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ABSTRACT

Diagnostic and therapeutic radiation technology has developed dramatically in recent years, and its use has increased
significantly, bringing clinical benefit. The use of diagnostic radiology has become widespread in modern society,
particularly in paediatrics where the clinical benefit needs to be balanced with the risk of leukaemia and brain cancer
increasing after exposure to low doses of radiation. With improving long-term survival rates of radiotherapy patients
and the ever-increasing use of diagnostic and interventional radiology procedures, concern has risen over the long-term risks
and side effects from such treatments. Biomarker development in radiology and radiotherapy has progressed significantly in
recent years to investigate the effects of such use and optimise treatment. Recent biomarker development has focused on
improving the limitations of established techniques by the use of automation, increasing sensitivity and developing novel
biomarkers capable of quicker results. The effect of low-dose exposure (0-100 mGy) used in radiology, which is increasingly
linked to cancer incidences, is being investigated, as some recent research challenges the linear-no-threshold model.
Radiotherapy biomarkers are focused on identifying radiosensitive patients, determining the treatment-associated risk and
allowing for a tailored and more successful treatment of cancer patients. For biomarkers in any of these areas to be
successfully developed, stringent criteria must be applied in technigques and analysis of data to reduce variation among
reports and allow data sets to be accurately compared. Newly developed biomarkers can then be used in combination with
the established techniques to better understand and quantify the individual biological response to exposures associated
with radiology tests and to personalise treatment plans for patients.

Research into the identification of biomarkers of radiation
exposure is an emerging and developing area with multi-
ple possible benefits for patients, doctors and the general
public. A radiation biomarker is a biological entity that
changes after exposure to radiation, allowing exposed in-
dividuals to be identified and, with some biomarkers, a
dose to be estimated. There are different types of bio-
markers, including chromosome aberrations, protein ex-
pression or gene expression. Some can measure accurately
the dose received, while others can only indicate if a dose
was received. Biomarkers can help clinicians manage treat-
ment for a patient exposed accidentally to the wrong radi-
ation dose or on purpose through radiotherapy. They may
be able to predict the treatment response of a tumour and
estimate the risk of acute or late effects in normal tissues.
Biomarkers can also identify the dose received by the pa-
tient in a full or partial body exposure. Such information
can help inform the necessary medical treatment plan for
the patient, and it may also identify patients with a high

likelihood of developing cancer in the future so that regular
monitoring can be set up.

BIOMARKERS OF IONISING RADIATION

Tonising radiation (IR) is well known for the production
of a range of deoxyribonucleic acid (DNA) damages, critical
of which are DNA double-strand breaks (DSBs). Misrepair of
these breaks can produce many different types of chromo-
somal aberrations, such as terminal deletions, translocations,
ring chromosomes and, what is considered the most specific
aberration for radiation exposure, dicentric chromosomes. As
peripheral blood is a rapidly and easily accessible source of
sample, most studies use whole blood isolated lymphocytes
or lymphocyte subsets in assessing radiation response. Given
that lymphocytes circulate throughout the body, partial ex-
posure can still be determined using this cell type. Although
a number of the techniques described can be used for other
cell types, such as skin fibroblasts and buccal epithelial cells,
the use of lymphocytes is what we will focus on in this review.
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Cytogenetic techniques are well established for biodosimetry
purposes and can be used for analysis of recent unstable aber-
rations (dicentric, micronucleus assay) or stable aberrations of
past radiation exposure [translocation analysis using fluorescence
in situ hybridisation (FISH)]. Owing to their time-consuming
scoring requirements, developments in automating the estab-
lished techniques are under way, and faster techniques, such as
measuring protein and gene expression, are being developed.
This is mainly for the rapid triage of patients and management
of a mass casualty situation. With the increased use of radio-
logical equipment for medical procedures, such as CT scanning,
positron emission tomography and nuclear medicine, bio-
markers are also being used to assess their long-term health
risks.

