one-to-one relationship emerged between the two
scoring methods. From the accuracy chart, an average dose percentage error calculated is
0.25% and 2.14% for auto and manual analysis respectively. The automated method can
produce results of about 100 exposed individuals within 2 days. For the calibration curve a
compound fit function, consisting of separate fits for the low-dose and high-dose regions were
created:
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If Foci  2.02 : Dose  0  9.2828Foci  19.43Foci2
If Foci  2.02 :

Dose  e3.6740.5035 Foci –0.01473Foci

2

This compound function produced dose estimates that gave a reasonably accurate fit to the
average data for the six donor samples, with fractional errors of +21% at 10 mGy and -24% at
25 mGy. At higher doses the absolute value of this error dropped to less than 5%. However
statistical fluctuations in the foci counts for the individual donors introduced much larger Root
Mean Square (RMS) errors in the individual dose estimates. This error dropped monotonously
from 104% at 10 mGy to 20% at 100 mGy and then fluctuates between 16% and 19% for higher
doses.
Therefore, it can be concluded that the automated scoring system may be used as a reasonable
reliable tool for assessing the average frequency of ionising radiation-induced γ-H2AX foci in
groups of exposed individuals and from this to deduce the average radiation dose received by
the group. These results confirm the efficiency of the automated γ-H2AX foci assay for fast
population triage in South Africa in the case of large radiation accidents.

Keywords: biological dosimetry, γ-H2AX foci, ionising radiation, DNA DSBs
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1. Introduction
Nuclear power plants are some of the most sophisticated and complex energy systems ever
designed. Any complex system, no matter how well designed and engineered, cannot be
deemed failure-proof (Maurin and Francois, 2011:10-12). There are concerns that a
combination of human and mechanical errors at a nuclear facility could result in plant failure and
lead to a significant level of harm to people and the environment (Globalsecurity.org 2011:3).
The Chernobyl and Three Mile Island accidents released substantial amounts of radioactivity
into the environment, which resulted in exposure of both radiation workers and members of the
public. Recently, the Fukushima incident triggered debates on the safety of nuclear power
plants and people involved (i.e. workers and public) including the environment. One of the
issues that is currently addressed is how to deal with a large number of people exposed to
different levels of ionising radiation from a wide variety of radiation types in case of a radiation
accident. In mass casualties, estimation of the dose for a large number of people is important
for decisions concerning triage and to identify those persons who have been overexposed and
who require medical intervention. Therefore, it is clear that rapid assessment of the dose is
essential.
Biological dosimetry is based on using biological markers of exposure in human tissue to
measure or estimate the dose that has been absorbed. It is very important in case of large mass
casualty radiation accidents, since most victims would not be wearing personal dosimeters.
Several cytogenetic assays based on the analysis of structural changes in the chromosomes
(i.e. chromosomal aberrations) of peripheral blood lymphocytes are recognised as valuable
dose assessment methods. Biological dosimetry can be applied irrespective of the scale of the
radiation incident. In the case of small-scale radiation accidents involving one person or a few
individuals, only a few samples need to be examined. However, in large radiation accidents
affecting bigger populations, many individuals need to be screened. The primary purpose for
faster detection biodosimetry following suspected radiation overexposure is to provide first
responders and medical personnel sound information on radiation injuries. This is to facilitate
suitable medical support, treatment, and management decisions (Caracappa, 2011:25-27).
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2. Problem Statement and Objectives
Following a radiation overexposure incident, which is either accidental or during normal
operations, it is most desirable to screen the affected workers and members of the public. This
can be done by using normal physical radiation monitoring methods if available. However,
members of the public are not registered radiation workers and thus need some form of
biological dosimetry. Also, in cases of known or unknown overexposure incidents, radiation
workers may need biological dosimetry for dose confirmation and to determine the level of
damage.
One of the cytogenetic assays (micronuclei counting in white blood cells) is used at the iThemba
LABS (Laboratory for Accelerator Based Sciences), and has proved to be helpful in most
radiation incidents. This assay and other cytogenetic methods take about 4 to 5 days to obtain a
result for an individual, whereas other biologically based techniques such as lymphocyte
depletion counting can provide direct quantitative information, although they also require the
analysis of blood samples from victims over a period of 12 hours to 7 days. However, during
emergencies where a large number of individuals have been exposed, results are needed as
soon as possible to help physicians develop a treatment strategy within a few hours of the
catastrophe.
As current methodologies are not capable of providing accurate diagnosis of mass casualties of
large nuclear or radiological accidents within hours of the event, there is an urgent need to
develop faster, more modern methods capable of assessing the level of radiation doses for
triage. The method should be based on technologies that are suitable for automation so that
large numbers of blood samples can be handled in emergencies. The purpose of this research
is therefore to test an effective rapid technique for biological dosimetry that will enable the
extent of the radiation dose absorbed to be quantified in the event of a nuclear emergency. It is
of empirical importance that such a technique be sensitive and accurate. Automated and
manual scoring techniques will be investigated and compared.
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3. Literature Survey
3.1 Nuclear facilities and safety
Nuclear technology applications are used in nuclear power generation, medical applications,
industrial applications, commercial applications, agriculture, and food processing. In nuclear
power generation, the technology involves a controlled nuclear chain reaction in a reactor core,
which creates heat to boil water. Heated water flows into a steam generator which creates
steam. This steam drives a turbine which is coupled to a generator that generates electricity
(Lamarsh and Baratta, 2001). Safety systems in nuclear facilities must reliably satisfy their
functional requirement. The level of safety in the nuclear power generation industry is extremely
high and well regulated. However, nuclear catastrophe has been witnessed at the TMI (Three
Mile Island), Chernobyl, Tokaimura (criticality accident), and recently at Fukushima. These
accidents were due to human error, ignorance of operational procedures, lack of experience
and knowledge of reactor physics, and natural disaster as in the case of Fukushima
(earthquake and tsunami). A series of equipment failures, nuclear meltdown, explosions, and
releases of radioactive material into the environment occurred at these plants as a result of the
factors mentioned (NRC 1997).
With the new technology, nuclear facilities such as the AP1000 design use passive safety
components whereby, in the event of an emergency or accident, no operator actions or
electronic feedback is required in order to shut the plant down safely (Schulz 1998). Such
facilities tend to rely more on the engineering of components such that their predicted behaviour
according to known laws of physics would slow rather than accelerate the nuclear reaction in
such conditions. In contrast, some older designs operated in a way that either an electronic
feedback or operator intervention was necessary to prevent damage or an accident to the
reactor (Schulz 1998).
In modern designs, one of the safety concepts being applied is known as defence-in-depth.
With this approach, if a failure were to occur, it will be detected and compensation made or it
would be corrected. This concept is applied throughout the process and operation of the plant to
provide multiple levels of defence aimed at preventing accidents, and to ensure appropriate
protection is available should that prevention fail (Stacey 2007 and RD 337 – Canadian Nuclear
Safety Commission).

3.2 Ionising radiation types and uses
Radiation can be classified into ionising and non-ionising radiation. Ionising radiation is
electromagnetic radiation with enough energy to remove tightly bound electrons from the orbit of
an atom during an interaction with an atom, causing the atom to become ionised (Tubiana et al,
3

1990: 4-14). Contrary to this and as its name suggests, non-ionising radiation does not possess
enough energy to cause such effects (refer to Figure 3-2). This study will focus mainly on
ionising radiation. The particles and rays cannot be seen, heard, tasted, smelled, or felt, which
is why ionising radiation remained undiscovered until the late 1800s, even though many natural
materials emit small amounts of radiation (Obea G et al, 2002: 18).

Figure 3-1:
Electromagnetic spectrum showing types of radiation, their frequencies and energies

Figure 3-1 depicts the frequencies of different radiation types. Frequencies of particles of nonionising radiation are low. These are electromagnetic radiations and the infrared is shown to
consist of frequencies higher than microwave and radio waves in general, hence, they are
considered as extremely low types. They range from a maximum value of 0.3 GHz to a value as
low as 3 Hz of the extremely low type (Akudugu, 2006: Fig. 5).
The most common types of ionising radiation are: (i) alpha particles (α-particles) having nucleus
of fast-moving helium, (ii) beta particles (β-particles) consisting of electrons, (iii) gamma rays
(γ-rays) consisting of energetic photons, and (iv) neutron radiation (n) consisting of accelerated
neutrons. While α-particles can be stopped by a sheet of paper and β-particles by an aluminium
sheet, γ-rays can easily pass through paper and aluminium, but can be stopped by a piece of
lead (Van Rooyen, 2010:16-30). Neutrons easily pass through lead and can be blocked using
concrete slabs. Determining the thickness of the shielding material for a certain radiation type
depends on the density of the material and is influenced by the mass and atomic number of the
particular elements of that shielding material. In nuclear power reactors such as pressurised
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water reactors (PWRs), water is used as a moderator to capture the neutrons produced from
nuclear fission in the reactor core. This is because of light elements such as hydrogen that are
able to effectively slow down and/or capture neutrons to prevent them from exiting the reactor
vessel.

