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ABSTRACT

Global concerns on the potential for malevolent use of high activity sealed sources of ionising
radiation have prompted moves to identify options for their replacement with alternative
technologies. Sealed sources of caesium-137 are in common use in biological sciences
research and in the production of blood products in blood transfusion services. This report
considers the current uses of caesium-137 sources in biological sciences and blood
transfusion services in the United Kingdom and potential alternatives. The characteristics of
caesium-137 radiation fields are considered as well as those of X-ray alternatives. Itis
identified that suitable alternatives, including X-irradiators and non-radioactive methods, are
available for all current applications but in some cases individual users and researchers may
be required to test and develop the alternatives before they can be routinely adopted. A
decision tree is provided to aid current users of caesium-137 sources to identify suitable
alternative technologies




DECISION TREE TO GUIDE SELECTION OF ALTERNATIVES TO
CAESIUM-137 IRRADIATION FOR SPECIFIC PURPOSES
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Figure 1. Decision tree to decide on the most appropriate alternative to 3’Cs irradiation. Users
should consider the subject they wish to irradiate, the reason for irradiating and the duration of
the exposure required as prompted within the blue and yellow boxes. Where there are clearly
acceptable alternatives to '¥Cs irradiation for the given application they are summarised in the
green boxes to the right. Where ¥’Cs may be the only method available a red box would have
appeared, but no such applications were identified in this report. The amber box for a few
applications indicates that there is an alternative, but further work may be necessary or access
may be limited. Full details and the rationale can be found in this report. IR: ionising radiation,
RBE: relative biological effectiveness, BM: bone marrow, CD45/117: cluster of differentiation
45/117, AMD3100: an immunostimulant and U.V.: ultraviolet radiation.
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INTRODUCTION

1 INTRODUCTION

This report considers the uses of caesium irradiators in biological sciences and blood
transfusion services in the UK. The focus is to provide information on the available alternative
technologies to the use of caesium-137 irradiators, and to identify any gaps where alternatives
are not currently available. Additionally, a decision tree is provided to assist current users in
determining the best available alternatives.

The use of irradiators and radioactive sources is common in the field of biological sciences
and in blood transfusion services. Many advances have been made in our understanding of
the biological effects of radiation, and the characterisation of radiation responses, through
studies using radiation exposure. This continues to be of major importance in the context of
improving radiotherapy and in contributing to the development of radiation protection
standards that adequately protect individuals from the health effects of radiation exposure.
Irradiation is also used in the biological sciences to produce ‘feeder cells’ used in the in vitro
culture of several cell types, and to ablate, or deplete, the haematopoietic system of animals in
preparation for bone marrow transplantation. In addition to uses in research applications,
irradiation has led to improvements in healthcare services, including the exposure to radiation
of blood used in transfusion in order to reduce the incidence of transplant-related
immunological responses such as transfusion-associated graft-versus-host disease (TA-
GvHD) [Gibson et al., 2015b]. TA-GVHD is characterised by profound bone marrow
hypoplasia and mortality in over 90% of cases [Treleaven et al., 2011]. Thankfully, this is a
relatively rare occurrence, which is effectively addressed by irradiating the blood components
to inactivate any residual lymphocytes that may cause an immunological response.

These advantageous uses have contributed to the increases in the number of radiation and
radioactive sources in operation across the UK and internationally, and while not exclusively
s0, many irradiators utilise caesium-137 (3¥7Cs) as their source of ionising radiation. Whilst
the benefit of irradiators is clear, the risk of theft and malicious use must also be taken
seriously. These concerns lead to the consideration of alternatives to, and replacement of,
137Cs irradiators to reduce the risks of source loss and/or malicious use. An estimated 150
countries possess and use such radiation sources [Bieniawski et al., 2017], there is a global
initiative to try and reduce the numbers of sources in use (see bleow).

137Cs dispersal was a consequence of both the Chernobyl and Fukushima accidents, with
elevated levels of the isotope still being detected in the environments surrounding both sites
and much further afield. Several individuals were accidently exposed to radiation in 1987,
when a 1¥7Cs source was removed from a radiotherapy unit [Sakamoto-Hojo, 2018] and
become ruptured at a junkyard. Whilst this incident was not malicious, four people died from
tissue reactions [IAEA], thus highlighting the potential hazard and risk of 37Cs ownership.

137Cs is a radioactive isotope of the element caesium, a fission product of uranium. 137Cs is
used commonly as a source of gamma-radiation, as is cobalt-60 (°Co), both of which provide
high energy gamma radiation and have relatively long half-lives. The reduction and
replacement of 137Cs sources has been identified by the Nuclear Threat Initiative as an urgent
issue that will require a global effort to limit risk [Bieniawski et al., 2017].

The International Atomic Energy Agency (IAEA) place 137Cs blood irradiators at the highest
category 1 or 2 (1 — 5 scale, 1 being most dangerous based on activity and needing control, 5
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being least), requiring heightened safety and security where they are located [IAEA, 2003].
The expense of housing and using 3Cs sources, given the increased security associated with
them, has led to increasing interest and desire to move towards alternative technologies with
lower running costs and reduced security concerns, with X-ray irradiators often providing a
potential substitute [Gibson et al., 2015b].

X-irradiators have been reported to be substantially cheaper to purchase than gamma-source
irradiators [Janatpour et al., 2005]; a comparison of quotes by one research group revealed X-
irradiators being around one sixth of the cost [Gibson et al., 2015b], although the cost-benefit
of X- over gamma-irradiator is largely dependent upon source age and throughput. A report
by Bakken et al. (2013) performed a cost-benefit comparison between 37Cs and X-irradiators
within the field of blood irradiation. Cost comparisons were performed at three levels, low,
medium or high use, depending on the number of blood units irradiated per year. The social
costs were also incorporated. The study reported that in most cases, there is a net benefit to
switching to X-irradiators, when considering costs incurred from securing and disposing of
caesium sources as well as running costs and maintenance [Bakken, 2013]. However, space
requirements and contingency plans need to be considered, as well as installation and
maintenance costs and training of staff; costs are likely to vary between models and
manufacturers, the frequency of servicing, etc. and so it is not possible to provide a completely
accurate set of figures for the comparison of whole-life costs for the use of X-irradiators as
compared to 137Cs irradiators. A significant cost is associated with the disposal of 137Cs
sources, up to several hundreds of thousands of pounds, and this is an important
consideration when considering a purchase or disposal [Dodd and Vetter, 2009, Murphy and
Kamen, 2019, Kamen et al., 2019].

Shielded 137Cs irradiators have been in use for many years and are routinely used during pre-
clinical radiation research during early in vitro and in vivo studies, and to trial novel
methodologies. With improvements in techniques and technology, both X- and gamma-
irradiators are reported to be equally as effective in many radiobiological experiments
performed in animals and in cell culture [Brodin et al., 2016]. Currently, both gamma- and X-
irradiators appear to be in routine use for irradiating blood and blood products in both the UK
[Bashir et al., 2011] and the US [Janatpour et al., 2005, Kamen et al., 2019].

The migration from ¥7Cs and ®°Co gamma irradiators to X-irradiators over a 9-year period has
recently been successfully completed in one of the largest US medical centres based in New
York. This was achieved with minimal compromise to patient care or research studies [Kamen
et al., 2019]. The replacement was facilitated by performing a series of comparison studies,
not only in terms of the physics and dosimetry of gamma- as opposed to X-irradiation, but also
in the various biological research studies performed at the centre, such as bone marrow
ablations in mice, cell cycle inhibition and tumour treatment in mice. The differences between
X- and gamma-irradiations were mostly of little consequence in the comparisons, which
favours the use of X-irradiators due to economic benefits and reduced security measures
required [Kamen et al., 2019].

A recent report by the Nuclear Threat Initiative considered a number of countries that have
also began to make significant steps in phasing out *3’Cs and move towards alternative
technologies as a replacement where possible, including Japan, France and Norway
[Bieniawski et al., 2017]. Most notably, France has replaced all 13’Cs irradiators with X-ray
units for use in blood transfusion services and some in research settings, and likewise Norway
have so far replaced all blood irradiators with X-ray units. Japan has been phasing out 137Cs
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sources during the last two decades, and is estimated to have replaced over 80% of 137Cs
irradiators with X-ray equivalents [Bieniawski et al., 2017].

In the US, the Office of Radiological Security’s Cesium Irradiator Replacement Project (CIRP)
has been in place for around four years. CIRP is a voluntary initiative offering financial
incentives to licensees who choose to replace *’Cs irradiators with alternative, non-
radioisotopic technologies. While there are no mandatory national recommendations or
replacement schemes, several individual medical and research facilities have already adopted
alternative technologies, including the University of California and a New York medical centre
[Kamen et al., 2019, Murphy and Kamen, 2019, MacKenzie et al., 2020]. There is a recent
comprehensive report on the available alternatives to caesium irradiators in all sectors,
including biological sciences and blood transfusion services produced by the US Department
of Homeland Security”, exploring non-radioisotopic alternatives during irradiations.

2 CURRENT USES OF CAESIUM IRRADIATORS IN BLOOD
TRANSFUSION SERVICES AND BIOLOGICAL SCIENCES RESEARCH

Caesium irradiation is in widespread use across the UK biological sciences research sector
and in the blood transfusion services. Here we summarise the current uses of such irradiators
within these areas.