CYTOGENETIC TECHNIQUES

Dicentric assay

Dicentric aberrations occur from the misrepair of DSB ends on
two different chromosomes, resulting in a chromosome with
two centromeres and an acentric fragment (Figure 1). The
dicentric assay measures the presence of these aberrations in
lymphocyte metaphases. Dicentrics decrease over time post ex-
posure, as lymphocytes are renewed with a half-life of approx-
imately 3 years. Figure 2 illustrates the persistence of this and
other biomarkers over time. This technique is therefore suited
for recent exposures, with blood samples ideally taken within
4 weeks of exposure. It involves a cell culture time of 48 h and
addition of colcemid to block mitosis, allowing visualisation of
the dicentrics during metaphase. The dicentric assay is con-
sidered to be the gold standard of biodosimetry techniques,
supported by the International Organization for Standardization
[1,2]. The success of the dicentric assay as a biomarker is be-
cause of the fact that it is radiation specific and has a low
spontaneous frequency. This allows accurate estimation of doses
down to 0.1 Gy [3]. Although factors such as age and gender
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have been shown not to affect the baseline or radiation-induced
yields of dicentrics, it is important to establish individual
dose-response calibration curves for each radiation quality [4].
The assay can also be used to assess partial body exposure where
a part of the body may be exposed to a high dose of radiation,
leaving other parts unexposed. This results in an overdispersed
or a non-Poisson distribution of dicentrics in the scored meta-
phases. Two calculations, Dolphin’s contaminated Poisson or
Sasaki’s Quantity of Dicentrics and Rings, take the non-Poission
distribution of dicentrics into account and therefore can provide
a partial body fraction size and dose estimate [3]. A waiting
period of 24h must be used until blood is taken to allow
complete mixing of the irradiated with the non-irradiated cells
in the lymphoid system. Its limitation is that it takes more than
51h for sample preparation alone, and scoring of 500-1000
metaphase spreads must be carried out by a trained cytogenet-
icist, which is time consuming. In case of a mass casualty situa-
tion, the number of metaphase spreads could be reduced down to
50. Although this means a reduced sensitivity of 0.5 Gy, it has
been shown to provide enough information for the triage of
mass casualties [5]. Also, recent work has shown that an auto-
matic dicentric detection system produces a three-fold higher
throughput than manual scoring, with comparable dose estimates
for both whole and partial body exposure [6].

The micronucleus assay

Micronuclei are extranuclear spheres composed of acentric chro-
mosome fragments or whole chromosomes that are left behind
in the cytoplasm after mitosis. The cytokinesis-blocked micro-
nucleus (CBMN) assay technique was developed in 1985 when
Fenech and Morley introduced cytochalasin-B to lymphocyte
cultures, effectively blocking cytokinesis and allowing identifica-
tion of micronuclei and binucleated cells. Micronuclei are not
radiation specific. They can occur spontaneously, generally con-
taining whole chromosomes. Contributing factors include age,

Figure 1. Cytogenetic techniques covered in this review. After irradiation, cytogenetic assays are used to visualise different types of
chromosome damage, dicentric, nucleoplasmic bridge, micronucleus, ring chromosome, acentric fragment and translocation. FISH,
fluorescence in situ hybridisation; Go. resting phase; G,, interphase gap 2; PCC, premature chromosome condensation.

Micronucleus assay

nucleoplasmic bridge \’:.\

Dicentric assay %

micronucleus

FISH assay

dicentric x translocation
%

ring —Pg/v

acentric fragment

G, cell fusion PCC assay

mitotic chromosomes

e
PCC chromosomes—p 2/} xxx

0 ;‘ «—PCCfragments

PCCring

G, chemically induced PCC assay

RoX
g X
* 0 < 4—acentric fragment
dicentric ring

2 of 11 bjrbirjournals.org

Br J Radiol;:86:20130173


http://bjr.birjournals.org

Invited review article: DNA damage-associated biomarkers of ionising radiation

Figure 2. Induction and persistence of different deoxyribonu-
cleic acid damage-associated biomarkers in peripheral blood
lymphocytes following ionising radiation exposure. dics, dicentrics;
MN, micronucleus; PCC, premature chromosome condensation.
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gender, diet and chemicals, which produce a variable back-
ground level and a higher threshold of detection for low doses
ranging from 0.2 Gy to 0.3 Gy [3]. Recent work has improved
on this limitation by utilising the fact that spontaneous micro-
nuclei are generally composed of whole chromosomes, in
contrast to radiation-induced micronuclei that develop from
acentric chromosome fragments. Use of the FISH pan-centromere
probe has allowed separation of micronuclei into centromere-
positive spontaneous micronuclei and centromere-negative
IR-induced micronuclei. It has been shown that an increase of
micronuclei with dose is dependent on centromere-negative
micronuclei [7,8]. This inclusion of centromere staining into the
assay produced a lower detection limit of 0.1 Gy and, therefore,
a more sensitive assay. Another measurement included in the
assay is the nucleoplasmic bridges (NPBs) that are thought to be
linked to dicentrics. The inclusion of NPB scoring in the CBMN
assay is useful because it has low background frequency in
contrast to the high background level of micronuclei, and
therefore produces a more sensitive technique [9]. When com-
pared with the dicentric assay in the accident in Istanbul, Turkey,
where 10 workers were exposed to a Co-60 source, the micro-
nucleus assay produced similar dose estimates [10]. A recent study
involving 22 patients with rectal cancer showed no significant
difference between the dicentric assay and the micronucleus assay
after radiochemotherapy [11]. In terms of a diagnostic tech-
nique, scoring for the CBMN technique is quick, simple and
can be automated for use in a mass casualty situation [12,13]:
a distinct advantage over the dicentric assay, which is a time-
consuming process requiring expert personnel. Automation, how-
ever, does not include centromere-negative micronuclei or NPB in
its scoring: features that increased its sensitivity in biodosimetry
[14]. Although it is suggested as an alternative for the dicentric
assay, one major limitation with the CBMN assay in its use as
a diagnostic tool is that it can only estimate the average total body
dose and cannot be used for partial body exposure.