Figure 3-2:
Penetrating abilities of different radiation types (Van Rooyen, 2006: Fig. 9)

Figure 3-2 illustrates these radiation types and an indication of their penetrating power. The
aforementioned types of ionising radiation may be produced by radioactive decay, nuclear
fission, cosmic rays, and by particle accelerators.
Natural sources of ionising radiation include the soil, water, air, food, and building materials.
Man-made devices such as X-ray machines and soil gauge machines also produce ionising
radiation. Ionising radiation has many useful applications such as medical imaging (using Xrays), industrial radiography (using X-rays and neutrons) and cancer treatment (using X-rays,
protons, and neutrons). Furthermore, ionising radiation is used to sterilise products including
some types of food.
The quality of the ionising radiation is commonly described in terms of linear energy transfer
(LET). The LET of a particular type of radiation is a measure of the average energy deposited
along the track of a particle per unit length and is usually expressed in keV/µm
(Tubiana et al, 1990:9). Based on the characteristics of its interaction with matter, radiation can
be classified as low-LET or high-LET radiation types. X- and γ-rays are categorised as low-LET
because they are sparsely ionising while neutrons, α-particles, and heavy ions are categorised
as high-LET, since they are densely ionising.
5

3.3 Interaction of ionising radiation with cellular DNA
Ionising radiation can interact with all molecules of the cell, but the DNA is considered as the
most critical target of ionising radiation since it contains all the vital genetic information that cells
need to function. When ionising radiation is absorbed by the cell, it can interact with the DNA
directly or indirectly. In the direct action, the radiation interacts directly with the DNA in the cell.
The atoms of the target itself may be ionised or excited through coulomb interactions, leading to
the chain of physical and chemical events that leads to biological damage (Figure 3-3). Direct
action is the dominant process in the interaction of high LET particles with biological material
(Tubiana et al, 1990:18).
In contrast to the above, in the indirect action the radiation interacts with other molecules and
atoms (mainly water since about 80% of a cell consists of water) within the cell to produce free
radicals, which can damage the DNA within the cell through diffusion in the cell. In interactions
of radiation with water, short lived, extremely reactive free radicals such as H2O+ (water ion)
and OH• (hydroxyl radical) are produced. About two thirds of the biological damage induced by
low LET types of radiation such as X-rays and electrons is due to indirect action (IAEA 2010).
Indirect interaction of ionising radiation with the DNA can be modified by chemical sensitizers or
radiation protectors, which may respectively enhance or minimise the effects of the free
radicals. The steps involved in producing biological damage by the indirect action of X-rays are
as follows:


Primary photon interaction (photo-electric effect, compton effect and pair production)
produces a high-energy electron.



The high-energy electron, in moving through tissue, produces free radicals in water.



The free radicals may produce changes in DNA as a result of the breakdown of
chemical bonds.



The changes in chemical bonds result in biological effects (Tubiana et al, 1990:18-22).
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Figure 3-3:
The direct and indirect actions of radiation with the DNA of the cell
(S = sugar, P = phosphorus, A = adenine, T = thymine, G = guanine, C = cytosine)
(Hall 2000:20)

3.4 Ionising radiation, DNA damage and the DNA damage response
When cells are exposed to ionising radiation, different types of DNA damage can result, such as
base damage, formation of crosslinks, DNA single-strand breaks, and DNA double-strand
breaks. The DNA double-strand breaks (DSBs) are, however, considered the most genotoxic
lesion induced by ionising radiation, since breakage in both strands of the DNA causes loss of
information in both these strands. However, because of the importance of maintaining genomic
integrity, cells have developed an integrated network of signalling pathways that is activated in
response to the induction of the different forms of DNA damage. This is referred to as DNA
damage response (DDR). In this DDR, sensors will detect the damage and transduce this signal
through a transduction cascade to a series of downstream effector pathways. Activation of
downstream effectors may result in the induction of cell cycle arrest, DNA repair, or cell death
(Figure 3-4). Activation of different DNA repair pathways ideally results in proper repair of the
double-strand break and the restitution of the DSB to its original pre-irradiated state. However,
depending on, for example dose, breaks can also be misrepaired or not repaired (Figure 3-5). If
the DSB is misrepaired or not repaired, this may lead to the formation of chromosomal
aberrations (i.e. structural changes in the chromosomes). Examples of chromosomal
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aberrations are dicentrics, rings, acentric fragments, translocations, and anaphase bridges
(Bonner et al, 2008:957-9).

Figure 3-4:
The general structure depicting DNA damage response pathways of DSBs
(Khanna and Jackson, 2001 modified by V Vandersickel)

Figure 3-5:
Simple chromosome aberrations. Contractions represent centromeres; gaps indicate
chromosome breaks that are caused by radiation damage (Hlatky 2002: Fig. 1)

8

Examples of chromosomal aberrations (Figure 3-5)
A: Two painted chromosomes, each of which contains a break. The result can be one of the
following: (i) a simple (reciprocal) translocation, (ii) a dicentric together with its associated
acentric fragment, (iii) or a double restitution.
B: A single chromosome with two breaks. Misrejoining can give simple intrachromosomal
aberrations as follows: (i) a (pericentric) inversion or (ii) a centric ring with accompanying
acentric fragment (Hlatky et al, 2002: 715).

3.5 Detection of DSBs and the formation of γ-H2AX foci
As mentioned before, induction of a DSB will lead to the activation of the DDR. Activation of this
response starts with the recognition of the DSB by sensor proteins. Although up to date, there is
still no consensus on which protein first senses the induced DSB. All described models lead to
the activation of the ATM protein. Activation of this ATM protein then leads to the
phosphorylation of the H2AX protein, a variant of the nucleosomal H2A histone core protein
(RCE-10, 2009: 37, Ragakou et al, 1998:5858 and Rothkam and Horn, 2009: 265-266) (see
Figure 3-5). This phosphorylation of the H2AX protein, referred to as γ-H2AX, is known as one
of the earliest events occurring in the DDR. This phosphorylation then rapidly spreads over an
extensive region surrounding the DSB and this leads to the formation of so-called γ-H2AX foci
(see Figure 3-5).
Since it has been found that only DSBs induce γ-H2AX foci formation and that the number of
these foci is closely related to the number of radiation-induced DSBs, γ-H2AX foci formation can
be considered as markers of radiation-induced DSBs.
Importantly, in vivo and in vitro studies have shown that the formation and loss of γ-H2AX foci
can be measured following exposure to radiation doses as low as 1 mGy (Rothkam K and
Lobrich M, 2003:5059). Several studies have further shown that foci yield increased linearity
with dose (Ragakou et al, 1998:5866 and Rothkam and Horn, 2009: 266-269 and Ragakou et
al, 1999: 914-5).
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Figure 3-6:
Schematic representation of (A.) the nucleosome comprising H2AX,
and (B.) H2AX phosphorylation

Legend to Figure 3-6
(A.) The basic unit of chromatin, the nucleosome, consists of 147 base pairs of DNA wrapped
around an octamer of four small highly conserved core histone proteins: H2A, H2B, H3, and H4.
The H2AX protein is a sequence variant of the H2A histone and is evenly distributed within the
chromatin. The H2AX protein is characterised by a unique Ser-Gln-Glu (SQE) motif in its
carboxy-terminal region.
(B.) The serine-139 within this conserved carboxy-terminal tail becomes rapidly phosphorylated
(P) in response to ionising radiation-induced DNA DSBs (i) to form γH2AX (ii). This
phosphorylation will then spread (iii) over an extensive region flanking the DNA DSBs so that
γH2AX foci will be formed. Figure 3-6 part A and part B are modified from Bonner et al. 2008
and West and Attikum 2006 resp. by V Vandersickel.
Visualisation of these foci can easily be done by using an antibody specific for γ-H2AX in
combination with a fluorescent-labelled secondary antibody (Ragakou et al, 1999: 910-5).
Fluorescence microscopy then allows the detection and quantification of these nuclear foci
(Ismael et al, 2007:35 and Roch-Lefevre et al, 2010, 190).
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3.6 Biological dosimetry techniques
The rapid determination of the doses that individuals have received is of prime importance in
determining the treatment that should be administered following an exposure incident or
accident. Currently, there are different techniques available for the assessment of radiation
exposure levels. Most of these techniques are based on the analysis of chromosome
aberrations in lymphocytes, such as the dicentric assay, the micronucleus assay, fluorescence
in situ hybridisation (FISH) method, and the premature chromosome condensation (PCC)
assay. The advantage of these cytogenetic assays is that most of these techniques have been
extensively studied and have become a valuable tool for assessing absorbed doses of ionizing
radiation in individuals (IAEA manual, 2001:16). In fact, different laboratories have established
different in vitro dose response curves in order to translate the observed yield of chromosomal
aberrations into an estimate of radiation dose1. Despite this advantage, the main disadvantage
of these techniques is that they do not suit emergencies where results are needed within a short
period.
For instance, at present, iThemba LABS uses the micronucleus assay for biodosimetry.
Although this technique is well-calibrated and technically easier than other current techniques, it
takes at least 4 days to obtain a result for an individual. In the event of a large-scale radiation
accident however, quick dose assessment to facilitate rapid triage is of vital importance.
The reason for taking several days to obtain a result when using cytogenetic methods to
estimate absorbed dose, lays in the fact that blood lymphocytes reside in the G 0 phase, i.e. the
resting phase of the cell cycle. Importantly, chromosomal aberrations can only be analysed
when the DNA condenses during M-phase. Consequently, cells should first be (a) stimulated to
go into the cell cycle and (b) pass different cell stages such as G 1, S, and G2 before entering
mitosis (M-phase) and this takes time (refer to Figure 3-7).