2.1  Human blood transfusion and regenerative medicine

Blood and blood products used for transfusion are typically irradiated using gamma-irradiators
to reduce the risk of TA-GvHD in humans. Fortunately, TA-GvHD is not common, but must be
avoided as it is a potentially fatal complication of transfusion and transplantation and is often
under-recognised despite well documented clinical symptoms and their timings [Pritchard and
Shaz, 2016]. Individual patients most at-risk of the disease are often required to receive
irradiated blood and/or blood products [Pritchard and Shaz, 2016]. Most blood gamma-
irradiators use 137Cs. Around 10% of all donated blood is irradiated prior to transfusion
[Sullivan et al., 2007]. Clinically insignificant differences were reported in terms of red cell
membrane permeability between X- and gamma-radiation use [Janatpour et al., 2005], with
both being equally effective at reducing TA-GvHD.

A recent 2016 survey conducted in the U.S. (but including some international organisations)
reported that the most frequent requirement for irradiated blood products is during transfusion
from blood relatives in conjunction with histocompatibility testing of the human leukocyte
antigen (HLA) gene complex matching [Pritchard and Shaz, 2016]. Neonatal exchange
transfusions, intrauterine transfusions, and pre-term or low birth-weight babies also have a
high requirement for irradiated blood, although patient groups deemed to be less at risk of TA-
GvHD may still require irradiated blood products; there are differences in the requirements for
the use of irradiated blood between nations and organizations [Pritchard and Shaz, 2016].
The minimum dose delivered to blood during 37Cs irradiations is internationally recommended
to be between 15 — 25 Gy (25 Gy minimum recommended in the U.K., ISO/ASTM FDIS
51939:2016(E); https://www.transfusionguidelines.org/red-book/chapter-7-specifications-for-

* https://www.cisa.gov/publication/non-radioisotopic-alternative-technologies-white-paper
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blood-components/7-31-irradiated-components ) to sufficiently inhibit an immune response in

the recipient and prevent TA-GvHD [Mohammadyari et al., 2014]. An error in dose calculation
could be fatal, therefore gamma sources such as 13’Cs and 6°Co require accurate and regular
dosimetry, given the natural radioactive decay which they undergo.

The British Society for Haematology, during an extensive literature review, concluded that X-
and gamma-irradiation can be considered equivalent in their ability to reduce TA-GvHD
incidence [Treleaven et al., 2011]. The use of irradiated blood or blood products is
recommended by the British Committee for Standards in Haematology/British Society for
Haematology in the following situations: (i) to avoid TA-GvHD, (ii) for at risk patients all red
cell, platelet and granulocyte concentrates except cryopreserved red cells after
deglycolization, (iii) all donations from first and second-degree relatives even when the patient
is immunocompetent, (iv) all HLA-selected components even where the patient is
immunocompetent, (v) if the patient is at particular risk of hyperkalaemia, e.g. intrauterine or
neonatal exchange transfusion, (vi) all granulocyte components 24 hours before issue and use
with minimum delay, (vii) all blood for intrauterine transfusion and neonatal exchange
transfusion, (viii) platelets transfused in utero for allo-immune thrombocytopenia, (ix) all
cellular blood components for T-lymphocyte immunodeficiency syndrome patients, (x)
transfusions for all recipients of allogeneic haematopoietic stem cell transplantation, (xi)
transfusions for patients undergoing bone marrow or peripheral blood stem cell harvesting,
(xii) transfusions for all patients undergoing autologous bone marrow transplant or peripheral
blood stem cell transplantation, (xiii) red cells and platelet transfusion for all adults and
children with Hodgkin lymphoma, (xiv) transfusions for all patients treated with purine
analogue drugs and (xv) transfusions for all aplastic anaemia patients receiving
immunosuppressive therapy with horse anti-thymocyte globulin [Treleaven et al., 2011].

The field of regenerative medicine is a growing one, likely to rely on the continued use of
human embryonic stem cells and human induced pluripotent stem cells, the maintenance of
both depends on the use of ‘feeder cells’ that provide essential cytokines and other factors
supporting the growth of specific stem- and progenitor-cell populations. Therefore, the
production of feeder cells will be discussed in this report both in the light of this application and
applications in biological research.

2.2  Animal exposures

Within biological science research, rodents have become the predominant model animal for
the study of transplantation. Bone marrow transplantation of hematopoietic stem cells and
adoptive cell transfer are extensively studied [Gibson et al., 2015a, Duran-Struuck and Dysko,
2009]. Rodents, particularly mice, share a multitude of physiological similarities with humans
and disease pathologies can be closely related in the two species, hence what we can learn
and achieve in mice can often be translated to human use with few difficulties. Whilst there
are several methods to pre-condition or immunosuppress the recipient animal to ensure
survival following engraftment and transplantation, X- or gamma-irradiation of the recipient’s
bone marrow is by far the most commonly practised approach [Duran-Struuck and Dysko,
2009].

Total body gamma-irradiation of mice with the aim of myeloablation is a longstanding and
commonly used method for preconditioning animals and the haematopoietic system to allow
the engraftment of donor haematopoietic cells in a recipient mouse [Duran-Struuck and
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Dysko, 2009]. Myeloablative doses are in the range of 7 — 13 Gy of gamma radiation [Duran-
Struuck and Dysko, 2009]. The high doses of radiation received by the mouse and
subsequent compromised immune response result in strict veterinary and husbandry care
requirements to ensure the welfare of the animal. Unsuccessful engraftment will typically
result in the death of the animal due to the lack of an immune response. Therefore, the
efficiency of myeloablation (most importantly the correct dose calculation) is key to a
successful transplantation.

This approach is widely used during bone marrow transplantation and in gene therapy
research. However, some cytotoxic effects have been reported as a result [Gao et al., 2019].
Hematopoietic stem cell transplantation (HSCT) requires the recipient’s bone marrow to
undergo myeloablative conditioning to create niches in the bone marrow, typically performed
by irradiation or chemotherapy. However, some unwanted side effects are experienced with
regards to mortality and bone marrow damage resulting in treatment-induced complications
[Ibrahim et al., 2019]. Some methods employ a partial body radiation exposure, often utilising
gamma irradiation from 137Cs to part-ablate the haematopoietic system and allow the
generation of chimeric mice. Commonly, an excess humber of donor bone marrow cells is
transplanted, but some studies require a strictly limited number of cells to be used in so called
limiting dilution assays [lvanovs et al., 2011, Azzoni et al., 2018, Zhang et al., 2020, Zhang et
al., 2019]

Myeloablation by irradiation (by both X- and gamma-radiation) in mice has shown some
disadvantageous effects including death from secondary radiation-associated complications
such as toxicity, GvVHD, tissue damage and subsequent inflammatory responses [Kallman,
1962]. Therefore, alternative approaches to irradiation are being investigated, such as non-
genotoxic preconditioning techniques [Gao et al., 2019, Li et al., 2019] which are discussed
within this report. lonising radiation causes DNA double strand breaks [Asaithamby and
Chen, 2009, Barnard et al., 2013, Rothkamm and Lobrich, 2003], of which not all will be
repaired following high radiation doses. This may lead to cell death by apoptosis or tissue
necrosis. As in humans, the response to myeloablation in mice appears to be age-dependant
[Ordemann et al., 2002], with younger animals showing greater survival. The dose of
irradiation needed to induce immunosuppression, as well as the strain of mouse, must also be
factored into experimental design [Duran-Struuck and Dysko, 2009]. C57BL/6 mice tend to be
the strain of choice as a recipient for donor cells as they show greater radio-resistance
[Gibson et al., 2015a, Roderick, 1963, Worgul et al., 2005, Bakthavachalu et al., 2010,
Mukherjee et al., 2014] and can tolerate the higher radiation doses than other strains,
reportedly up to 11 Gy, needed during myeloablation [Duran-Struuck et al., 2008]. Itis
possible to use alternative strains with lower dose regimes, and dose fractionation or
protraction can be considered.

Irradiation of animals is also used in radiobiological research to assess the consequences of
exposure to health and in terms of disease development. Common areas of interest relate to
the relative effectiveness of differing radiation types (e.g. Gamma- as opposed to neutron-
irradiation or X-irradiation), the pathological consequences of differing doses and/or dose-
rate(s) of exposure. lonising radiation is a known carcinogen; therefore, many studies
consider cancer as an endpoint. However, other late developing health effects are of
increasing concern, including circulatory disease, cognitive impairment, and cataract
formation. In pre-clinical studies of radiotherapy, animal irradiation is used to assess potential
radiotherapeutic exposures, the occurrence of damage to normal tissues (e.g. skin damage,
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fibrosis, impacts on urinary tract and bowel function) that can limit radiotherapy exposures.
Irradiation of animal models is used in the development and assessment of potential medical
countermeasures and treatments for radiation injury.

Irradiation of animals is also used in more fundamental studies of DNA damage response. In
recent years, there have become available an ever-increasing range of genetically modified
animals (largely mice), and the role of specific genes in disease development can be
investigated [Wells, 2010]. The use of such models does not necessarily impact upon the
requirements in terms of radiation dose, dose-rate or type where irradiation is used.
Radiations of many types, including X-, gamma- and alpha-radiation sources have been
frequently used to provide a DNA damaging stimulus [Rothkamm et al., 2003].