Premature chromosome condensation

The premature chromosome condensation (PCC) technique was
first established by Johnson and Rao [15] and later developed
for biodosimetry by Pantelias and Maille [16] when they fused
interphase lymphocytes with mitotic cells, causing the chromo-
somes in the lymphocytes to condense prematurely. Chromosome
condensation can be achieved by either fusion of interphase cells

with mitotic cells, known as fusion-based PCC, or drugs such
as okadaic acid or calyculin A, allowing aberrations such as
chromosome breaks, resulting in excess PCC fragments, to be
visualised quickly after exposure to radiation. Since cell culture
is not required, the slide preparation process is much quicker
than with the dicentric or micronucleus techniques at just 3h
for fusion-based PCC. Technical difficulties still remain with
the fusion-based technique, and therefore it is not commonly
used. Fusion can be achieved with either a virus or a fusing agent,
such as polyethylene glycol (PEG), with associated problems
such as monitoring of PEG concentrations, molecular weight
and exposure time and the need for a virus handling approved
laboratory [17].

For drug-induced PCC, lymphocytes need to be stimulated and
cultured for 2 days to induce the expression of mitosis pro-
moting factor, without which the drug cannot induce chromo-
some condensation. Scoring is still time consuming; however,
automation systems are being developed. The use of FISH probes
has been incorporated into the PCC assay, allowing the scoring
of dicentrics [18] and translocations and producing a much
more versatile assay. The PCC technique differs from the other
cytogenetic techniques in that it does not require cells to enter
mitosis, and therefore cells damaged from high doses are not
subject to apoptosis or, more importantly, cell cycle arrest,
which would prevent metaphase formation of the most severely
damaged cells and result in the underestimation of the total
dose. This allows large doses (>5 Gy) to be estimated in com-
parison with the dicentric and micronucleus assays that work
best at doses below 5 Gy owing to the saturation effect from high
doses. PCC can score chromosomal rings in cases of high ex-
posure, such as victims of the Tokaimura accident exposed to
lethal doses [19], where it has been shown to be more effective
than dicentric scoring [20]. Thanks to the avoidance of cell cycle
delays and higher yields of scorable aberrations, this technique
also has advantages over the dicentric assay in partial body
exposure dosimetry [21] and in elderly or immune-compromised
patients, and it can produce results quicker than the dicentric
assay [17].

Fluorescence in situ hybridisation

The techniques discussed so far are best used for determining
dose estimates within weeks to months after radiation exposure,
as the aberrations scored are unstable and disappear with cell
turnover (lymphocytes have an average half-life of 2—4 years).
FISH, however, detects stable aberrations such as translocations
that are present in circulating lymphocytes years after exposure,
as they can be passed on from irradiated stem cells to descen-
dant lymphocytes [22,23]. Translocations involve the exchange
of chromosomal segments between two different chromosomes.
FISH paints one or more chromosomes using a chromosome-
specific library of DNA probes with a fluorochrome attached,
allowing the translocations to be visualised by fluorescence mi-
croscopy. Usually, three of the large chromosomes (chromosomes
1-12) are painted with one colour, with the rest only counter-
stained with a fluorescent DNA dye. Using this approach, around
30% of all translocations are detected as bicoloured chromosomes
[3]. Pancentromeric probes can also be incorporated into the
technique to distinguish translocations from dicentrics [24]. A
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formula developed by Lucas et al [25] allows this detection of
translocations to be scaled up to represent the full genome with
near identical results in comparison to G-banding. This tech-
nique is used mainly on epidemiological study groups such as
the A-bomb survivors, where the dicentric assay can no longer
be useful, and radiation workers to analyse lifetime exposure, or
as a follow-up on exposed individuals when assessing cancer
risk. To ensure that the aberration will be persistent, only stable
cells should be scored; these are cells without dicentrics, acen-
trics or centric rings [26]. Two factors that contribute signifi-
cantly to background levels are age and smoking [27], with the
baseline frequency of translocations and minimum detectable
dose increasing linearly with age [28]. The detection limit of
several hundred milligrays for individual cases can be lowered to
<50 mGy by studying cohorts such as that used by Bhatti et al
[29] by combining three studies on 362 radiologists and airline
pilots. The technique is the most time-consuming biodosimetry
technique by far, taking more than a week to produce results,
and typically involves the scoring of about 3000 cells [3]. How-
ever, since it looks at retrospective exposures, the need for
quick results is not vital.