1

The formation of chromosomal aberrations is dependent on the radiation dose, i.e. the higher the
radiation dose, the higher the probability of misrepair, the more chromosomal aberrations are
formed.
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Figure 3-7:
Schematic representation of cell cycle depicting different stages
and average time spent on the stages (everythingmaths.co.za)

Currently, much worldwide effort has been put into the validation of γ-H2AX foci detection
techniques as a biological dosimetry tool. Besides the fact that γ-H2AX foci can be visualised
within several hours after obtaining a blood sample, this technique is suitable for automation
and may, therefore: (a) reduce the time needed to obtain results and (b) be able to process a
significantly large number of samples in a short time frame. Importantly, the analysis of γ-H2AX
foci formation could become available in South Africa due to the recent installation of an
automated image analysis system at iThemba LABS.

3.7 Radioactivity releases
Radiation exposures could result from several scenarios including, but not limited to:


Reactor emergencies with a breach of irradiated fuel element during loss of coolant.
These emergencies may result in (a) exposure of high doses to workers and general
public near the site and (b) contamination leading to low dose exposure to the public in
the vicinity (e.g. Chernobyl).



Criticality accidents may occur when sufficient quantities of special nuclear material are
inadvertently allowed to undergo fission. This results in high levels of exposure to
persons in close proximity (e.g. Tokaimura).
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Emergencies involving lost or stolen ‘orphan’ sources can result in several exposure
scenarios depending on the activity, duration of exposure, and distribution of the
source. Such emergencies can result in the exposure of high doses to the whole body
or partial body exposures, as well as internal or external contamination (e.g. Goinania)
(IAEA 2011:1-20).

The environmental behaviour of deposited radionuclides depends on several factors, such as
the physical and chemical characteristics of the radionuclides, the type of fallout, weather
conditions, and the environment. Radioactive materials expected to be released during a
nuclear reactor accidents are: noble gases (Xe – Kr), I, Cs, Rb, Te, Sb, Ba, Sr, Ru, Mo, Rh, Tc,
Co, Nd, Y, Ce, Pr, La, Nb, Am, Cm, Pu, Np, and Zr. These radionuclides are listed in the order
of decreasing likelihood of release. The concentrations of

131

I and

137

Cs released after the

Chernobyl accident were found to be ten times higher than those observed at the Fukushima
accident (Blakely WF, 2008:23).
As such, the Chernobyl accident released higher doses of radiation. Doses received by the
public came from the radionuclide releases from the damaged reactor, which led to ground
contamination of large areas. The radionuclide releases occurred mainly over a 10-day period,
with varying release rates. From the radiological point of view, the releases of the β-emitters 131I
and

137

Cs, estimated to have been 1 760 and 85 PBq (1 PBq = 1015 Bq) respectively, are the

most important (Nuclear Energy Agency, 2001: 6).

131

I was the main contributor to the thyroid

doses, received mainly via internal irradiation within a few weeks after the accident. The

137

Cs

was, and is, the main contributor to the doses to organs and tissues other than the thyroid. This
is from either internal or external irradiation, which will continue to be received at low dose rates
over several decades. In addition, contamination of foodstuffs by
lesser extent, by

134

Cs and

137

Cs, and to a

90

Sr, and the inhalation of aerosols containing plutonium isotopes were

detected. The average effective doses from

134

Cs and

137

Cs that were received during the first

10 years after the accident by the residents of contaminated areas are estimated to be about
10 mSv. Although conventional fires at the site posed no special firefighting problems, very high
radiation doses incurred by firemen resulted in 31 deaths (Nuclear Energy Agency, 2001: 6).
Short-lived radionuclides, such as

131

I (8-day half-life), are the main contributors to human

exposure in the short term while in the longer term, only a few radionuclides dominate, such as
134

Cs (2-year half-life) and

137

Cs (30-year half-life). In the Chernobyl accident,

dominant radionuclide in the longer term, with a ratio between

134

Cs and

137

Cs was the

137

Cs of around 0.5. In

contrast, in the Fukushima Daiichi nuclear power plant accident, this ratio is close to 1 and this
will influence the temporal distribution of the lifetime dose. However, the ratio between the
shorter-lived

134

Cs and

137

Cs observed in Fukushima indicates that the fraction of the lifetime
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dose to be delivered beyond the first year would be lower than in Chernobyl (WHO Report,
2012:50-66).
The exposure pathways that contribute most to the effective dose vary with location and
distance from the site. In the most affected regions of Fukushima, external exposure from
groundshine is by far the dominant pathway contributing to effective dose, but with increasing
distance from the site, the ingestion pathway becomes the main contributor to the effective
dose.
Of the example locations considered in the Fukushima prefecture, several are in the area
20-30 km from the site where characteristic effective doses to all age groups in the first year are
estimated to be in the dose band of 10-50 mSv. The dominant pathway in these locations is
estimated to be external dose from ground deposits, but there are also contributions from the
other exposure pathways. In these locations, only the first four months of exposure from
external dose have been included, as it has been assumed that relocation would have occurred
at that time.
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4. Experimental Investigation
For the experimental investigations, the following protocols were used:

4.1 Isolation of cells, sample irradiation, and foci formation
For the purpose of this investigation, blood samples were collected from six healthy donors of
different ages (ranging from 28-60 years) and gender (four males and two females), using
heparin coated tubes. Lymphocytes were isolated from blood samples with the use of a gradient
cell separation medium. Equal amounts of cells were diluted into equal volumes of 2 ml in
round-bottom tubes. The samples were exposed in vitro to different doses of gamma rays (i.e.
0, 10, 20, 50, 100, 200, 500, and 1 000 mGy), using a cobalt-60 gamma irradiator. Immediately
after irradiation, cells were incubated for 30 minutes at 37°C to allow foci to form. Foci formation
was blocked by putting the samples on ice for 15 minutes. Cells were spotted on slides by using
a cytospin on poly-Lysine precoated slides at 500 r/min. for 5 minutes. Cells were fixed in a bath
(37°C) of paraformaldehyde (PFA) 3% for 15 minutes. After having left cells overnight, they
were transferred to a bath of PFA 0.5% and kept at 4°C. Two slides were prepared for each
dose point.

4.2 Immunostaining of samples
Fixed cells were washed in a bath of Dulbecco’s phosphate-buffered saline (D-PBS) for
5 minutes and covered for 10 minutes with ~100 µl ice cold Triton X-100, 0.2% in D-PBS. The
samples were then washed three times in a bath of D-PBS containing 1% bovine serum albumin
(BSA) for 10 minutes and covered with ~100 µl of the first antibody against γ-H2AX, (dilution
1:500 in D-PBS BSA 1%) and put in a moist room for 1 hour. Following this, samples were
again washed three times with D-PBS BSA 1% for 10 minutes and covered with ~100 µl of the
fluorescently-tagged secondary antibody (RAM-TRITC, dilution 1:1000) and incubated for
1 hour in a dark and moist room. After this, the cells were washed three times in D-PBS for
10 minutes. Finally, nuclei were counterstained with DAPI (Figure 4-1) by putting ~35 µl of
DAPI-fluoromount (200 ng/ml) on each slide. Slides were then covered with a clean coverslip.
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Figure 4-1:
Picture of a lymphocyte nucleus (blue DAPI-stain) with γ-H2AX foci (red dots)

Visualisation and quantification of the foci were then performed by the use of the Metacyte
software of Metafer 4 image analysis system. The Metacyte operating mode offers the
opportunity to scan slides for interphase nuclei in combination with spot detection and counting.
The results of the scans are stored together with the captured nuclei images and are illustrated
for each nucleus separately in an image gallery (Figure 4-2). Histograms providing information
on the foci distribution, mean number, and the standard deviations (SD) are displayed on the
computer screen. For each experimental condition, 2000 cells were captured and the numbers
of foci were automatically determined.
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Figure 4-2:
Example of a screen capture of a slide automatically scanned
using the Metafer 4 image analysis system

In Figure 4-2, the image gallery (top right of the screen) consists of displayed small DAPI
images of the cells detected. Displayed are also their corresponding foci numbers (in red) in the
top right corners of the small images. The selected image (red square) is shown on the image
area (yellow square) at the top left of the screen capture.