2.3  Exposure of in vitro cultured cells

Growth-arrested feeder cells have been in common use for the in vitro culture of many cells
types for years, and is essential to many in vitro biological studies, in particular, where the cell
population(s) of interest are stem cells. Feeder cells do not divide, causing them to produce
excess extracellular secretions that can support the proliferation and growth of other cell types
[Llames et al., 2015]. Feeder cells support the growth of cells in culture by providing this
complex mixture of extracellular matrix components and various growth factors to promote the
division and growth of the cells they support [Llames et al., 2015, Li et al., 2017]. The term
‘co-culture’ is often used to describe the interaction between feeder and stem cells, however,
this term is not strictly correct as only one cell type is capable of growth and proliferation.
Typically, the feeder cells facilitate the growth of stem cells and are mitotically inactivated by
radiation exposure, commonly using either X-rays or 1¥Cs irradiation [Li et al., 2017] or less
frequently, the non-radiation alternative mitomycin-C [Lemoine et al., 1988]. The optimal dose
needed during gamma-irradiation is reported to be 80 Gy to effectively inactivate fibroblasts
for use as feeder cells [Lemoine et al., 1988]. Mouse embryonic fibroblasts represent the
most commonly used feeder cell type, used in the co-culture of mouse embryonic stem cells.
The demand for feeder cell production is high, with inactivation by gamma radiation proving
the most economic method for large-scale generation of cells [Li et al., 2017], however, some
alternative techniques have been explored.

Researchers investigating radiation damage responses, health effects of radiation or biological
dosimetry will likely have a desire to consider the relative biological effectiveness (RBE), of
differing radiation types during their studies. RBE is the efficacy of a given radiation type in a
given assay by comparison with that of a standard radiation type, which is often gamma
irradiation from a 137Cs source [Hall, 1973]. Many researchers will have existing reference
values for 1¥’Cs gamma vs X-radiation for a range of doses and energy spectra. However,
existing reference data may not be adequate to support RBE studies utilising novel techniques
or endpoints previously undiscovered. The RBE for a given X-ray unit will be filtration-
dependant; therefore, it is possible to alter the RBE by using different materials or different
thickness of filtration during setup of the X-ray source.

Radiation can be used as an external stressor/DNA damaging agent in more fundamental
studies of DNA damage responses in cell culture studies as in animal studies (see above).
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2.4  Sterilisation

Radiation, including that from X- and gamma- sources, can inactivate microorganisms
efficiently and has therefore been used for the sterilisation of equipment and reagents.
Historically, this has been considered a safe and cost-effective method for use in medical and
research facilities, with the increasing use of single-use plastics [Yusof, 2018].

The practise of tissue sterilisation in countries of high malaria incidence using radiation is also
common. Similar to the irradiation of blood, tissue donors also require screening and the
malaria parasite is particularly sensitive to radiation, making this method of sterilisation highly
effective [Myint, 2018]. Tissues are heat sensitive, therefore autoclaving or heat sterilisation is
not possible prior to grafting [Yusof, 2018]. Typically, gamma-radiation or electron beams are
required, with very high doses between 25 — 40 kGy reported as acceptable (tissue
preservation method dependant) [Yusof, 2018, Nguyen et al., 2007]. In these instances,
radiation-induced tissue damage can be reduced by modifying the preservation method prior
to irradiation for tissue banking [Dziedzic-Goclawska et al., 2005].

2.5 Additional considerations

Some instances within both in vivo and in vitro radiation experimentation may require doses to
be delivered in a protracted/chronic fashion, whereby the dose would be delivered over many
hours, days or even weeks. Gammae-irradiation is often favoured in these instances due to a
perceived stability in energy, accuracy of dosimetry and the lack of heat generation and
electricity usage required by X-irradiators. The reliance of X-irradiators upon electricity make
them susceptible to power outages or failures, which would interrupt exposure and
significantly affect an experiment, such concerns do not apply to 1¥’Cs irradiators.

2.6 Uses in botanical sciences and agriculture

The above subsections outline the areas whereby gamma, and increasingly X-rays, are used
to irradiate biological tissue, blood and organisms. Other less substantial uses have been
reported across the world, with some very recent examples given here, albeit not in current
use in the UK. In Brazil, researchers have used gamma irradiation (6°Co) at doses of 50 — 200
Gy to investigate the radiosensitivity of caster bean seeds to genetic alteration [Lopes et al.,
2017]. Citrus seeds, budwoods (wood consisting of strong young shoots bearing buds
suitable for use in propagation by budding) and nodal segments (cuttings taken just below a
leaf node for propagation) are gamma-irradiated in an attempt to improve genotypes for fruit
production (25 — 156 Gy) [Perez-Jimenez et al., 2020]. Stored grains are reportedly irradiated
with an optimum dose of 650 Gy gamma-radiation to disinfect them of insects and their
associated eggs and larvae, this method is deemed more environmentally friendly than using
chemical pesticides such as methyl bromide [Hammad et al., 2020]. Irradiation leaves no
residue in/on the product either.

Insects are routinely exposed in research applications as is the case for mammals, as
discussed above; radiation is also used for disinfecting grain from insects [Hammad et al.,
2020]. Gamma-irradiation doses of up to 350 Gy applied to the crop-damaging moths Ostrinia
nubilalis Hubner and Helicoverpa armigera Hiibner was recently demonstrated as a method to
sterilise the insect to reduce reproduction [Osouli et al., 2020, Hallman and Hellmich, 2009,
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Kim et al., 2015] and reduce crop spoilage. Similarly, irradiation of the invasive light brown
apple moth to doses of 250 Gy gamma radiation successfully halts their reproduction [Follett
and Snook, 2012] protecting apples and pears from destruction. Since the 1950s, a number
of studies report the irradiation of potential malaria-carrying mosquitos which successfully
induced dominant lethality in these insects [Dame et al., 2009]. Earthworms represent an
increasingly relevant model for studying the effects of irradiation, for example radiation-
induced mutations [Wilding et al., 2006], ecological risk assessment of gamma-exposures
[Hertel-Aas et al., 2011, Hertel-Aas et al., 2007] and radiation-induced bystander responses
[Rusin et al., 2019] to name a few. However, theses doses are unlikely to exceed 25 Gy and
can therefore likely be performed using X-irradiation (dependant on dose-rate requirement
when modelling environmental contamination/radiation).

At the time of writing, we are unaware of any UK examples of irradiation for crop sterilisation
requiring these high doses of gamma-radiation, but such studies are included for
completeness. There are also non-irradiation alternatives using novel genetic methodologies
to achieve insect sterilisation, as demonstrated in the Coding moth in Canada [Thistlewood
and Judd, 2019].

3 GENERAL CHARACTERISTICS OF IRRADIATION FIELDS

3.1 Photon fields

Photons are fundamental particles that are generally characterized by their frequency,
wavelength or energy: they are described according to their frequency/wavelength and
according to how they are generated. The photons of interest for this report have enough
energy to ionize atoms and are typically termed gamma-rays or X-rays. However, the
biological effectiveness of a photon is determined by its energy, not whether it is technically a
gamma-ray or X-ray.

Gamma rays are emitted when a nucleus changes energy state, with the energy of the
gamma-ray being determined by the difference between the initial and final energy levels. The
excited state of the nucleus can be populated by a variety of means, but most typically
following emission by the parent of a B-particle or a-particle. The well-defined energy of
gamma-rays (y-rays) is very attractive for experiments and calibrations, but many
radionuclides emit gamma rays of a few or even many energies, and if the daughter is not
stable, the field can become even more complex. Gamma-ray energies can range from low
kilo-electron volts (keV) to several mega-electron volts (MeV), perhaps spanning a large range
from a single radionuclide.

X-ray is a term used to cover two distinct types of photon. The X-rays used in most
applications are fundamentally the bremsstrahlung photons first described by Rontgen
[Rontgen, 1895]. These X-rays are generated by the stopping of electrons in a metal after they
have been accelerated across a vacuum, with the photons emitted covering a broad range of
energies: the maximum energy in electron volts is equivalent to the potential between the
electrodes, but the energy with the highest probability is about %3 of the maximum energy.
Consequently, X-ray fields of this type have broad energy distributions, though preferential
attenuation of the lower energy components using filters is routinely used to narrow the energy
distribution somewhat.
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Photons emitted during the relaxation process of ionized atoms are termed “characteristic” X-
rays. These are more like gamma-rays in nature, having energies precisely determined by the
difference between the energy levels in the atomic rather than nuclear structure. They are
relatively low in energy, with the maximum energy correlating with the atomic number, Z: for
low Z elements, they are as low as 10 eV, but for higher Z elements they can reach 80-90
keV. These are a feature of bremsstrahlung X-ray spectra, because the target material emits
characteristic X-rays, typically those of tungsten or copper, though filters are often used to
remove them from the field that is used for whatever purpose.

The photons used in radiotherapy are also generated by bremsstrahlung, but the electron
energies in a linear accelerator (linac) are typically higher, so the maximum energy can be
tens of MeV. They are the same as the X-rays from an X-ray tube, with the maximum and
peak energies following the same pattern, though they are not generally referred to as X-rays.
Because the electron is accelerated in several or many steps, higher energy electrons can be
produced without the risk of unwanted electrical discharge that would be a risk for a
conventional X-ray tube that attempted to achieve the same energy in a single step.