PROTEIN TECHNIQUES

IR causes different types of DNA damage, such as base damage,
single-strand breaks and DSBs, which are considered the most
lethal and more specific for IR than most other lesions. Different
techniques have been developed to measure DSB formation, such
as neutral elution, pulsed field electrophoresis and comet assays;
however, none is as sensitive as the y-H2AX assay. On formation
of a DSB, a variety of repair proteins accumulate at the break
site, such as ATM, Rad51, 53BP1 and the MRN complex, which
consists of Mrell, Rad50 and NBS1. The histone H2AX is
phosphorylated within seconds to form +y-H2AX, reaching
a peak at around 30 min [30]. The foci that form can be used
to quantify DNA damage through antibody staining and
immunofluorescence microscopy within a few hours after
receiving a blood sample. The H2AX foci assay is the most
sensitive method for detecting DSBs and can reach a lower
detection limit of 1 mGy [31]. This is only achieved when pre-
irradiation H2AX levels are known, as there is variation between
individuals and cell types. Therefore, this method is suited more
for planned exposures such as diagnostic radiology [32] or ra-
diotherapy [33]. As a biodosimetry technique, it is useful im-
mediately after exposure, as foci levels peak at <<1h but then
decline within days [34]. Developments have been made to in-
crease speed and throughput of results by measuring y-H2AX
intensity instead of scoring the number of foci [35], but this, as
with most automated techniques, results in lower sensitivity. As
this technique is mainly useful within hours of exposure, a re-
cent study has aimed at developing a portable fluorescence
spectrometer for use in triage of exposed individuals [36]. Other
protein biomarkers not associated with DNA damage induction
and signalling include C-reactive protein and serum amylase;
however, they have limitations, such as interindividual varia-
tion, lack of specificity, and they cannot discriminate between
partial and total body exposure [37]. They are used in con-
junction with other techniques in clinical monitoring rather than
as a principal biodosimetry technique; and for this reason, they
will not be discussed in detail in this review.
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GENE EXPRESSION TECHNIQUES

Gene expression has been investigated as an alternative tech-
nique that could produce results within hours. Gene expression
analysis is considered mainly for rapid triage of individuals in
a mass casualty situation where the priority is not to give an
exact dose estimate but to separate the exposed from the
“worried well” as quickly as possible. Following irradiation, the
DNA damage response is activated with the expression of nu-
merous signalling pathways. Genome studies have shown that
the genes affected by radiation play a role in many processes,
such as DNA repair, cell cycle checkpoints and/or apoptosis
[38,39]. The use of microarray analysis of gene expression fol-
lowing IR exposure has produced hundreds of possible genes of
interest. Gene expression varies depending on the dose, dose
rate, cell type, type of radiation exposure and time after expo-
sure. It was shown that the genes up-regulated at different times
of 6h, 24h and 7 days have <20% overlap [40]. A long-term
study of lymphocytes at 2, 7 and 55 days showed up to only five
genes in common from the acute- to late-stage responses [41].
Different genes have also been shown to be up-regulated at low
doses in comparison with high doses [42]. At low doses, a gen-
der effect is also seen to influence the gene expression [40]. It is
therefore likely that any tailor-made array will need to consist
of a panel of dose-response and time-response genes. Gene
expression studies so far have been able to identify irradiated
subjects from non-irradiated subjects at doses down to 50 cGy
and with an accuracy of 100% for mice and 90% for humans
[43]. This dramatically dropped to 61% in patients who pre-
viously received chemotherapy, a problematic factor with this
approach. There are a few consistently up-regulated genes, FDXR,
CDKNIA, PUMA, PHPTI, SESNI and GADD45, identified in
microarray studies that have been followed up extensively by the
more sensitive and reproducible quantitative polymerase chain
reaction (QPCR) technique, which can produce data within
hours [38,44—47]. A linear dose-reponse has been observed by
reverse transcriptase-QPCR from doses 1-3 Gy [47] and 0.54 Gy
[48]. A recent study by Manning et al [49] has illustrated the
potential of gene expression to be used in the triage of patients
by using dose—response curves to identify blood samples exposed
to a low (5-100mGy) or high (0.5-4 Gy) dose of irradiation.
Although these results are encouraging, larger population studies
must be carried out to assess the variation in response for dif-
ferent genes.