4.3 Data analysis
To validate the automated foci scoring, the images captured by the automated image analysis
system were manually analysed. The visual analyses of the number of foci/cell were performed
for 100 randomly distributed cells (Figure 4-2). The mean number of foci/cell and its SD were
then calculated and compared to the results obtained from the automated scoring system for
the 6 donors.
From the resulting data, different dose-effect response curves were generated and analysed
using the GraphPad prism software.
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The foci yield as a measure of ionising radiation damage in the analysis is related to the dose
by the following equation:
Y = c + αD + βD2
where:
‘c’ is a constant and represents the background foci frequency. The foci formation data, not
corrected for background, were fitted to a second-order polynomial of the form of the
equation above.
Y is the mean number of foci per cell and D is the absorbed radiation dose. Alpha () and
beta () are donor-dependent constants. The  represent the initial slope of the doseresponse curve and is an indicator of individual radiosensitivity.
The data in Table 5-1 was fitted to a polynomial of second degree and from that the fitness of
the fit (R2), correlation of the data points and standard deviations were calculated.
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5. Results and Analysis
5.1 Data collection
Table 5-1:
Raw data of the mean foci frequencies formed after exposure to different doses of gamma irradiation for all six donors

Dose
(mGy)

Donor 1

Donor 2

Donor 3

Donor 4

Donor 5

Donor 6

Auto

Manual

Auto

Manual

Auto

Manual

Auto

Manual

Auto

Manual

Auto

Manual

0

0.33

0.30

0.73

0.55

0.29

0.17

0.76

0.59

0.47

0.06

0.76

0.59

10

1.21

1.05

1.56

1.25

0.81

0.63

0.91

0.79

1.45

0.99

0.91

0.79

25

1.13

0.83

1.99

1.64

0.78

0.60

1.36

1.07

1.44

1.12

1.31

1.07

50

1.58

1.35

2.89

2.14

1.98

1.63

1.83

1.42

1.99

1.51

1.83

1.42

100

2.40

2.28

2.78

2.32

2.48

2.14

2.84

2.52

2.13

1.78

2.84

2.52

200

3.52

3.22

4.68

4.15

3.53

3.36

4.08

3.73

4.34

3.88

4.08

3.73

500

5.64

5.71

6.97

6.73

7.18

6.69

7.19

7.27

–

–

7.19

7.27

1000

8.52

8.59

9.73

8.88

8.62

7.73

7.93

8.14

9.80

6.51

9.85

8.12

The data shows both the automated and manual number of foci.
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Table 5-1 shows the mean number of foci per cell (foci/cell) from 2 000 cells after automated
analysis and the mean number of foci per cell from 100 cells after manual analysis. The manual
scoring was done by visually analysing the images of cells, depicted in the image gallery, and
obtained by the automated image analysis (Metasystem) system (see Figure 4-2). After
background subtraction, the mean numbers of foci were plotted as a function of absorbed dose
for each donor as illustrated in Figure 5-1 to Figure 5-6.

5.2 Dose response curves
The data was fitted to a non-linear regression curve and 95% confidence intervals (CI) were
calculated. The mean numbers of radiation-induced foci/cells for both automated and manual
analyses were plotted as a function of gamma radiation dose. The formulas and coefficients of
each fit are also given.

YAuto = 0.883 + 0.013D – 5.139 × 10-06D2
YMean = 0.687 + 0.013D – 5.181 × 10-06D2

Figure 5-1:
Donor 1 – Mean number of ionising radiation induced foci/cell as a function of
radiation dose

20

YAuto = 1.473 + 0.015D – 7.080 × 10-06D2
YMean = 1.047 + 0.016D – 7.887 × 10-06D2

Figure 5-2:
Donor 2 – Mean number of ionising radiation induced foci/cell as a function of
radiation dose

YAuto = 0.570 + 0.018D – 1.020 × 10-05D2
YMean = 0.372 + 0.018D – 1.050 × 10-05D2

Figure 5-3:
Donor 3 – Mean number of ionising radiation induced foci/cell as a function of
radiation dose
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YAuto = 0.866 + 0.019D – 1.149 × 10-05D2
YMean = 0.585 + 0.019D – 1.132 × 10-05D2

Figure 5-4:
Donor 4 – Mean number of ionising radiation induced foci/cell as a function of
radiation dose

YAuto = 0.874 + 0.018D – 9.457 × 10-06D2
YMean = 0.456 + 0.019D – 1.286 × 10-05D2

Figure 5-5:
Donor 5 – Mean number of ionising radiation induced foci/cell as a function of
radiation dose
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YAuto = 0.916 + 0.017D – 8.038 × 10-06D2
YMean = 0.584 + 0.019D – 1.136 × 10-05D2

Figure 5-6:
Donor 6 – Mean number of ionising radiation induced foci/cell as a function of
radiation dose

5.3 Statistical data
Table 5-2:
Values of the parameters calculated when constructing the dose response curves
for the analysis using GraphPad Prism software

α-Value
(sensitivity)

Goodness of Fit
(R2)

95%
Confidence
Interval

Standard Error

Auto

0.013

0.99

0.01 to 0.02

0.002

Manual

0.013

0.99

0.01 to 0.02

0.001

Auto

0.020

0.98

0.01 to 0.02

0.002

Manual

0.016

0.99

0.01 to 0.02

0.001

Auto

0.018

0.99

0.01 to 0.02

0.001

Manual

0.018

1

0.02 to 0.02

0.001

Donor 1

Donor 2

Donor 3
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α-Value
(sensitivity)

Goodness of Fit
(R2)

95%
Confidence
Interval

Standard Error

Auto

0.019

1

0.02 to 0.02

0.0006

Manual

0.019

1

0.02 to 0.02

0.0005

Auto

0.018

0.99

0.12 to 0.03

0.003

Manual

0.019

0.98

0.01 to 0.03

0.003

Donor 4

Donor 5

Donor 6
Auto

0.017

1

0.01 to 0.02

0.001

Manual

0.019

1

0.02 to 0.02

0.001

5.4 Data correlation
The dose response curves were further analysed by pooling the data of all donors at all doses
for both manual and auto scores. Table 5-3 shows such data and its plot (Figure 5-7) with
respect to the foci frequency. Also shown is the plot of the correlation (Figure 5-8) between the
auto and manual results and the calculated statistical parameters tabulated for both the pooled
data (Table 5-4) and correlation analysis (Table 5-5).
Furthermore, in practice, the foci count is determined after analysis of the sample and then the
estimated dose corresponding to the foci count is derived. Therefore, the pooled data was
further expressed in terms of a radiation dose as a function of mean foci per cell (Figure 5-9)
Ln(Dose) as a function of mean foci per cell (Figure 5-10) and an average dose percentage
error from the pooled data of both scoring techniques was calculated (Figure 5-11).
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Table 5-3:
Pooled data for both automated and manual analyses of all 6 donors
Dose (mGy)

Auto analysis

Manual analysis

0

0.56

0.38

10

1.14

0.92

25

1.34

1.06

50

2.02

1.58

100

2.58

2.26

200

4.04

3.68

500

6.83

6.73

1000

9.08

8.00

YAuto = 0.954 + 0.016D – 8.107 × 10-06D2
YMean = 0.625 + 0.017D – 9.839 × 10-06D2

Figure 5-7:
Mean number of ionising radiation induced foci/cell of 6 different donors,
as a function of radiation dose
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Table 5-4:
Statistical parameters of the mean of pooled data
Statistical Parameters

Automated Analysis

Manual Analysis

α-values

0.017

0.017

Standard error

0.001

0.0006

1

1

0.014 to 0.019

0.016 to 0.019

Goodness of fit (R2)
95% confidence interval

Y = 1.061X + 0.189

Figure 5-8:
Correlation between the automated and the manual mean number of foci/cell
after exposure of lymphocytes to different doses of gamma radiation
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Table 5-5:
Statistical parameters of the correlation of the data
Slope

1.061 ± 0.036

Goodness of fit (R2)

0.99

95% Confidence Interval

0.97 to 1.15

YAuto = 14 – 9.689D + 12.79D2
YMean = 39.21 – 31.51D + 17.70D2

Figure 5-9:
Radiation dose as a function of mean number of ionising
radiation induced foci/cell of 6 different donors
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Figure 5-10:
Natural logarithmic of radiation dose as a function of mean number of
ionising radiation induced foci/cell of 6 different donors

Figure 5-11:
Accuracy chart of the measured dose as a function of applied dose.
The red line represents an ideal dose
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6. Discussion and Interpretation
6.1 Appropriateness of fits


On theoretical grounds it is plausible that the foci might reach a plateau at high doses
and then remains flat with increasing dose, but not that it will peak and then decline with
increasing dose. The data in the present study was too sparse to determine whether
such a plateau was indeed reached above 500 mGy, as no measurements were taken
between doses of 500 mGy and 1000 mGy. In Figure 5-7 the pooled mean foci count
over all six donors increased substantially from the second highest dose at 500 mGy to
the highest dose at 1000 mGy, especially for the automated data, and therefore such a
flat plateau was not directly observed in the data. It might be possible that if multiple
smaller dose increments between 500 mGy and 1000 mGy would have been applied, it
might have been observed that the foci count might already have reached a plateau at
say 750 mGy and that the foci count may then have remained flat from the said 750
mGy to 1000 mGy. In the absence of such more detailed data, only the fits to the data
can shed light on whether or not such a plateau was indeed reached in the present
study. In Figure 5-4, for Donor 4, the fits of the second order polynomial of the foci as a
function of dose peaks at high doses and then decline substantially with increasing dose,
both the manual and automated foci counts. Again, a challenge is that such a peak,
followed by a subsequent decline, was not observed in the measured data, but only in
the fits. For most of the other donors, such peaks in the fits were observed for the
manual but not for the automated foci counts. This is a fundamental challenge with
second order polynomials: if fitted over a large enough range on the X-axis, such a
polynomial will by definition always either peak or reach a bottom, since it is not possible
for such a function to flatten off to the shape of a plateau and then remain flat. This
suggests that such a polynomial is not the best fit for the foci count as a function of dose
especially at high doses for such determination. Therefore, better fit-functions will be
explored below in an attempt to represent the data more accurately and to try to answer
the question of whether a peak or plateau was indeed observed.