Accelerators can also be used to produce beams of other charged particles, which can also be
used to produce higher energy photon fields via interactions with the target nucleus [ISO,
2019]. Examples of this are the reactions °F(p, ay)®0 and 2C(p, p'y)*2C, both of which
produce much higher energy photons in the 2-7 MeV energy range. The dose rates are,
however, too low to be useful in the types of exposure being considered in this report.

There are other means of photon generation, such as annihilation of particle-antiparticle pairs.
The most common of these are the 511 keV pair of photons produced by positron annihilation.
These are neither gamma-rays nor X-rays, and are not useful in the contexts considered in
this report. Similarly, electron synchrotron accelerators are quite high-profile sources of
photons for experiments, but these are enormous, very expensive facilities, and the photons
produced are often relatively low in energy.

Where there is a need to deliver significant dose rates, higher energy photons are very
advantageous for obvious reasons. This is evident from the ratio of the air kerma” to the
fluencef ratio [ICRU, 1998, Hubbell and Seltzer, 1995] (Figure 2) where the dose deposited by
higher energy photons is evident. There is also a significant increase at low energies, but this
is not useful for blood irradiation or most biological experiments because the radiation is very
rapidly attenuated in tissue.

Photons of different energies produce electrons with different energies, and those electrons
will have different ranges when interacting with different materials before they get absorbed. In
terms of absorbed dose to tissue, the mechanism by which photons interact with the body is
generally of little importance. However, for small scale structures, either small tissues or
substructures within a tissue, the range of the electrons generated becomes important. In
terms of tissue structures, the complex structure of bones or the lens of the eye are specific
examples, whereas inside cells the energy deposition within the nucleus is critical to the RBE
of the radiation. For tissue, these effects begin to become quite significant below about 30 keV
[Hubbell and Seltzer, 1995], so a switch to a source of photons of low energy might make it
difficult to compare results to data obtained with $37Cs or 8°Co sources. However, photons

Kerma in J kg* or gray (Gy) is the kinetic energy released per unit mass of material. It is closely related to the
dose, but is preferred in some calibration applications

T The fluence is simply a measure of the number of particles per unit area.
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above 100 keV are broadly similar in terms of the secondary electrons generated in terms of
RBE, so they ought to be comparable to the radionuclide sources. It would, in any case, be
hard to generate the required dose rates using low energy photons.
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Figure 2. Ratio of air kerma to fluence for photons

There are differences in the local deposition of energy caused by the changes in the materials
for small scale structures within the body. A good example of this is the bone marrow, which
contains small structures and differing tissue components in the different structures. The
tissues involved have different densities and elemental compositions, with significant amounts
of iron and calcium, both of which are relatively high Z for tissue. Therefore, there are more
photoelectrons generated, so that the local energy deposition has strong local variations. The
impact of this has only a small effect on the effective dose to people [ICRP, 2010], but at lower
energies, the effect within the bones is significant (Figure 3): below 100 keV the local energy
deposition begins to have a significant impact, with the local absorbed dose to these radiation
sensitive tissues increasing by a factor of two or more below about 50 keV.

The increased energy deposition by lower energy photons is relative to that of 137Cs or 6°Co.
Experiments with small animals would show similar effects, so it would hence be inadvisable
to use fields with significant components of the dose deriving from photons with energies less
than 100 keV. The example chosen here is the worst-case scenario because of the small
scale radiosensitive structures and the high Z elements present. However, structures in small
animals will be finer, so the effects could be either more or less pronounced.

These effects are hard to translate to the impact on blood irradiation, but it is possible that the
presence of iron in the blood could have an impact if the field has a significant low energy
component. ISO/ASTM 51939:2016 recommends using an X-ray field with energy “from 40
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keV to 300 keV” which is necessary if it is to be assumed that a given dose from the X-rays is
to be no more effective than an equal dose from one of the radionuclide sources.

180 +—— ————— Active Marrow - AM
- — — —  Endosteum - TM,
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Figure 3. Ratio of the absorbed dose in the active marrow and endosteum for full transport of
secondary electrons and using the kerma approximation, which assumes the electrons deposit
their energy where the interaction takes place. The absorbed dose is seen to be much higher
below 100 keV. The figure is taken from ICRP Publication 116 [ICRP, 2010].

Photons can be characterized in terms of their depth-dose distribution, which is essentially a
measure of the absorbed dose within a material as the various physical processes change the
field. These changes are caused by the attenuation and scatter of the photons, but also by
changes in the secondary electron field within the material. Inevitably, as the photons are
attenuated and scattered to lower energies, the dose versus depth falls, but near the surface,
there can be increases, because the secondary electrons may have quite long ranges and
deposit dose deeper in the material than the location of the primary interaction. For low energy
photons, the attenuation is the dominant effect, with the differences for different photon
energies becoming greater and greater as the depth increases.

For higher energy photons, when looking at shallow depth effects, it is routine in dosimetry to
use “secondary charged patrticle build-up”, which essentially means the use of a thin plastic
sheet to generate enough secondary electrons to ensure equilibrium is obtained within the
material that is being irradiated. This avoids a build-up of dose with depth in the material.
However, this becomes quite a significant effect for ©°Co and higher energy irradiations, but it
should not impact on the potential switch between 137Cs and X-rays.

The significance of different depth-dose distributions depends on what is being irradiated. For
small biological samples, the effect may not be very significant, whereas for a thicker sample
there may be significant differences between the doses deposited at a given depth by photons
of different energies. These effects do need to be considered when switching irradiation fields,
especially if the photon energy is significantly reduced.
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In practice, the field is characterized using half value layers (HVLs). These are simply the
thickness of a specific material required to halve the dose rate in a reference instrument. For
practical reasons, the material is generally a metal, typically aluminium, copper or lead. A
higher HVL means more material is needed to reduce the beam intensity, which indicates a
higher mean photon energy.

3.2 Radionuclide gamma-ray sources

The range of gamma-ray sources that is available to buy is much wider than the range of
sources typically used in blood irradiators or for biological experiments. Most would be
inappropriate or impractical because they have short half-lives or complex emissions which
are either less well known or are not of appropriate energy. In practice, only three
radionuclides are recommended by the International Organization for Standardization (ISO) as
providing “reference fields” [ISO, 2019]: 137Cs, 59Co and 2**Am, though the last of these is not
considered by ISO to be well enough known in terms of its emissions to provide the highest
quality calibration fields. The 60 keV gamma-rays emitted by 2**Am are also relatively
ineffective at delivering high dose rates, unless the source is of very high activity, which would
make it very bulky. The source would then have problems with self-attenuation because
americium absorbs 60 keV photons very effectively.

Other radionuclides are used for other applications, such as industrial radiography, with 192,
75Se and 16°Yb being typical, but these have relatively short half-lives, which make them very
impractical as sources to be held for extended periods, and the relatively low energy of their

emissions.

In most applications, the shorter half-life of 8°Co when compared to 1¥’Cs requires the sources
to be replaced more frequently, which is not a desirable feature. However, the higher energy
y-rays from 8°Co and the relatively high activity that can be achieved from an equivalent
amount of radionuclide, make it attractive for the delivery of higher dose rates.

The standard for the dosimetry of blood irradiators [ISO, 2017] recommends that the practice
should use 137Cs, 89Co, or “low energy X-radiation (bremsstrahlung) produced by an X-ray
tube”. In this context, low energy means a maximum energy of 160 keV, which would not be
considered a low energy for radiation protection. The filtration used is not specified, though it
recommends that the lowest energy should be restricted to 30 keV. This is quite prescriptive,
but it seems to reflect practice. The use of higher energy X-rays would offer significant
benefits in terms of dose delivery, but perhaps shielding is the main reason for limiting the
tube potential.

3.3 X-ray fields

In principle, an X-ray tube with any potential could be produced, but the single stage
acceleration process makes electrical insulation difficult. The current reference irradiation
fields [ISO, 2019] use a maximum potential of 400 kV, whilst online searches do not reveal X-
ray tubes with a potential greater than 600 kV*. However, the peak of the emission spectrum
being about 1/3 of the accelerating potential means that for 400 kV, the peak will be just above

https://www.comet-xray.com/getmedia/cb6a19c8-3f60-43c3-898f-
51¢382031bc6/pdf_xrs_modules_and_generators_v1_1l.aspx
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100 keV and for 600 kV the peak will be around 200 keV. Both energies are significantly lower
than the 662 keV of 137Cs, though the RBE of the photons may be expected to be comparable.

If X-ray fields are to be used, it is necessary for them to be well defined so that good practice
and consistency can be ensured between laboratories, which indicates that they should ideally
be taken from a standard. The International Organization for Standardization (ISO) and the
International Electrotechnical Commission (IEC) specify recommended fields for instrument
and dosemeter calibration in BS ISO 4037-1:2019 [ISO, 2019] and medical imaging in BS EN
61267:2006 [IEC, 2006] respectively. The medical fields are relatively low in energy, with the
highest tube potentials being only 150 kV, whereas the calibration fields go up to 400 kV.
Given that ISO/ASTM DIS 51939:2016 [ASTM, 2016] recommends fields with energies from
40 keV to 300 keV with no recommendation on how those fields are specified or selected, the
discussion in this document is focussed on the calibration fields from BS ISO 4037-1:2019,
which are more likely have similar RBE to ¥7Cs.