A quantitative nuclease protection assay has been developed
that distinguishes exposed from non-exposed individuals from
as little as 30 wl of blood, which would be collected from a
fingerstick in a mass casualty situation [50]. The nuclease pro-
tection assay uses nucleic acid hybridisation and nuclease di-
gestion of non-hybridised RNA to selectively detect and quantify
individual RNA molecules, without the need for PCR amplifi-
cation. The small sample volume and turnaround time of <12h
are attractive features of this assay that would be used for the
triage of patients rather than accurate dose estimation. Suc-
cessful detection of partial body exposure has been reported with
an accuracy of 79-100%, a vital property of a diagnostic tech-
nique in accidental cases [51]. High throughput can be achieved
through multiwell arrays that are widely available commercially.
Robotics introduces its own source of variability from dispensing
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very low volumes in these high throughput systems. Although
the accuracy is not 100%, it is consistently high in comparison
with technical day-to-day variability when done by hand. Multi-
plexing in real-time QPCR reactions using four dyes or more has
increased the throughput of samples, as well as reducing cost and
labour, paving the way for the possible use of this technique in
a clinical setting [47]. A widespread issue that must be addressed
is the variability among experiments using QPCR. Huge vari-
ability can be introduced at multiple steps in the QPCR process,
such as cell subpopulation differences [52,53], storage, RNA
isolation, reverse transcription, PCR conditions and data analysis
[54]. A need to clarify these variations by publishing detailed
methods was set out in the MIQE guidelines: minimum in-
formation for publication of quantitative real-time PCR experi-
ments [55]. This has also been advised for microarrays [56].

BIOMARKERS FOR DIAGNOSTIC AND
INTERVENTIONAL RADIOLOGY

X-rays are an established diagnostic tool in medicine, being used
for more than a 100 years. Owing to the low doses being used,
these techniques are considered acceptable when clinical benefit
is clear and their use is widespread. The use of X-rays and di-
agnostic equipment has developed enormously in the last decade,
with the biological and individual effect of irradiation still being
investigated. There is now mounting epidemiological evidence
that links low doses to cancer incidences [57].

CT has become an increasingly widespread diagnostic tool in
the last decade. It is quick, accurate and very user-friendly. Even
though it is often the method of choice, the associated organ
doses are much larger than those obtained for conventional
radiography, such as mammography or chest radiography [58].
One of the largest areas of increased use of CT has been seen
for paediatric diagnosis. CT has established itself as the main di-
agnostic tool for appendicitis, replacing ultrasonography [59].
Children are inherently more sensitive than adults to radiation,
and they have more years of life in which cancer may develop
[58]. Its increased use is therefore of great concern, and many
studies have linked cancer occurrence to radiation exposure
in children [60,61]. To study the effects of low-dose exposure,
v-H2AX scoring is widely used, as it is sensitive to doses as low
as 1 mGy. A dose-dependent linear increase in y-H2AX foci was
seen in peripheral blood mononuclear cells of adult patients
undergoing a CT scan [32]. Interventional radiology, such as
paediatric cardiac catheterisation, has also recently caused concern
as a study by Beels et al [62] has shown an increase in y-H2AX
foci in peripheral blood lymphocytes after in vivo cardiac cathe-
terisation. The in vivo dose-response curve appeared steeper at
low doses in contrast to the current linear-no-threshold model,
highlighting the need for further research into this effect. Studies
on the low-dose effects of CT scans often use dose-enhancing
contrast agents or involve blood from patients diagnosed with
cancer [63]. A recent study by Jost et al [64] examined the
dicentric and y-H2AX dose-response in lymphocytes from
healthy donors ex vivo with and without the use of iodine as
a contrast agent, giving comparable results at low radiation doses
for 5mg iodine per millilitre of blood but showing a clear bi-
ological dose-enhancing effect for a contrast dosage well outside
the diagnostic CT range.