Furthermore, the initial fits gave the foci count as a function of the applied radiation
dose. This was a logical starting point, as the doses applied in this experiment were the
known variable and could thus appropriately be displayed as the independent variable
on the X-axis, while the resulting foci count was the unknown dependent variable, and
could thus appropriately be displayed on the Y-axis. However, in a real-life radiation
accident scenario, the measured foci counts of the tested subjects will be the known
independent variable, while the radiation doses that these persons received will be the
unknown dependent variable that must be determined. Therefore, a useful fit function
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will rather have to express the dose as a function of measured foci count. This approach
will be followed in Par 6.5 below.

6.2 Statistical analysis
The parameters of the dose response curves constructed using the non-linear regression
analysis were calculated and are summarised in Table 5-2. In particular, for α and β-values
(denotes the probability of lethal and sub-lethal damage, respectively) it is expected that the βvalues/coefficients decrease with an increase in dose while the α-values increase. This is due to
the fact that α and β are correlated and hence, lower values of one must be compensated by
enlarged values of the other. In this instance, all the β-values ran into a negative and were not
considered as they are of no significance to the analysis of this study. However, determination
of α-values is of high importance. From the analysis, α-values as a measure of individual
donor’s sensitivities are summarised in Table 5-2.
There are a number of approaches that permit calculation of uncertainties. These are usually
expressed as confidence limits, with 95% being the limit chosen most often (Szluinska et al
2005:6). The 95% confidence limit of these analysis results defines an interval that embraces
the measured parameter (foci number at a certain dose) on 95% of occasions. The standard
error was also determined from each data point on the curve. The standard deviations of the
normal distribution were approximated by use of the lower and upper limits of the dose
computed from the Y. The standard errors on the yields of individual data points incorporated in
the calculation showed little variations for all donors. The goodness of the fits (R2) was also
calculated. All values of the 95% CI, SE, and R2 are summarised in Table 5-2.
In general, a good correlation amongst the manual and auto scoring techniques were observed
in this investigation. Therefore, the statistics of the data demonstrate that the automated scoring
of foci in human lymphocytes can provide reliable information about ionising radiation dose for
blood samples analysed after exposure. The percentage error of the calculated dose as a
function of applied dose calculated were 0.25% and 2.14% for auto and manual counts
respectively.
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Figure 6-1:
A screen capture depicting data summary of the captured and analysed cells

The measurement of additional parameters is also possible with the image processing unit
(Barber P, 2007:1). The distribution of the foci count is represented by the bar histograms, the
lower right part of the screen consists of the two histograms for the distribution of foci counted.
By clicking on this histogram, the histogram tab sheet will be displayed and it provides a data
summary that lists the mean, standard deviation, coefficient of variations, minimum, maximum,
and median values for the analysed cells.

6.3 Manual and automated scoring
The manual scoring was based on the size, shape, staining, and the visibility of the foci within
the cell after obtaining the image automatically by the system. For any cell during manual
scoring, if the analysis was too difficult to make a decision, such cells were not taken into
consideration for analysis. From the constructed dose response curves (Figure 5-1 to Figure
5-6), it was noticed that data obtained manually were not considerably different from automated
counts up to a dose of 500 mGy. This is observed from the generated curves because the data
points on the curves superimpose each other up to a dose of 500 mGy and this is consistent for
all the donors. However, at a dose of 1 000 mGy, notable differences between manual and
automated foci counts were noted for four donors with manual counts lower than automated
counts on average. The factors contributing to this phenomenon are not known but might be
due the scorer’s decision making, slide visibility due to staining, discrimination of artefacts,
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overlapping foci within the cell, or an individual’s blood response based on individuals’
radiosensitivity.
On average, the manual scores at all dose points were lower than the automated scores, and
this trend was observed for all the donors. This is likely due to the automatic scoring system
being able to detect foci in three dimensions, thus enabling easy identification of overlapping
foci. This was demonstrated by the fact that during the manual counts for verification, whereby
on other cells a clear presence of one foci was observed manually, but such cells were counted
having two foci by the automated system.
Irrespective of these miscounts, on average, the counts from both methods correlated well
(Figure 5-8), the validation method of visual inspections of the captured images suggested
reliable results compared to automated results. From Figure 5-11, a difference in an average
percentage accuracy of the calculated and applied dose between both scoring methods is
1.89% (2.14% – 0.25%). Therefore, it can be concluded that the automated scoring system may
be used as a reliable tool for assessing the frequency of ionising radiation-induced γ-H2AX foci
in exposed individuals.

6.4 Dose response and sensitivity
When constructing the dose-response curves, the control values (un-irradiated samples) were
not subtracted from the irradiated samples to correctly calculate the ionising radiation-induced
foci per absorbed dose. This is due to the likelihood of overexposure during an emergency
when the background number of foci will not be known; therefore, an estimation of the dose of
exposure can be correctly estimated from the calibration curves. From Figure 5-1 to Figure 5-6,
there is a clear relationship between the γ-H2AX formation and absorbed dose and this was
also noted by the study of Roch-Lefevre et al (2010:193). For all donors, the relationship
between foci frequency and absorbed dose can be described by a second-order polynomial
degree. The mean number of foci consistently increased with increasing dose, for doses up to
500 mGy. However, at a dose of 1 000 mGy, foci induction seems to have reached a plateau
whether formation of foci was analysed manually or by the automated system; this will be
investigated in future by applying doses above 1 000 mGy, investigating doses over 1 000 mGy
does not form part of this study. The saturation effect is probably due to the fact that at higher
doses, more foci occur and the probability of overlapping of foci increases. Interestingly, it was
noted that sizes of foci in a given cell varied significantly at the saturation dose point (1 000
mGy). These observations indicate that the manual and automated system of foci scoring can
distinguish between different levels of ionising radiation exposures based on the frequencies of
foci formations.
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The 95% confidence interval values ranged from 0.01 to 0.03 on average for upper and lower
limits respectively, the same values are observed for both the manual and automated analysis.
The fitness of the fits (R2) is close to 1, the standard error is approximately in the range of
0.001; they range from the value of 0.0006 to 0.001 for all donors. This simply demonstrates
good correlation between the data points and the significance of this data.
From the analysis, the sensitivity of individuals is denoted by the α-values. The values for all six
donors range from 0.015 to 0.024 as summarised in Table 5-2 of the statistical data values. This
simply indicates the significance of the analysis, as these results are consistent between all
donors. Therefore, it was of importance to pool the data together for further analysis. The data
for all six donors (Table 5-3) were further analysed by pooling together the mean of all donors
and fitting the data to a non-linear regression analysis to generate a dose response curve
(Figure 5-7). A clear relationship between the foci induction with dose was noted, the number of
foci/cell increases with an increase in dose. On average, manual data reads lower than
automated analysis but not significantly different when comparing the analysis parameters of
the pooled data (Table 5-4). The α-values are 0.019 and 0.017 with the standard error 0.0017
and 0.0008, with a 95% confidence interval ranging from 0.015 to 0.023 and 0.015 to 0.019 for
both automated and manual analyses respectively. These findings are important for the
establishment of a calibration curve.
The study of Willems et al, (2010: Fig. 2) using the MN technique further considered the
correlation of their analysed data for comparison of the manual and auto scoring. The data for
this study were also further analysed by testing the correlation between the recorded scores of
the manual and automated counts, and this was done by fitting the resulting data to a linear
regression fit (Figure 5-8). A strong correlation was noted, and an almost one-to-one
relationship emerged between the two scoring methods. The slope and goodness of the fit were
approximately 1.0 and the 95% CI ranging from 0.98 to 1.1 (Table 5-5). These results
demonstrate the reliability and consistency of the automated image analysis system in the data
management, compared to the manual method, even when different techniques or endpoints
are used.
The statistical parameters and the plots show a good relation of the foci formation with dose of
exposure for the pooled data (Figure 5-7) and also, the good correlation between the automated
and manual techniques (Figure 5-8). Therefore, the response of the pooled data was further
inverted in order to plot radiation dose as a function of mean foci per cell (Figure 5-9) as, in this
calibration study, a known radiation dose was applied to the samples during the experimental
procedures and thus the radiation dose was the independent variable, which is normally plotted
on the x-axis. The result obtained was the number of foci formed for each radiation dose, which
was the dependent variable, which is normally plotted on the y-axis. However, in a real
emergency, the measured foci frequencies will be the independent variable that will be plotted
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on the x-axis and the radiation dose, calculated from these foci frequencies, will be the
dependent variable that will be plotted on the y-axis. The regression polynomial for radiation
dose as a function of foci frequency will thus be required, rather than foci frequency as a
function of radiation dose. Therefore, the uncertainty will lie with the dose of exposure to the
involved person and, that can be estimated from the calibration curve shown in Figure 5-9 after
the frequency of foci formation has been obtained from the sample. This is further analysed and
calibration curves concluded in Figure 6-4.
Also, since the data from individual donors showed that a suspected plateau was reached by
the foci formation at a dose of 1 000 mGy, for this study, it was of importance to investigate
these findings by further expressing the analysed data in a logarithmic function; higher doses
still need to be investigated in future studies. The zero point was not included and the data was
corrected to background readings. From Figure 5-10, a sharp increase in the frequency of foci
formation is obtained from a dose of 200 mGy and further at 500 then 1000 mGy. The same
pattern is noted in Figure 5-9. Even though saturation is observed at 1 000 mGy (Figure 5-1 to
Figure 5-6), this analysis predicts that a slight increase might be obtained at doses over
1 000 mGy. The plots do not show a decrease in foci formation at a dose of 1 000 mGy, but
rather an increase in foci formation with an increase in dose. Furthermore, Figure 5-10 shows a
clear difference of the foci frequency at lower doses in the log scale. Figure 5-11 shows the
accuracy of the applied dose compared to the calculated dose, the slopes were calculated to be
0.9975 with standard error of ± 0.1972 and 0.9786 with the standard error of ± 0.05431 for auto
and manual counts respectively. With a low percentage error of these two methods, it can be
concluded that the automated method can be used with high confidence and reliability while
manual counts for verification can be done only when necessary.