For the photon reference fields generated by calibration laboratories, the fields are filtered. All
X-ray fields have a level of inherent filtration because they are sealed tubes, but that filtration
is minimized by using low Z metals such as aluminium or beryllium. External filters are then
used to “narrow” the X-ray field by preferentially attenuating the lower energy component. This
produces quasi mono-energetic fields to compare with gamma rays using a combination of
aluminium, copper, tin and lead filters [ISO, 2019]. The higher Z materials are used for higher
energies, because the materials are especially effective below the K-edge’, but even for lead
this is only 88 keV, so for higher energy X-rays the field cannot be narrowed appreciably using
even a lead filter.

The available calibration fields are termed High (H), Wide (W), Narrow (N) and Low (L), with
the amount of filtration increasing in this sequence. The fields are more monoenergetic in the
same sequence as a result, with the H field being broadest in energy and the L field being the
narrowest. The fields are not monoenergetic, even for the N series with quite a lot of filtration
(Figure 4), but the RBE is not likely to vary much within the energy range spanned by even
these broad peaks. The logarithmic x-axis used in Figure 4 should be noted, because the
energy width of the peak increases with tube potential.

The bigger problem is that the dose rate falls significantly as the filtration is increased, so the
highest fluences and doses are generated for the H series, and the lowest for the L series
(Figure 5). The dose rate is approximately proportional to the tube current, but limits on the
tube current vary with the applied tube potential, which imposes real limits on the dose rate
that any X-ray set can produce. Biological experiments and blood irradiation are hence
unlikely to be viable with the L or N fields because of their relatively low dose rates, so the W
or even H series are more likely to be appropriate replacements for the radionuclide fields.
However, these substitute fields are far from monoenergetic.

ISO 4037-1:2019 only defines the highest energy X-ray fields for the H and N series, as H400
and N400, where the 400 refers to the 400 kV applied to the tube. To produce these fields a
laboratory needs a bipolar X-ray tube which uses two insulators to avoid electrical breakdown.
The mean energy of the N400 field is 328 keV, about half the energy of the 137Cs gamma-ray.
For the H400 field the mean energy is only 190 keV, but the dose rate is 150 times higher for
the same current. ISO does not recommend a W400 field, but it can be inferred that this would

The photoelectric absorption cross section falls rapidly above the “K-edge”, the energy of the K-shell X-rays,
which generally increases with Z.
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have a lower mean energy but perhaps twice the dose rate of the H400 field. This presents
the essential difficulty for X-rays: attenuating the lower energy component to produce a field
that is more like a gamma ray reduces the dose rate, thereby removing one of the key
advantages of using X-rays for experiments that need a high dose rate.
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Figure 4. Narrow series X-ray fields, normalized to a peak fluence of 1, for the full range of kV
values used in BS ISO 4037-1:2019 [ISO, 2019]

The practice of switching to X-rays from 137Cs or 8°Co is established practice in calibration
laboratories, because radiation protection instrumentation is designed to operate accurately
and alarm at dose rates that relate to accidents and emergencies. Few calibration laboratories
have radionuclide sources that can deliver the dose rates required at an appropriate distance
from the source. It is hence necessary to switch to the H or W series from ISO 4037-1:2019,
optimally at the highest available kV and current, so that high dose rates can be achieved. In
such instrumentation, it is found that the calibrations using W300 or H300 are consistent with
those performed using *¥7Cs or 6°Co, though this is generally related to the energy deposition
in silicon, a scintillator material or a gas, not biological material. However, because the highest
energy available is generally used, the irradiations are at much higher energies than may be
expected to show significant differences between the detector material and tissue.

The available X-ray fields have some significant differences from the radionuclide source
fields that are currently used in biological experiments and blood irradiators:
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e The photon energies are inevitably lower with maximum energies around 600 keV being
the highest that are available.

e Most calibration or research laboratories do not have X-ray tubes that operate much
above 300 kV, so the photon energies are not likely to be above 300 keV, with mean
energies considerably lower.

e Filters that make the energy distribution more acceptable produce big reductions in the
dose rate.

The essential question is then: does the difference in the energy distribution matter for the
experiments and irradiations that are being conducted? For the highest tube potentials, even
with relatively little filtration, most of the dose will be deposited by relatively long range
secondary electrons, so the RBE is likely to be quite comparable to that for the radionuclide
sources.
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Figure 5. H, W, N and L series X-ray fields, unnormalized from BS ISO 4037-1:2019 [ISO, 2019]

3.3.1 Alternative X-ray irradiators

Reviews that have considered X-ray alternatives to radionuclide sources [MacKenzie et al.,
2020, Murphy and Kamen, 2019] have looked at a wide range of experiments to determine the
optimum X-ray alternatives to radionuclide sources. The factors considered include the energy
distribution, dose rate and uniformity of the field, as well as the RBE determined by the
experiment. The presence of low energy X-rays, which have a very shallow depth-dose curve,
is clearly disadvantageous for small animal exposures because of the risk of skin burns. This
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means filtration is required, but the high RBE of low energy photons [Nikjoo and Lindborg,
2010] also means that such fields would inevitably offer poor replacements for 13’Cs or 6°Co.
However, the experiments surveyed [MacKenzie et al., 2020] that used ~ 300 kV fields, had
HVLs from 1 mm to 4 mm of copper. This is a very significant range that indicates a lack of
consistency in the filtration applied.

One review [Murphy and Kamen, 2019] looked specifically at three devices, the “RS2000
Series Biological Irradiator™, “X-RAD 160 - Precision X-Ray"" and the “X-RAD 320 - Precision
X-Ray"t . All of these devices are designed to irradiate biological samples, but the fields they
generate do not conform to either the fields used in instrument and dosemeter calibration
[ISO, 2019] or medical exposure [IEC, 2006] standards. Comparing the available fields for
tube potentials around 160 kVp is difficult because of the incomplete information available
(Table 1). The energy distributions are not readily available, and comparison between ideal
calibration fields in low scatter facilities with an enclosed chamber is inevitably unreliable.
However, the HVL for the field is perhaps the best comparator available.

Table 1. Specifications of the ISO 4037 instrument and dosemeter calibration fields, the IEC
61276 medical calibration fields and a typical X-ray calibration unit.

Field Inherent filtration Additional filtration HVL
L1702 4 mm Al 15mmPb+3mmSn+1 3.4mmCu
mm Cu
N150? 4 mm Al 2.5mm Sn 2.3 mm Cu
W150? 4 mm Al 1 mm Sn 1.78 mm Cu
H150? 4 mm Al 0.15 mm Sn 0.81 mm Cu
RQR10° (150 kV) Not specified 2 mm Al 6.57 mm Al
RQA10P (150 kV) Not specified 45 mm Al 13.3 mm Al
RQT10" (150 kV) Not specified 0.3 mm Cu 10.1 mm Al
X-RAD 160°¢ 0.8 mm Be 2 mm Al Not specified
187Cgd n/a n/a 34.5 mm Al or 10.7 mm Cu
%0Cod n/a n/a 46.5 mm Al or 14.8 mm Cu

a ISO 4037-1:2019
b IEC 31267:2006
¢ https://www.accela.eu/precision-x-ray/x-rad-160
d [Thoraeus, 1965]

The HVL can be specified in terms of any material, but in the case of the medical fields, which
are all relatively lower energy, this is done in terms of aluminium, whereas the
instrument/dosemeter fields are quoted mainly in terms of copper. Here the HVL for 137Cs is

https://www.radsource.com/wp-content/uploads/2016/06/RS2000_EN.pdf
T https://www.accela.eu/precision-x-ray/x-rad-160
*  https://www.accela.eu/precision-x-ray/x-rad-320
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seen to be much higher any of the X-ray fields, which indicates that a higher kVp would be
preferable.

Comparison between the well characterized fields with tube potentials around 320 kV, shows
that the HVLs are closer to that of 137Cs (Table 2) than the ~160 kVp fields were. There are no
medical fields in this table because such high energies are not used in imaging. One of the
commercial systems quotes the HVL for their fields, which for lower dose rates is quite close
to the H300 field. The W300 and N300 fields have higher HVLs, but lower dose rates because
of the greater filtration.

Table 2. Specifications of the ISO 4037 instrument and dosemeter calibration fields, the IEC
61276 medical calibration fields and a typical X-ray calibration unit.

Field Inherent filtration Additional filtration HVL

N300? 4 mm Al 5mm Pb +3 mm Sn 5.96 mm Cu
W300? 4 mm Al 6.5 mm Sn 5.03 mm Cu
H300* 4 mm Al 2.2mm Cu 3.22mm Cu
X-RAD 320° (3 Gy/min) Not specified Not specified =1 mm Cu
X-RAD 320° (1 Gy/min) Not specified Not specified =3 mm Cu
RS2000°¢ (350 kV) 4 mm Be Not specified Not specified
187Cgd n/a n/a 10.7 mm Cu
€Co¢ n/a n/a 14.8 mm Cu

a ISO 4037-1:2019

b https://www.accela.eu/precision-x-ray/x-rad-320

¢ https://www.radsource.com/wp-content/uploads/2016/06/RS2000_EN.pdf
d [Thoraeus, 1965]

The X-ray fields that have been used in biological experiments are diverse, but the studies
that used those fields were exposing very different samples and looking for different
endpoints. The RBE values determined do not correlate very well with the HVL of the field
used, which probably reflects the diversity of the experiments performed. However, it seems
evident that the field used for reference RBE determinations needs to be close to ¥’Cs in
effect, so that the historical data can be used in comparison, which mitigates in favour of using
fields for which the HVL approaches 10.7 mm of copper.