Nationwide screening programmes have been introduced to
monitor people at an age when cancers largely develop. Al-
though they are vital for recognising the early forms of cancer,
recent work has questioned the benefit of repeatedly screening
susceptible individuals. Mammography screening uses low-energy
X-rays that cause concern, as low-energy photons are generally
more efficient in damaging cellular DNA. This property, known
as the relative biological effectiveness (RBE) of the radiation,
compares the end points of radiation exposure from one type of
radiation quality relative to another and increases with very low-
energy X-rays. Studies have reported different RBE values, with
early work by Frankenberg et al [65] controversially reporting
high RBE values of about 3.2 for 29kV X-rays vs the conventional
220kV X-rays and 8 for 29kV X-rays vs Co-60 gamma rays. This
work was later re-evaluated by Goggelmann et al [66] and the
RBE found to be lower, on the order of 2. A study by Andrieu et al
[67] suggested that BRCA carriers had a 1.54X higher risk of
developing breast cancer after exposure to chest X-rays in com-
parison with non-exposed BRCA carriers. Individuals with a high
risk of breast cancer from BRCAI or BRCA2 mutations were also
shown to produce higher levels of DSBs, identified by y-H2AX
scoring, after mammographic ex vivo irradiation of epithelial
cells [68]. There are many factors that contribute to the organ
dose received, among the most important being the number of
scans performed. Breast cancer is a common cancer in the UK,
with 41259 cases per 100000 females reported in 2010 [69].
High incidences of breast cancer were observed in females ex-
posed to multiple X-rays [70,71]. Follow-up studies on females
with scoliosis exposed to multiple diagnostic X-rays have reported
a standardised incidence ratio of 1.8, which increased with the
number of X-rays performed [70]. However, the number of breast
cancer cases in the study was small (n=11), and therefore the
study was later expanded to 5573 patients and again found an
increasing risk of breast cancer with the increasing number of
radiographic examinations. Similar trends were seen in females
examined by X-rays for the treatment of tuberculosis, with 147
breast cancer cases reported in contrast to 113.6 expected among
4940 patients [71]. These results should be taken with caution
owing to the recall bias in the questionnaire data collection and
low statistical power in some of the studies, but they nevertheless
raise an important point to consider in relation to nation-
wide screening programmes. Altering protocols, such as reducing
the number of views performed in screening [70], have been
suggested to lower the risk.

The main long-term studies available are from radiology workers
or the Hiroshima and Nagasaki atomic bomb survivors. Trans-
locations are the aberration of choice in assessing the long-term
radiation damage as discussed previously. Retrospective studies
in radiology technologists have shown increased translocations
after exposure to low doses [72]; however, uncertainties remain
for retrospective dose estimates based on biological markers of
exposure.

BIOMARKERS FOR RADIOTHERAPY

Nowadays, the use of radiation is very prominent in cancer
diagnosis and treatment. Although vital for a patient’s survival,
radiation therapy (RT) carries with it acute side effects, such as
dermatitis, cystitis and bone marrow suppression, and late
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effects, such as cardiovascular disease, infertility, fibrosis or sec-
ond malignancies. Patient response to radiation treatment can
vary greatly from normal to severe with the late stage toxicity
seen in 5-10% of patients, which can be irreversible [73].
Extreme radiosensitivity usually results from a mutation in
a vital repair pathway gene, such as ATM or NBSI, seen in the
diseases Ataxia telangiectasia (AT) and Nijmegen breakage syn-
drome (NBS) or in genes, such as DNA-PKcs, Ku70, Ku86 and
DNA ligase IV [74,75] observed in immune-deficient individu-
als. In patients without these diseases, adverse side effects are
still evident, which are thought to result from several variants,
each contributing to the sensitivity of the individual [76]. This
severity of adverse effects in some patients limits the dose used
during treatments, as the individual response is not known.
Establishing an assay to predict a patient’s response to radiation
could provide an individualised treatment plan with a higher
probability of cancer cure. Assays being developed at the moment
involve a sample of blood or cells being irradiated ex-vivo and
changes before and after irradiation being analysed. For radio-
resistant patients, higher doses could be used to treat the cancer,
whereas for radiosensitive patients, lower doses or alternative
treatment options may be employed, such as surgery.