6.5 Calibration curves
It is important to have a calibration curve with equation(s) to determine the level of radiation
damage during nuclear emergencies. As indicated in Section 6.1 above, a real life radiation
emergency will require a fit-function that yields radiation dose as a function of foci count, as
opposed to foci as a function of dose. This approach was taken in Figure 5-9 above and a
second order polynomial was fitted in each case to yield dose as a function of foci. It should be
noted that in a practical radiation emergency, it is more important to estimate low doses
accurately than high doses. The reason is that, in for instance the Fukushima accident, only a
very small number of radiation workers received high doses. Mainly it were two workers who
had to walk through radioactively contaminated water and thus received doses of about
500 mGy in their legs. Most other radiation workers received doses below 200 mGy. No one
received whole body doses in the range 500 – 1000 mGy. Furthermore, it is important to note
that all radiation workers carry radiation dosimeters and therefore the doses they received can
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be read off from these dosimeters. Therefore, there might be no particular need to calculate the
doses they received from their blood samples unless there is a suspicion of error reading or
faulty dosimeter.
On the other hand, thousands of members of the public received doses between zero and
20 mGy. Such people are also likely to not wear radiation dosimeters during the accident and,
therefore, the present technique to measure their received radiation dose from their blood
samples would be a very valuable tool. It is observed that the fits in Figure 5-9 are difficult to
physically read at low doses but seem reasonably accurate to physically read at high doses.
However, due to the large range of doses, the data at low doses are compressed so much by
the linear scale of the y-axis that it is impossible to discern the trend of the data or to verify
whether the fits represent the data accurately. Therefore, the data was further analysed and
graphs plotted in a manner that it would be easy to read. This would produce reliable equations
to be used when estimating the received radiation dose from recorded foci numbers at both low
and high doses.
The accuracy chart (Figure 5-11) shows that the automated system can be reliably used.
Therefore, to generate the calibration curves and corresponding equations, only the auto results
are used together with background corrected mean foci counts, as is shown in Table 6-1. This is
because the manual counts were for validation of the auto counts. Furthermore, manual counts
depend on the availability of the auto system; without the auto system, the manual counts are
not available.

Table 6-1: Parameters for the calibration curves
Mean
Foci
(Auto)

Mean Foci
(background
corrected)

0

0.557

0

10

1.142

0.585

25

1.335

50

Fit for
Ln(Dose)

Dose(Anti-Ln
of fit)

Fit for
Dose

3.674

39.40922792

0

2.302585

3.963507

52.64159179

12.07999

0.778

3.218876

4.056807

57.78950395

18.98284

2.017

1.46

3.912023

4.377712

79.65553552

54.97017

100

2.578

2.021

4.60517

4.63141

102.6586785

98.12163

200

4.038

3.481

5.298317

5.248195

190.2225633

267.7544

500

6.834

6.277

6.214608

6.254097

520.1393528

823.8256

1000

9.075

8.518

6.907755

6.894058

986.3964447

1488.842

Dose

Ln(Dose)
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As a first step towards accurately representing both low and high dose datasets, the data of
Figure 5-9 is plotted again in Figure 6-2 with a finer resolution and with a second-order
polynomial fit, which is forced to go through zero dose when foci is equal to zero (foci = 0). The
plots are only for the automatically generated background-corrected foci counts, which
will in the rest of this section just be called “Foci” for short.

Dose as function of Average background
corrected foci-Auto
1000
900

Dose (mGy)

800
700
600

Fit: Dose = 12.094*Foci2 + 11.664*Foci

500
400

Dose

300
200
100
0

0

1

2
3
4
5
6
7
Mean background-corrected foci/cell

8

9

Figure 6-2: Fit for dose as a function of average background corrected foci – auto

It is clear from this graph that the fit accurately represents the low doses up to 50 mGy. From 50
to 200 mGy it systematically underestimated the dose and in the region around 500 mGy it
substantially overestimated the dose. It thus appears that the 2nd order polynomial fit might not
be the best function with which to approximate the high doses.
In an attempt to also accurately represent higher dose data and to try and establish what
function might best approximate the doses, the same data is plotted in the next chart, but with a
logarithmic scale for the doses on the y-axis, as shown in Figure 6-3.
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Dose (mGy) (Logarithmic scale)

Dose as function of Average background
corrected foci-Auto
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6
7
8
Mean background-corrected foci/cell
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Figure 6-3: Single exponential fit for dose as a function of average background corrected
foci – auto, shown on a logarithmic scale.

The doses from 200 to 1000 mGy were fitted with a single exponential function on the linear
scale, i.e. with a straight line on the logarithmic scale. It is clear that this single exponential
function provides an almost perfect fit to the doses from 200 to 1000 mGy, but systematically
over estimates all doses below 200 mGy. From this it is clear that the data is complex: at high
doses the function Dose (Foci) approximates a single exponential function. However any
exponential function can, by definition never go down to zero mGy. Since the foci counts are
background corrected, a zero dose will by definition produce a zero foci count. Therefore, the
function with which the doses are approximated must by definition be able to produce a zero
dose for a zero foci count, which excludes single exponential functions. However, a second
order polynomial obviously can meet this requirement of yielding a zero dose at a zero foci
count. It is therefore possible that low dose data can better be represented by a second-order
polynomial, as was demonstrated for the linear scale chart above. It was therefore concluded
that better fits will be obtained if the data were to be split into low and high dose regions, with
separate fit-functions for each region.
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6.5.1 Calibration fit for low dose region (0-100 mGy)
The data in Figure 6-4 (Dose = 0 to 100 mGy) were fitted to a second polynomial
Y = A + B*X + CX2, where X = Foci and with A set to zero in order to force the fit through the
point Dose (Foci=0) = 0 mGy. This is required because, by definition, a zero applied dose
cannot produce any background-corrected foci. The following fit was obtained:
Dose = 0 + 9.2828 Foci + 19.43 Foci2
This fit is called the low dose fit, the low dose fit will, for practical purposes, be defined as the fit
for all background-corrected foci counts ≤ 2.021, which is the average foci count corresponding
to an applied does of 100 mGy. This fit, together with its equation, is shown in Figure 6-4.

Low dose calibration fit for dose
as a function of average foci
Radiation dose ( mGy )

100
90

Applied dose

80
70
60

Low dose= 2nd order
polynomial fit
to Dose

50
40
30
20
10
0
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

Background corrected foci
Figure 6-4: Second order polynomial fit for the radiation dose received, as a function of
the mean measured background-corrected foci per cell produced by the applied dose, at
low doses of 0 to 100 mGy, shown on a linear scale.

By means of inspection, it is clear that this function is a good fit to the low-dose data.
Comparison to Figure 6-2 shows that the previous problem, that the second order polynomial,
when fitted to the complete dataset, systematically underestimated the doses between 50 and
200 mGy, has now been solved. The fit now passes through the data points, instead of
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underneath them. This improvement in accuracy was obtained by doing the fit over the much
smaller data range of only 0 to 100 mGy and it is a perfect representative of the low dose range.
6.5.2 Calibration fit for high dose region (100-1000 mGy)
In line with the explanation for the low dose fit, the high dose fit will be defined as the fit for all
background-corrected foci counts > 2.021.
In Figure 6-3 above it was observed that an excellent straight line fit was obtained in the
logarithmic domain through the top three dose points (200, 500 and 1000 mGy), but that this
function strongly overestimated the lower doses. This problem was now addressed by
expanding the fitting range in the logarithmic domain to the top four doses (100, 200, 500, and
1 000 mGy) and by changing the fit function from a straight line to a second order polynomial, in
order to allow the curve to bend down at lower doses, as required by the data (See the results
in Table 6-1 above and Figure 6-5, which appears to be an excellent fit to the high dose data.).
The following fit function was obtained:
Ln (Dose) = 3.674 + 0.5035 Foci – 0.01473 Foci2

Figure 6-5: Fit of a second order polynomial for the Natural Logarithm of the dose, as a
function of mean foci per cell, at high doses (100 to 1 000 mGy).