It can be difficult to decipher exactly what was done in a study if there are details missing from
the description of the irradiation conditions. An example of this is the work of Gibson et al
[Gibson et al., 2015a], which showed increased morbidity in mice exposed to 130 kVp X-rays
when compared to mice exposed to an equivalent dose of 3’Cs gamma rays. This is an
important study when considering a switch to X-rays instead of 1¥’Cs. It is, however, hard to
work out what the cause of the different morbidity was for several reasons:

e The ¥7Cs doses were delivered from top and bottom, whereas the X-ray doses were
delivered from the top only.
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e The 1%7Cs dose rate was determined using Fricke dosemeters, which are presumed to be
calibrated against *37Cs, which will reduce potential bias, but there are many potential
sources of uncertainty including traceability to national standards.

e The X-ray doses were measured using a “real-time dosimeter (model no. 2026¢, Radcal,
Monrovia, CA)”, but the 2026¢ is not a dosemeter, it is a “radiation monitor controller”
which uses an ionization chamber to measure the radiation dose. The ionization chamber
is the crucial component here, but the model is not specified. Most likely it is accurate to
within 5% down to some 10s of keV, but without the model being specified it is not
possible to quantify the potential bias in the doses delivered.

e The “dose” is presumably absorbed dose to Fricke gel in the case of the 137Cs and air
kerma for the X-rays.

e The reference specifies that a “Rad Source 2000 Xray Biologic Irradiator” was used to
generate the 130 kVp field but does not state what filtration was used, nor does it specify
the half value layer for the field.

e The brochure” for this irradiator states that it has a 4 mm thick beryllium window, which will
not remove much of the low energy X-ray component. If this inherent filtration is the only
filtration used, then the HVL of the field will be a few mm of aluminium rather than the
10.7 mm of copper for a 137Cs field. Consequently, a lot more dose will be delivered by low
energy photons, which might explain the higher morbidity of the mice.

Whilst the morbidity data are unequivocal, it is not possible to dismiss X-rays as a substitute
for 137Cs based on this study. The difference is most likely caused by the X-rays used being a
poor alternative to 1¥7Cs, since the X-ray field needs a higher kV and more filtration to better
replicate 137Cs.

Commercial animal irradiators that use higher kV are available, but there are pragmatic
reasons for not using them. The price of the irradiators increases as the kV increases, as does
the overall size of the irradiator. For example the Rad Source RS2000 irradiators used in the
Gibson et al study [Gibson et al., 2015a] increase in mass by a factor of 4.5 in going from the
160 kV to the 350 kV model. Adaptation of existing facilities to accommodate a high kV
irradiator may not be straightforward.

Table 3.  Variation in size and mass for different kV specifications of the Rad Source RS2000
(Custom Built X-ray Irradiators with 450 kV or 600 kV are available)

kVp 160 kV 225 kV 350 kV

External dimensions 106.7 x 182.9 x 83.8cm 115.2 x 182.9 x 83.8cm 155.2 x 182.9 x 89.8cm
Mass 567kg 645kg 2560kg

Internal dimensions 43.2 x 68 x 38.1cm 43.2 x 68 x 38.1cm 52.5x 72 x 52.5cm

34 Linear accelerator fields

The photon fields generated by linear accelerators (linacs) are the same in their method of
production as the photons from an X-ray tube, the difference being that they can be generated
with much higher energies. Medical linacs operate at energies up to 25 MeV or even 30 MeV,

http://www.radsource.com/small-animal-
irradiation/?gclid=CjwKCAjw5vz2BRAtEiwAbcVILy8nhgBr6 EDHcn80NWpWZ2g3CB_95EM8Ivw4kALA81YsltiQ3
Rz9NBoCtdYQAvVD_BwE
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though the clinical benefit of these highest energies is no longer evident, so such energies are
rarely used now. The benefit of very high energies for the irradiation of small animals or blood
samples is not clear and it would generate very significant shielding issues, stray neutron
fields and cost an excessive amount of money. Consequently, for this review, only lower
energy linac fields are considered.

Work using a 3.5 MV linac [Bordy et al., 2019] has produced a field with a broad energy
distribution with a mean energy of 640 keV using an accelerating potential of 3 MV. The field
contains fluence from about 50 keV to 3 MeV, but the full width half-maximum (FWHM) ranges
from about 80 keV to 2 MeV. Such fields are highly tuneable, but it is not possible to achieve
much reduction in the FWHM using filters, because the energy of the photons is so high
compared to the K-edge of possible filter materials.

The linac facility that has been built at ATRON METROLOGY, Cherborg en Cotentin, France
[Dusciac et al., 2016, Bordy et al., 2019] has been designed to offer a close approximation to
a 137Cs source using bremsstrahlung photons, but it has been designed for instrument and
dosemeter calibration. It is based on a 3.5 MV Singletron accelerator”, and is housed in a
relatively large facility: the room housing the accelerator is approximately 11.5 m long by 6.5
m wide, with concrete walls more than 1.5 m thick. The beam is extracted into a separate
room 6.7 m long by 3 m wide, which is also shielded by thick concrete. The beam generated is
horizontal, whereas biological experiments are likely to require a vertical beam, which would
require a design more like a medical linac with bending magnets to change the direction of the
electron beam.

The thick shielding is required because, although the mean photon energy is close to that of
137Cs, the photon energy distribution extends up to 3 MeV. To install a linac like this to replace
a 137Cs source would hence be likely to require a new building or extensive modifications to an
existing facility. It is difficult to estimate the cost, but it would inevitably be much more
expensive than an X-ray tube system, if a laboratory had the space available to install a linac.

Whilst linacs are quite attractive as a replacement for 137Cs, because they can be used to
generate a field with the same mean energy, the added cost of building the facility and
shielding it are likely to leave X-ray tubes as a more attractive and practical option. However, if
a facility exists already, using it for biological experiments is a realistic proposal, though it is
hard to envisage it being practical to set up a blood irradiator using this technology.

3.5 Summary

The discussion above provides an overview of the characteristics of the radiation fields
generated by gamma sources and X-ray sources. There are differences between the fields,
but with appropriate attention to the filtration of X-ray sources they can very often be seen as
suitable alternatives to *3’Cs. When considering switching from 37Cs to X-rays, investigators
should consider carefully the size and geometry of the sample to be irradiated as this will
inform the choice of a suitable alternative. In many cases it would be prudent for investigators
to undertake comparative studies before adoption of the X-ray alternative. Linac fields can be

http://lwww.highvolteng.com/media/Brochures/Singletron_broch.pdf
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more similar to 137Cs fields but routine use in research labs or within blood transfusion
services is unlikely due to high cost and requirements for shielding.

ALTERNATIVES TO CAESIUM IRRADIATION FOR SPECIFIC
PURPOSES

The US Department of Homeland Security has recently published a comprehensive analysis
of the alternatives to the use of caesium irradiators in all sectors”. This provides a valuable
resource to all that are considering moving away from the use of caesium irradiators. The
report concludes that there exist alternatives to caesium irradiation in the blood transfusion
and biological research sectors. In this chapter, we aim to describe potential alternatives in
these sectors and consider some specific applications and the available alternatives

Outside of the UK, experience with the replacement of caesium irradiators with alternatives is
available in France, Norway and Japan. As also noted in the Introduction, the US is currently
engaged in activities to seek alternatives as exemplified by the Department of Homeland
Security report. More specifically there is well documented experience in certain US institutes.
The University of California owned 42 137Cs irradiators for a wide range of purposes such as
treating blood, exposing cells and small animals. A recently published report from the
university identified 88% of their irradiators could be removed and replaced with X-ray
irradiators [MacKenzie et al., 2020]. The report identified that 320 or 220 kVp X-irradiators
make suitable replacements during animal exposures, and low 160 kVp X-irradiators being
comparable to 137Cs for in vitro cell exposures [Murphy and Kamen, 2019]. Several
considerations must be taken into account when replacing a 137Cs irradiator with a suitable X-
irradiator; as discussed, RBE values can have a wider range in evaluations using X-rays
depending on the energy used in comparison. However, achieving a comparable RBE value
is possible with a 137Cs reference [MacKenzie et al., 2020] and knowing the desired depth
dose will also help identify the correct X-irradiator (and setup) required [Murphy and Kamen,
2019].

4.1 Human blood transfusion

Gamma-irradiation appears to be the most commonly used form of irradiation, although X-
irradiation and pathogen inactivation technologies are becoming increasingly used alternatives
to prevent TA-GvHD during transfusion in humans. The prevalence of gamma- over X-
irradiations is most likely due to a lack of incentive to use an alternative due to economic or
practical reasons rather than a biological advantage of one over the other.