TISSUE RESPONSE

RT is used to treat cancer, as the cancer cells are more sensitive
to IR than surrounding normal healthy tissue. The reason for
this is not fully understood. Intense research is being carried out
to investigate the reason why tissues differ in their response, as it
could lead to a more tailored treatment of tumour control and
alleviate normal tissue damage. This difference is particularly
evident in experimental studies of microbeam radiotherapy
(MRT) that uses an array of beams that are micrometres in width,
where spatially fractionated high doses kill tumour cells but
cause little damage to normal tissue. In a study by Crosbie et al
[77], y-H2AX foci revealed cell migration in a xenograft tumour
model and a limited repair response after MRT treatment,
whereas MRT-treated normal skin showed little migration but
an efficient repair response. Recent work has utilised y-H2AX
foci to allow the microbeam tracks to be traced within tissues,
providing an in situ map of DNA damage and estimating the
dose received between these tracks [78]. This factor is impor-
tant in optimising RT and further understanding the tissue
response after MRT. Differences in the DNA repair response
between cell types, as determined by foci levels, were far less
significant than differences between individuals [79] or mouse
strains with different genetic background [80]. The tissue envi-
ronment also greatly affects its response to irradiation and can
also be altered to improve successful tumour removal. Hypoxic
conditions in cancer cells develop when a tumour outgrows its
own blood supply, resulting in the cancer cells being resistant
to radiotherapy. An oxygen enhancement ratio of 2.6 is ob-
served in anoxic cells for DSB induction [81]. Nitric oxide has
long been known as a radiosensitiser and increases the yield of
radiation-induced DSBs in hypoxic cells [82]. However, its role
is not clear-cut, as it reportedly has both antitumour and
protumour roles, often depending on its concentration [83].
Many chemicals and drugs such as efaproxiral [84], cisplastin
[85] and 5-fluorouracil [86] are being investigated in clinical
trials for use as radiosensitisers in radiotherapy treatment
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(reviewed in [87]). The levels of biomarkers in the tissue envi-
ronment may also be used to optimise radiotherapy. Radio-
therapy is delivered in a series of fractions based on normal
tissue fraction sensitivity. An increased expression of bio-
markers of DSBs and homologous recombination, 53BP1 and
RAD51, have been observed in epidermal basal cells after a course
of breast radiotherapy when there is a decrease in cell sensitivity to
the fraction size [88]. Such studies may enable effective fraction
size determination during radiotherapy and therefore improve
treatment outcome.

The development of radiotherapy equipment has led to higher
precision and also higher doses being used, such as for intensity-
modulated radiotherapy (IMRT). With greater control over the
shape and intensity of the radiation beam, IMRT improves
tumour control while minimising exposure to the sensitive sur-
rounding tissues. Although this treatment is still only around 10
years in use, studies are in favour of IMRT over the conven-
tional three-dimensional conformal radiotherapy (3D-CRT) [89].
Owing to the higher doses being used and the complex treat-
ment regimens, requiring longer beam-on times and more
scatter radiation, recent studies have focused on determining
the treatment-associated risk and trying to quantify the ex-
posure of normal tissues to radiation. A 7-year follow-up study
of prostate cancer patients treated with IMRT by Spratt et al
[90] found survival outcomes of 98.8% in low-risk groups and
67.9% in high-risk groups. In comparison with 3D-CRT, step-
and-shoot IMRT has shown similar levels of high-dose exposure
of peripheral lymphocytes in prostate patients as determined by
v-H2AX foci [91], but it has also shown greater levels of low-
dose exposure. This increase in low-dose exposure has raised
concerns for second malignancies and highlighted the need for
further long-term studies.

RADIOSENSITIVITY

The fibroblast clonogenic assay was previously used to assess
the normal tissue radiosensitivity but has shown to be variable
owing to differences in protocols [92], and it sometimes showed
little correlation with fibrosis and, therefore, morbidity [93,94].
One overwhelming limitation was that it took 2-3 months to
produce results, too long for a patient awaiting radiotherapy, in
contrast with the micronucleus assay that takes <2 weeks. The
micronucleus assay performed on ex vivo irradiated peripheral
blood lymphocytes from 38 prostate cancer patients has shown
a correlation of micronuclei with RT-related morbidity. Lee et al
[95] reported a significant difference in micronuclei yields be-
tween average and overreactors after doses =2 Gy. It has been
shown to be a reliable technique that correlates with morbidity
and patient response [96]. It has previously been shown that the
apoptotic response to IR is dependent on the genetic factors and
therefore is a source of variation in radiosensitivity [97,98].
Assays such as the leukocyte apoptosis assay or tunel assay have
therefore been used to try to establish a link between apoptotic
response and cancer susceptibility or radiosensitivity. A de-
creased apoptotic response to radiation has been observed in AT
patients and in RT patients displaying toxicity in comparison
with normal donors [99,100]. This correlation between apo-
ptosis and toxicity has also been identified in gene sets [73]. This
is because of the impaired genes involved in the repair process in
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immune-comprised patients or radiosensitive patients and their
inability to remove DNA damage after irradiation. The T-
lymphocyte apoptosis assay used by Ozsahin et al [101] can
predict Grade 2 or Grade 3 late-stage toxicity with a 70% level of
accuracy. Sources of variation using the leukocyte apoptosis assay
include hereditary factors, cell type and age [100]. Most impor-
tantly, for this assay from a clinical point of view, it can produce
results in 48h. Despite these promising results, no large-scale
study has yet confirmed a technique capable of identifying ra-
diosensitive patients in a clinical setting.