6.5.3 Compound calibration fit for both low and high doses
This high-dose fit function from the previous section was extrapolated down to Foci = 0 and the
obtained logarithmic values were transformed back to linear data domain by taking the anti-Ln
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function:

Dose  eLn( Dose)  e3.6740.5035 Foci –0.01473Foci

2

Similarly the low dose fit of was extrapolated to the high dose region.
Both these extrapolated fits are shown in the linear domain in Figure 6-6.
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Background corrected foci
Figure 6-6: Extrapolated versions of the low-dose and high-dose fits, in the linear
domain, shown on a linear scale.

From Figure 6-6 it is clear that the data trends for the low and high dose regions differ
substantially. This evidence supports the decision to create a compound fit function, consisting
of separate fit functions at low and at high doses, as is shown in Figure 6-7 below. Therefore a
compound calibration curve was created, as shown in Figure 6-7 below. It consisting of
separate fit functions for the low-dose and high-dose regions:
If Foci  2.02 :

Dose  0  9.2828Foci  19.43Foci2

If Foci  2.02 :

Dose  e3.674 0.5035Foci –0.01473Foci

2
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Compound calibration fit:
Dose as a function of average foci
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Background corrected foci
Figure 6-7: Compound fit function for the calibration curve for the received dose, as a
function of the measured average foci counts over all donors, shown on a linear scale.
The compound function combines the separate fits for the low- and high-dose regions.

From inspection, it is clear that this compound function provides an excellent fit to the data in
that the previous challenges with systematic over or under estimation of the data at low or high
doses, as was seen in Figure 6-2 and Figure 6-3 has now been resolved.
By definition, when doing the analysis in real life, the foci count obtained from the sample will
determine whether the fit function for the low dose ( Foci  2.021)

or the high dose

( Foci  2.021) region should be used to estimate the received radiation dose.
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The following formal equation for this compound calibration function was set up in
Excel:

Dose “=IF(Foci<=2.021, (+ 9.283*Foci+ 19.43*Foci^2),
EXP(3.674 + 0.5035*Foci-0.01473*Foci^2))”
Where the term Foci in the present formula was replaced by the cell reference of the particular
foci count in the actual Excel formula. This function thus automatically selected the low dose
calibration fit for foci ≤ 2.021 and the high dose calibration fit for all higher foci counts.
6.5.4 Error of the average dose for the compound calibration function
Figure 6-8 below shows the percentage relative errors for the estimates of the average received
dose from the compound fit function, as a function of the actual applied doses, for the data that
was shown in Figure 6-7 above.

Dose Error (%)

Relative error of the average dose estimates of the
compound fit, as a function of applied dose
25%
20%
15%
10%
5%
0%
-5%
-10%
-15%
-20%
-25%

Compound
fit error(%)

0

100 200 300 400 500 600 700 800 900 1000

Applied radiation dose
Figure 6-8: Percentage relative error of the average dose estimates from the compound
calibration fit function, as a function of the applied radiation dose.
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For the very low doses, large and greatly fluctuating fractional errors were obtained for the
received doses, estimated with the compound fit function, i.e. +21% for an applied dose of
10 mGy and -24% for 25 mGy. At higher doses the fit becomes much more stable in that the
error percentage fluctuates between -5% and +10%. While the fractional errors of +21% and 24% at the low doses might seem alarmingly large, it should be remembered that the Linear
No-Threshold (LNT) dose response model predicts low incidences of inducing cancers at low
doses and high incidences at high doses. Since the predicted risk is very low at very low doses,
a large fractional error in the estimates of very low doses should thus imply only a very small
uncertainty in the absolute doses and thus in the absolute risks and should thus not be seen as
cause for serious concern. This situation should thus be preferred, rather than the opposite
situation of low fractional errors at very low doses and high fractional errors at the intermediate
doses above this range.
It should further be noted that the zero relative error at a zero applied dose should not be
interpreted as proof of absolute accuracy at extremely low doses. It should rather be
remembered that the fit function was by definition forced to artificially go through the point of
zero dose for a zero average background-corrected foci count. However, in a real-life situation,
there will be considerable statistical fluctuations between the foci counts for all individuals that
received zero radiation dose, and therefore the estimates for their individual received doses will
fluctuate substantially around zero and considerable errors can thus be expected, as will be
shown in the next section.
6.5.5 Variations in the individual dose estimates from the compound calibration function
The analysis above average dose estimates, averaged over all six donors, were obtained by
applying the compound calibration function to the average background-corrected foci count, for
each applied dose. However, in the present section, this same calibration function was also
applied to each individual donor’s foci count, to produce individual estimates for the received
doses. Although the same doses were actually applied to all six donor samples, for each
dose-case, substantial variations were obtained between the measured individual foci counts,
as was shown in Table 5-1. This resulted in substantial variations, i.e. errors, in the estimated
received doses for each of these individual donors, as is shown in Table 6.2, Figure 6-9, Figure
6-10, Figure 6-11 and Figure 6-12 below. The error is defined as:
Error = Estimated dose – Applied dose
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Table 6.2: Error table for dose estimates from the compound calibration fit for all donors
Measured
doses
for:
Applied
dose
(mGy)
0
10
25
50
100
200
500
1000

Donor 1
(mGy)
-1.1
14.4
11.7
29.8
83.1
154.0
348.2
853.6

Donor
2
(mGy)
2.2
28.9
53.2
117.8
112.2
244.6
543.1
1156.6

Donor
3
(mGy)
-1.1
3.6
3.0
52.6
89.7
154.6
579.8
876.7

Donor
4
(mGy)
2.7
5.7
20.0
43.3
115.2
193.5
581.6
724.6

Donor
5
(mGy)
-0.7
23.8
23.4
53.2
62.7
214.4
1175.6

Donor
6
(mGy)
2.7
5.7
18.0
43.3
115.2
193.5
581.6
1189.2

Root Mean
Square
(RMS)
error of
compound
fit
(mGy)
1.9
10.4
16.0
29.2
20.0
32.8
94.4
184.2

Measured Dose (mGy)

Variations in measured dose-estimates
between all six donors
1200

Don1: Bgc.
foci-Auto
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Don2: Bgc.
foci-Auto

800

Don3: Bgc.
foci-Auto

Fractional
Root Mean
Square (RMS)
error of
compound fit
(%)
103.6%
63.9%
58.3%
20.0%
16.4%
18.9%
18.4%
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Figure 6-9: Variations in measured dose-estimates between all six donors, obtained from
the compound calibration curve (Table 6.2), as a function of the actual applied dose.
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Figure 6-10: Root Mean Square (RMS) error of the individual dose-estimates from the
compound fit function for all six donors, as a function of the applied dose.

In Figure 6-11 below the same data from Figure 6-10 is used, but the chart now zooms in only
on the low dose region up to 200 mGy. The reason is that the low dose region is very important,
as has been explained above, and is not clearly visible in the chart over the full dose range.
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Measured Dose Error ( mGy )

Root Mean Square (RMS) error of the
individual dose estimates, for low doses
35
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Figure 6-11: Root Mean Square (RMS) error of the individual dose-estimates from the
compound fit function, for all six donors, as a function of the applied dose, for the low
dose region.

The RMS error of 1.8 mGy at a zero applied dose is the smallest of all the errors and might thus
seem insignificant. However, as the RMS Error for a normal distribution is equal to one
Standard Deviation (SD) and since the average  one SD include two thirds of the data points,
it can be suggested that one sixth (i.e. 17%) of the data points will be larger than the average
+ one RMS Error. This implies that if a whole population is exposed to zero dose, the present
measurement technique will produce the false result that 17% of them received a dose > 1.8
mGy. Since the maximum allowed dose to the public, caused by a nuclear plant under normal
circumstances, is 1 mGy, it means that 17% of this population will receive the false result that
they received almost twice the legal dose limit. It is easy to see how such a false result could
produce a panic in this population, and that while all of them actually received a zero dose.
Therefore this seemingly small error at zero dose is actually unacceptable.
In Figure 6-12 below the same RMS Error data from Figure 6-10 is reused, but the chart now
displays RMS errors as percentage fractions of the applied doses, rather that the absolute
values of these errors. Obviously the zero applied dose case was then removed from the chart,
as a fraction of zero is undefined. The reason for switching to fractional errors is again the
importance of the low dose region. Figure 6-10 shows that the absolute errors in the low dose
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range are much smaller than in the high dose region and thus create the impression that the
errors in the low-dose region are unimportant.
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Figure 6-12: Fractional Root Mean Square (RMS) error of the individual dose-estimates
from the compound fit function, as a function of applied dose.