In many cases, X-irradiators are an appropriate alternative to *3’Cs irradiators [Dodd and
Vetter, 2009]. Whilst the energy of X-irradiators is different to that of 137Cs, the former is more
than capable of delivering the 25 Gy dose required with uniformity and stability [Dodd and
Vetter, 2009] and with no clinically significant adverse effects [Janatpour et al., 2005]. A
comparison of X- and ¥7Cs irradiators was recently performed in a UK NHS Blood and
Transplant unit, where the effects of both were analysed on the quality of red cell concentrates
(RCCQC), to measure the effectiveness of each approach [Bashir et al., 2011]. Blood units for

https://www.cisa.gov/publication/non-radioisotopic-alternative-technologies-white-paper
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intrauterine or neonatal exchange transfusions were analysed and in terms of RCC quality,
acceptable levels of haemolysis and potassium leakage were achieved compared to current
gamma-irradiation results. X-irradiation of blood and blood products is now in routine use
across England [Bashir et al., 2011]. A comparable study in the US reached similar
conclusions, with red blood cell permeability being the measure of effectiveness of irradiation.
Non-clinically important differences were observed, indicating that X-irradiation is an
appropriate alternative to a gamma irradiation [Janatpour et al., 2005].

In 2019, the Component Development Laboratory, NHS Blood and Transplant (NHSBT),
Cambridge, UK, performed controlled paired studies to compare the effect of either gamma- or
X-irradiation on the storage quality of red cell blood components (publication in preparation).
The investigators used adult-size red cell concentrates and paediatric-size red cells in saline
adenine glucose mannitol, as well as intrauterine transfusion and neonatal exchange
transfusion red cells in citrate phosphate dextrose plasma. All components were irradiated at
25-50Gy at the latest point in storage, while paediatric top-up red cells were also irradiated
early in storage. Components were tested for quality parameters over storage until the end of
shelf life including haemolysis, supernatant potassium, lactate, adenosine triphosphate and
2,3-diphosphoglycerate. Each parameter was analysed for equivalence between paired
components that were either gamma- or X-irradiated. Despite differences identified that
suggested slight worsening of red cell quality following X-irradiation compared with gamma-
irradiation, these were not considered clinically significant; therefore, X-irradiated red cell
components studied here were of acceptable storage quality. [Dr Athinoula Meli, NHS Blood
and Transplant, personal communication]

As an alternative to irradiation, UV systems have been trialled in the US for blood pathogen
reduction or inactivation [Schubert et al., 2018, Seghatchian and Tolksdorf, 2012] during
platelet transfusion. FDA approval for the use of one system with red blood cells and whole
blood is currently pending in the US.

A recent non-irradiation development in transfusion services is pathogen inactivation for
platelet concentrates. Multiple techniques are available to perform the inactivation including
amotosalen and UVA, riboflavin and UVA/B and using UVC light, each method uses a
photosensitiser and/or UV light [Feys et al., 2019]. The principle here aims to decrease the
chances of infectious disease transmission from the host to the donor. In addition, the
Pathogen Inactivation of Platelets 2014 report of the advisory committee on the Safety of
Blood Tissues and Organs working group, concluded that the pathogen inactivation
technologies reviewed can replace irradiation of platelets for the prevention of transfusion-
associated graft-versus-host disease. (SaBTO, 2014,
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data
[file/324354/SaBTO_platelets_report.pdf).

Currently such techniques are not recommended for blood for transfusion as not all
components can be successfully treated, but these techniques may become feasible in the not
too distant future with successful further development. In fact, gamma-radiation has been
reported as an ineffective alternative to non-irradiation pathogen inactivation [Bello-Lépez et
al., 2016].
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4.2 Animal irradiations

Animals are irradiated for a variety of purposes, studying the effects of radiation through to
ablation techniques for transplantation studies. Mice are the most commonly used species in
such studies, although a range of species are used experimentally, from zebrafish [Praveen
Kumar et al., 2017] through to primates such as baboons [Port et al., 2018]. The
standardisation of animal irradiation when using X-irradiators has led to the design of an X-ray
dosimetry protocol by the European Late Effects Project Group (EULEP) to improve the
comparison of results achieved by different institutes [Zoetelief et al., 2001]. Such guidance
makes the use of X-irradiators over gamma-irradiators both desirable and accessible and
reduces the need for extensive dosimetry that would be continually needed when using
gamma-radiation.

A number of specifically designed small animal X-irradiators are commercially available. X-
irradiators generally deliver a uniform and homogenous dose for animal exposures and are a
favourable alternative in several experimental approaches. However, restrained vs. free
moving mice will be an important factor to consider when performing the dosimetry. Permitted
mouse restraint procedures in the UK are largely dependent upon individual Home Office
licence requirements for the use of animals for experimental purposes. This is unlikely to
restrict the use of an X-ray alternative to 13’Cs.

A recent study comparing both 137Cs and X-ray irradiators during mouse bone marrow ablation
demonstrated that either source was fairly comparable to peripheral blood reconstitution
following bone marrow ablation. However, the researchers highlight some distinct
physiological differences in response between the two that would need consideration when
choosing the optimal source to be employed [Gibson et al., 2015b]. Significant variation was
observed between B, T, myeloid cell reconstitution between the two sources as were
differential effects on morbidity, which would need careful consideration when replacing the
137Cs irradiation source during such studies (see also Section 3.3.1).

In the investigation into treatment for haemophilia A, mice have traditionally been total body
irradiated (TBI) using ¥’Cs as a preconditioning of hematopoietic stem cells, with some
undesired cytotoxic effects associated. Recently, a non-genotoxic alternative preconditioning
technique has been demonstrated to be an effective and favourable replacement to irradiation
[Gao et al., 2019]. The technique utilised within the study involved CD45.2- and CD117-
targeting cell-specific antibody-drug conjugate (ADC) preconditioning, which effectively allows
engrafting of haematopoietic stem cells, resulting in successful platelet lineage reconstitution
in haemophilia A mice. Similarly, combatting the genotoxic effect of irradiation and
chemotherapy appears to be a driver for alternative techniques during transplantation.
Another non-genotoxic conditioning treatment trialled in mice involves the immunosuppression
and selective depletion of recipient hematopoietic stem cells again using a CD117-ADC [Li et
al., 2019]. The results were promising, with only a small elevation in liver enzymes reported
during the first week post-conditioning, presenting an alternative to irradiation for
immunosuppression.

Bone marrow transplantation is a very promising treatment approach with the possibility of
improving health in a number of diseases and also greater success in solid organ
transplantation [Xu et al., 2019]. Bone marrow transplantation research is heavily reliant on in
vivo experimentation chiefly using mice [Duran-Struuck and Dysko, 2009], prior to human
practice. Such studies have been demonstrating a number of irradiation and ablation
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alternative approaches. One example is the recent use of busulfan conditioning [Peake et al.,
2015]. Avoiding myeloablation, this conditioning method uses the chemotherapeutic agent
busulfan which has been reported to be well tolerated by mice when administered by
intraperitoneal injection. This approach does not require donor cell support for successful
engraftment or survival [Peake et al., 2015] and eliminates the need for specialised irradiation
facilities used for animal exposures. This provides a potentially invaluable tool for studying the
hematopoietic system, TA-GvHD and a range of immunobiology issues.

Bone marrow transplantation can be avoided by stimulating the release of haematopoietic
stem cells (HSC) into the peripheral blood (referred to as mobilised peripheral blood HSC), a
method that has the benefits of rapid engraftment reducing infection incidence [Xu et al., 2019,
Dey et al., 2007]. This approach has been successfully performed in mice using AMD3100 as
a rapid mobilising agent releasing HSC into the blood of B6 mice. AMD3100 was co-
administered with FIt3 ligand (FL) and granulocyte colony-stimulating factor (GCSF), referred
to as FL/IGCSF/AMD3100. The blood from the B6 was then extracted and transplanted into
recipient BALB/c mice conditioned by both ablative and non-ablative approaches. No
engrafted mice were observed to suffer from TA-GvHD, therefore the use of non-
myeloablative conditioning during this mobilised HSC approach represents a promising
alternative to irradiation if the principle is also successfully adapted to human patients [Xu et
al., 2019].

A recently investigated alternative technique in mice involved the pharmacological inhibition of
plasminogen activator inhibitor-1 (PAI-1) activity and was demonstrated as an effective
myeloablative conditioning alternative.

Hematopoietic stem cell transplantation (HSCT) is an important therapy for patients with
hemoglobinopathies, congenital immunodeficiency and several similar conditions. However,
conditioning with irradiation can cause implications due to genotoxicity. To avoid this, and
reduce TA-GVHD, these cells can be conditioned by targeting CD45 in a hon-genotoxic way
[Palchaudhuri et al., 2016]. Immunocompetent mice have successfully been conditioned
using this method resulting in successful engraftment of donor cells, and it has been found
more effective than irradiation conditioning with fewer undesired effects.

In most experimental studies of bone marrow/HSCT transplantation an excess of donor bone
marrow/HSCs is transplanted, in some situations however very limited numbers of cells are
transplanted in order to identify rare cells that have particularly high repopulating capacity,
these assays are generally known as limiting dilution assays (lvanovs et al, 2008; Azzoni et al,
2018; Zhang et al, 2019, 2020). From the available literature, it is apparent that there is a
preference for the use of 13’Cs (and less commonly °Co) for ablation of host bone marrow
prior to transplantation. While in principle other methods, including X-irradiation should be
suitable for use on such procedures, work to establish these as acceptable alternatives will be
required.