Variation in radiosensitivity has a genetic basis and may account
for around 70% of variation in normal tissue toxicity [102].
Therefore, gene expression arrays and genome-wide association
studies could therefore be useful in identifying the variants that
are associated with this radiosensitivity. So far, gene expression
studies have been used to successfully classify tumours and pre-
dict tumour response to treatment [103] but are still not rou-
tinely used in the clinics. Recent work in gene expression focuses
on either predicting toxicity in patients before treatment or
monitoring gene expression changes during treatment. Gene sets
have been developed to identify late radiation toxicity in patients
from a population of ex vivo irradiated lymphocytes, with a 64%
[104] and 55% [73] success rate of predicting severe acute and
late toxicity in individual patients. Expression of the gene P21
by QPCR has been shown to predict adverse sensitivity 2 h after
irradiation [45]. The gene BCL-X has been shown to exhibit
protective properties in cells exposed to IR and chemotherapy
and to be a determinant of the rate of apoptosis and therefore
clinical outcome [105]. Also, a clinical study investigating the
link between radiotherapy toxicity and gene expression in the
peripheral blood of cancer patients has identified genes and
pathways that could be involved [106]. Since loss of y-H2AX
foci is a measure of the DNA repair capacity, the technique has
also been used to try to identify individuals with DNA repair
deficiencies. The y-H2AX technique can distinguish between
ATM—/— homozygote and ATM=* heterozygote individuals
8h after exposure of a blood sample to 1 Gy and has also been
used to identify patients with solid tumours at a risk of adverse
side effects because of impaired DNA repair [107]. y-H2AX
measurement by flow cytometry has been shown by Bourton
et al [108] to be a possible marker capable of predicting the risk
of radiotherapy patients developing excessive normal tissue tox-
icity and to a lesser degree that may be used for the prediction of
oral mucositis [109]. However, other studies show no correla-
tion between y-H2AX foci and acute [110] or late tissue damage
[111]. Scoring of chromosome aberrations in ex vivo-irradiated
lymphocytes has also been correlated with acute and late normal
tissue damage in radiotherapy patients [112,113]. Chua et al [114]

also showed a correlation between dicentrics, acentrics and rings
and y-H2AX and late normal tissue damage in ex vivo-irradiated
lymphocytes from breast cancer radiotherapy patients.

For years, it has been known that human response to irradiation
varies greatly. It is now thought that a person’s degree of ra-
diosensitivity is genetically defined and is generally not caused
by one mutation in one gene, like in AT patients, but is caused
by a number of variations in multiple genes. These variations
can be analysed using single nucleotide polymorphisms (SNPs)
and are of huge interest in establishing interindividual differ-
ences in response to irradiation. A role for non-genetic factors,
such as smoking, is also observed [115]. Recruiting patients for
large population studies, however, is a re-occurring problem for
researchers. In the USA, only 9.3% of patients undergoing ra-
diotherapy take part in clinical trials, which, together with the
fragmented nature of the healthcare system, results in smaller
trials with little statistical power [116]. In the UK and Europe,
large studies involving thousands of donors have been estab-
lished to investigate the genetic sources that contribute to the
variation among radiotherapy patients. These studies include the
Genetic Predictors of Adverse Radiotherapy Effects Project
(Gene-PARE), GENEtic pathways for the Prediction of the
effects of Irradiation (GENEPI), Radiation Genomics (RadGe-
nomics) and Radiogenomics: Assessment of Polymorphisms for
Predicting the Effects of Radiotherapy (RAPPER), which at-
tempt to link genomic data to the toxicity observed in cancer
patients. These studies all aim to identify sources of radiosensi-
tivity in patients, which could be useful to doctors in developing
treatment plans tailored to each individual patient. However, re-
cent results from the RAPPER study, involving a large study
group of 1613 patients with breast and prostate cancer, failed to
find a correlation between SNPs and radiation toxicity [117]. The
RAPPER study is still ongoing, with plans to include larger studies
across the Radiogenomics Consortium into the analysis.

CONCLUSION

The future of biomarker development has enormous promise
for the improvement of medical care of individuals receiving
both planned and accidental radiation exposures. Variation
among the human population is now being researched exten-
sively through functional assays, gene expression and detection
of SNPs. This genomic analysis of the response to radiation
exposure has the potential to individualise treatment for each
patient. Overall, future biomarker research is focused on de-
veloping strategies capable of monitoring exposure, treatment
success and individual patient response. Biomarker research
therefore has an important role to help improve clinical out-
comes and patient safety.
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