It will be remembered from Figure 6-8 above that the compound function produced dose
estimates that gave a reasonably accurate fit to the average data over all six donor samples,
with fractional errors of +21% at 10 mGy and -24% at 25 mGy. However statistical fluctuations
in the foci counts for the individual donors introduced much larger fractional RMS errors in the
individual dose estimates, shown in Figure 6-12. This error dropped monotonously from 104%
at 10 mGy to 20% at 100 mGy and then fluctuates between 16% and 19% for higher doses. In
view of the said importance of the low-dose region, these large percentage errors are
unacceptable and cannot be neglected.
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6.5.6 Was a peak or plateau observed in the foci counts?
The original fit of a second order polynomial for the measured foci counts, as a function of the
applied radiation dose, produced a peak in the foci between 500 and 1000 mGy. However, in
Par. 6.1 above it was argued that this original fit was inappropriate and that the said peak was
not observed in the measured foci count and that the peak in the fit was probably due to the
inappropriateness of a second order polynomial as a fit function for the observed data.
Therefore, the data were inverted and the fit for foci as a function of dose was replaced with a
compound fit for dose as a function of foci (Par. 6.5.3 to 6.5.5 above). The fit for the highdose ( >100 mGy) range , where a peak or plateau in the foci counts could conceivably appear,
was a second order exponential of the form:
If Foci  2.02 :

Dose  e3.674 0.5035 Foci–0.01473 Foci

2

The question of whether this new fit disproves the peak in the original fit will now be addressed.
In order to make the two fits comparable, the chart for the new fit for dose as function of foci
was inverted to yield the original background-corrected foci as a function of applied radiation
dose, as shown in Figure 6-13 below.
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Figure 6-13: Inversion of fit-function: Average measured background corrected foci as a
function of the applied dose, shown on a linear scale.
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It is firstly clear from inspection that:


This new compound fit approximates the measured foci counts much better, over the
entire dose range, than the original fit shown in Figure 5-7 above.



The trend in the foci data is clearly different in the dose ranges zero to 100 mGy and 100
to 1000 mGy and therefore the decision to use separate fit functions for these low- and
high-dose regions was well justified by the data.



A peak was not observed in the foci counts: neither in the measured data nor in the new
compound fit. It should however be noted that the choice of fitting a second order
exponential function for dose as a function of foci precluded a peak in the inverted curve
of foci as a function of dose, as this would have required that the fit for dose as a
function of foci should have gone vertical and then curled back on itself, which is by
definition not possible.



A plateau was also not observed in the foci counts: neither in the measured data nor in
the new compound fit. In this case the choice of fitting a second order exponential for
dose as a function of foci did not preclude a plateau in the inverted curve of foci as
function of dose, as this would only have required that the fit for dose as function of foci
should have gone virtually vertical, which is indeed possible for the second order
exponential. In fact the high-dose part of the compound fit for dose as function of foci in
Figure 6-7 did in fact start to curl upwards, with a possibility of perhaps approaching a
vertical slope at a dose substantially above 1000 mGy. However below 100 mGy its
slope was clearly much less steep than vertical, which explains why a plateau was not
seen in its inverted curve of foci as a function of dose.
The observed data and especially the fit does not exclude a plateau, but suggest that, if
it will be reached, this will only happen substantially above 1000 mGy.

It should be remembered that the proper aim of fitting functions to data should not be about
been creative in the sense of producing peaks or plateaus in the fits that are not present in the
measured data, but rather to smoothly and accurately represent those features that are indeed
present in the measured data. By this is meant that if a peak or plateau were observed in the
measured data, the appropriate fit would then have been the one that reproduced and
represented such a peak or plateau the best.
By this logic the final arbiter of whether a peak or plateau is indeed present in the high-dose part
of the curve for foci as a function of dose should be the measured data. As has been discussed
in more detail in Section 6.1, it is indeed possible that a peak or plateau might have appeared
between 500 and 1000 mGy. However, the only way to establish for certain whether this did or
did not happen would have been to insert multiple measurements between these two extreme
data points. Since this has not been done, it is impossible to exclude a peak or plateau with
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certainty. Inserting more measurements in the high dose range could thus make an important
part of a future follow-up study.

7. Conclusion and Recommendations
A compound calibration fit function for the received dose, as a function of the automatically
measured background-corrected foci count in exposed blood samples, was created. It
consisting of separate fits for the low-dose and high-dose regions and produced dose estimates
that gave a reasonably accurate fit to the average data for the six donor samples, with fractional
errors of +21% at 10 mGy and -24% at 25 mGy. At higher doses the absolute value of this error
dropped to less than 5%. However statistical fluctuations in the foci counts for the individual
donors introduced much larger Root Mean Square (RMS) errors in the individual dose
estimates. This error started at a large 104% at 10 mGy and then dropped monotonously from
to 20% at 100 mGy and then fluctuates between 16% and 19% for higher doses.
Therefore, it can be concluded that the automated scoring system may be used as a reasonable
reliable tool for assessing the average frequency of ionising radiation-induced γ-H2AX foci in
groups of exposed individuals, and from this to deduce the average radiation dose received by
the group, via the said calibration function. These results confirm the efficiency of the automated
γ-H2AX foci assay for fast population triage in South Africa in the case of large radiation
accidents.
A peak or plateau in the measured foci counts at high doses was not observed. However the
accuracy of this finding was limited by the fact that no other measurements, between or above
the two top doses of 500 and 1000 mGy were made. Therefore it is possible that future
follow-up studies with more measurements in this high dose range might reveal such features.
From the accuracy of the average dose estimates, it is concluded that automated counting of
γ-H2AX foci in peripheral human blood lymphocytes may be useful for biodosimetry. A clear
indication of an increase of foci formation with an increase in dose and its ability to detect
damage at very low doses of the order of 10 mGy makes it a suitable candidate for exposure
dose assessment in case of a nuclear emergency (Prasanna PGS et al, 2004:1120 and
Rothkamm et al, 2007:19).
This has been obtained from the results of this study and it can also be concluded that, based
on these results, the technique is suitable for average dose assessment of exposed individuals.
Validation of automated results with manual counts showed a good correlation and a low
percentage difference in dose. For this reason, this technique is found to be suitable, while it
obviates the 48-hour cultivation period.
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Scenario
For an accident involving about 100 people, using the faster immunostaining
technique and having manpower to prepare samples in a laboratory (~10
technicians), it will take a maximum of 10 hours to have the slides ready to be
scanned.
The Metasystem takes 8 slides at a time, and using the best classifier to scan
about 200 cells will take 30 minutes per slide. This translates into 4 hours to get a
result for 8 people, therefore approximately 50 hours to scan 100 slides. This
basically means the results for a total of 100 people will be known within 2 days.
From the scenario mentioned above, these results confirm the efficiency of the automated
γ-H2AX foci assay for fast population triage in South Africa in the case of large radiation
accidents. This assay will be most valuable during a population triage as it is relatively fast and
is able to identify groups of victims that are overexposed or not exposed effectively. This makes
the γ-H2AX foci assay a good candidate for use in triage based on the findings of this study.
It is also recommended that repair kinetics be investigated for a full realisation of the potential of
this assay as a biodosimetry tool as there is a concern about the disappearance of the foci with
time after exposure. The results will be useful for constructing calibration curves with different
times after exposure. The time between exposures to ionising radiation and blood sampling
must therefore be known to be able to relate the foci yield to the repair kinetics dose curve. In
practice, these times may allow the collection of blood samples from victims in the event of
accidental exposure. There are still a number of development studies that can be done in order
to confirm the use of this assay as a tool for biological dosimetry.
For the purpose of this study, it can be concluded that the assay is working for iThemba LABS,
Cape Town and is available for automation. The current data suggest that the automated
system for detecting γ-H2AX foci can be applied as a biological dosimetry tool for triage in the
event of a radiation incident, and form the basis for further investigations towards consolidating
the strengths of the system. Also, the compound calibration function of Section 6.5.3 can be
used presently to estimate the dose of exposure to individuals after obtaining the foci count of
that particular individual.
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8. Suggestions for Future Study
The effects of high and acute doses of ionising radiation are easily observed and quantified in
humans. However, the effects of low doses are not easily observed and quantified. Presently,
there is an ongoing debate concerning the possibility of beneficial effects of low doses of
ionising radiation (hormesis) to humans, as well as the possibility of a threshold in the human
dose response curve for radiation-induced cancer, which may significantly reduce the assumed
risk posed by low radiation doses. It is assumed that both these phenomena would be driven by
repair kinetics. Therefore, if repair kinetics could be accurately measured with this technique, it
could also be used for experimentation with hormesis and a possible threshold for the linear
dose response curve. Based on the sensitivity of the γ-H2AX technique, the ability to detect
ionising radiation-induced Foci at very low doses and foci disappearance with time of exposure,
it is proposed that the technique be used to study the rate of damage repair in order to be able
to investigate the possible mechanisms of radiation hormesis and radiation response
thresholds.
Also, the technique can be applied to investigate the radiosensitivity of individual patients
undergoing radiation treatment. The foci formation frequency can be quantified before the start
of the treatment, after the first dose of treatment, and following fractionation treatment. This
should be followed up by monitoring of the patient’s response to treatment. Information such as
age, gender, occupation, and lifestyle of an individual will be useful when comparing the
sensitivities of individuals in order to reach conclusions and make recommendations.
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