The use of proton therapy is increasing in medical facilities, and this in turn has triggered a
slight increase in RBE related research to further understand and improve the effectiveness of
this treatment. It is envisaged that some access to gamma-irradiators would be needed to
continue these investigations to allow appropriate comparisons between radiation sources.
Therefore, there may be a continued need in research to retain some 3’Cs (or $°Co)
irradiation sources in order to carry out further research and improve knowledge about the
health effects of radiation [Gibson et al., 2015b].
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Most of the studies and situations discussed here require relatively acute exposures, but there
may be occasions when chronic or protracted exposures to radiation are required. X-
irradiators will likely be suitable for this purpose, with some planning. For example, X-
irradiators may be prone to overheating when used at maximum voltage and current for
prolonged periods. However, such practical issues will be location and environment specific;
the availability of air-conditioning, the desired dose etc. High-energy X-ray tubes, which are
commercially available, are also a possibility for higher dose or dose-rate exposures and may
be considered if such exposures are desired. If very high dose-rates are needed for a
purpose, higher than feasibly possible with an X-irradiator, it is likely the researcher or medical
facility would consider electron fields generated by a linear accelerator (linac) rather than
pursue high-energy X-rays.

4.3 Cell culture

The type and structure of cell and tissue culture in vitro will influence the type and delivery of
ionising radiation needed to irradiate them. Traditional 2D cell culture means that the cells are
typically grown in a single layer within a flask or dish, making the dosimetry during irradiation
straightforward. Increasingly, 3D cell culture, including spheroids, allow cells to be sustained
or grown over more complex matrixes of material and demonstrate several benefits over 2D
culture in simulating important cellular characteristics relevant to in vivo environments
[Imamura et al., 2015, Liu and Chen, 2018]. This allows more cells to be supported within a
given area as well as being more physiologically relevant when trying to mimic in vivo cell and
tissue environments during in vitro drug testing and investigation of radiation responses etc.
As a result, 3D cell culture would require depth dose to be considered during exposure to
ionising radiation to ensure all cells receive a similar and accurate dose. There are no
obvious limitations regarding the use of X- over gamma-radiation and vice versa. However,
the field of feeder cell production and subsequent growth arrest seems to be moving towards
non-radiation techniques, that will also be covered within this section.

Exposure of feeder cells to gamma-radiation successfully inhibits proliferation, but also has
been reported to have some negative effects such as inducing undesired cell apoptosis
affecting the secretion of the soluble factors produced by the cells needed to ‘feed’ stem cell
expansion [Villa-Diaz et al., 2013]. One of the most commonly used alternatives to gamma-
irradiation in feeder cell inactivation is not X-radiation, but the antitumoral antibiotic mitomycin-
C (MMC), which has clearly been demonstrated to be as effective as gamma-irradiation
[Ponchio et al., 2000] and is increasingly applied during feeder cell production. MMC can treat
less cells than treatment with gammae-irradiation in relative terms, due to the requirement of an
incubation period during exposure which can last from three hours to overnight [Ponchio et al.,
2000], but MMC treatment appears to successfully inhibit mouse embryotic fibroblast (MEF)
growth just as effectively. MMC is readily available and at a considerably lower cost
(compared to irradiations, particularly caesium and cobalt gamma sources) and less time
consuming [Llames et al., 2015, Ponchio et al., 2000, Chugh et al., 2015]. This alternative to
irradiation, coupled with three-dimensional suspension method (3DSM) culture, could provide
a highly economic and large-scale feeder cell production method to replace existing gamma
irradiation-driven techniques [Li et al., 2017]. MMC has been demonstrated to cause no
adverse effects when the target cells are hematopoietic stem cells [Ponchio et al., 2000]. An
early comparison between MMC and gamma-irradiation treated feeder cells suggested a
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slightly better efficiency of radiation exposed cells in sustaining target cell expansion;
however, this advantage may be cell type specific. MMC treatment represents a viable and
cost-effective alternative to gamma-irradiation, however the benefit of the alternative is likely
to be cell (feeder or target) dependant. Therefore, it is recommended that scientists perform
similar comparisons using their cells of interest when considering MMC as an alternative
method to irradiation. In general, both gamma-irradiation and MMC treatments are considered
equivalent, achieving the same desired outcome only by different mechanisms [Llames et al.,
2015].

In the absence of a gamma-radiation source, feeder cells can also be produced via X-
irradiation. Recently a comparison between X- and gamma-radiation on K562 cells alongside
IL-2 and IL-15 supplementation was performed for use in natural killer cell expansion (used in
anti-tumour immunotherapy studies). The study suggested no significant difference between
the two radiation types [Kim et al., 2018].

Other novel treatments are less commonly used but are also reported to be effective under
certain conditions where gamma-irradiation or MMC treatment are not possible. Ultrashort
electric pulses have been demonstrated to penetrate cells and induce intracellular responses
without affecting cell viability [Llames et al., 2015, Schoenbach et al., 2004]. This method has
been recently demonstrated to prepare good quality feeder cells for culture [Browning et al.,
2010]. Chemically fixed feeder cells have also been reported to effectively support the growth
of stem cells incorporating very mild treatment with glutaraldehyde or formaldehyde which
induces growth arrest and protein immobilisation, inhibiting proliferation whilst maintaining cell
viability [Ito et al., 2006]. This method has the added benefit of allowing the feeder cells to be
easily stored and used at a later date, which would be a benefit during in vitro research where
there is a reduced throughput of production needed [Ito et al., 2006, Llames et al., 2015].

In certain situations, the use of feeder cells can be avoided altogether by using conditioned
medium to achieve the same induction of proliferation of target cells [Llames et al., 2015].
Haematopoietic stem cells have recently been transplanted from one mouse to another
without the need for preconditioning at all, due to the development of an albumin-free culture
system that successfully supported long term expansion of function stem cells and engrafted
into the donor animal with reduced toxic effects [Wilkinson et al., 2019]. This approach has
important implications for future haematopoietic stem cell transplantation therapies in humans,
removing the need for preconditioning with radiation completely.

It is noteworthy that the role of feeder cells in co-culture techniques is envisaged to be
replaced by synthetic feeder cell substitutes, however this alternative replacement is unlikely
to be available in the short term [LIlames et al., 2015].

As noted in the previous section on animal irradiation, there are particular considerations
when chronic irradiation is required, with 13’Cs being the current standard. With modification,
it seems likely that X-irradiation can provide a suitable, stable and safe alternative.

5 DISCUSSION AND SUMMARY

Techniques involving 137Cs irradiators are in use in the UK biological sciences and blood
transfusion services sectors. Given global concerns on the potential malevolent use of 1¥7Cs,
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there are sound reasons for considering alternatives technologies to replace 1¥Cs irradiators.
This report identifies several current uses, including:

e Irradiation of blood and blood products to avoid transfusion-associated graft-versus- host
disease

e [Irradiation of experimental animals to facilitate bone marrow transplantation for research
purposes

e Irradiation of experimental animals as models for studies of radiation-associated disease
in humans and in investigations of the impacts of radiation on the environment

e Irradiation of plant materials for a limited range of agricultural and botanical sciences
applications

e [rradiation of cells cultured in vitro to provide ‘feeder cells’ to support the growth of
particular cell types

e Irradiation of cells cultured in vitro for radiobiological investigations

Particular advantages to the use of 137Cs include the stability of the radiation field and the well
characterised nature of the gamma radiation produced. 3’Cs has a long half-life meaning that
the sources can be used over many years without the need for replacement. By comparison
X-ray fields are more complex, and can be less stable due to the operating characteristics of
X-ray tubes. Nonetheless X-irradiation can frequently provide a suitable alternative to 137Cs
irradiation for most applications.

The well-defined nature of radionuclide fields has advantages in terms of consistency.
Suppliers of commercially available biological X-irradiators will need to provide detailed
information on the field characteristics or allow the user to tailor those field characteristics. The
use of higher tube potentials provides better comparison with historical data that use 137Cs or
60Co, especially if high-Z filters such as lead are used, but there is a corresponding loss of
dose rate, which could be problematic for blood irradiation and for some experiments.
Consistency will be lost if laboratories all choose different X-ray fields for their experiments.

Linac generated photon fields have been shown to better replicate 3’Cs than is possible with
X-ray tubes, but there will be greater difficulties replacing existing irradiators with this
technology. The cost of the accelerator will be much higher. The space and shielding
requirements are likely to be impossible to accommodate in most laboratories. The scientific
benefits of the field relative to a field generated with a high potential X-ray tube are likely to be
marginal and not justified by the additional cost.

For some applications, fully non-radiation alternatives are identified, notably for uses in
generating feeder cells and the ablation of bone marrow in experimental animals prior to bone
marrow transplantation for research purposes. Only few situations were identified where it is
not currently clear if X-irradiation or other alternatives could be suitable — (i) limiting dilution
repopulation of ablated mouse bone marrow with haematopoietic stem cells, and (i) studies of
the relative effectiveness of 137Cs with other radiation types in studies of newer radiotherapy
techniques and for determining the health impacts of 137Cs. When an X-ray or other
alternatives are being considered it is advisable for the researchers to conduct preliminary
experiments to ensure the comparability of the methods and ensure results are compatible. A
decision tree is provided to help users and researchers identify suitable alternatives to their
current uses of 1¥’Cs irradiation. The maintenance of a limited number of *37Cs sources for
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studies of the relative health impact of this radiation source, which is an important constituent
of some accidental releases, is considered appropriate.
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