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Abstract 
To fully exploit the prospects presented by the increasing focus on biological approaches for enhancing radiotherapy outcomes, improvements in re
peatability and translatability of radiobiological and preclinical studies are required. This requires the development and adoption of appropriate dosimet
ric standards and reproducible approaches to increase confidence in the studies, enabling inter-laboratory validation and facilitating clinical translation. 
An Institute of Physics and Engineering in Medicine (IPEM) working party reviewed the current status and challenges associated with dosimetry of 
medium-energy X-rays and make recommendations with the aim to optimize the potential clinical significance of radiobiological preclinical investiga
tions. The paper discusses the currently available resources with technical recommendations for performing dosimetry in medium-energy X-rays, 
along with the consequences of lack of standardization and implications of dose inhomogeneity. It is clear that there is still a gap in understanding the 
needs for standardization of dosimetric aspects of preclinical and radiobiological studies. It is recommended that these radiobiology studies should be 
conducted in partnership with medical/radiation physicists. This collaboration ensures the correct utilization of suitable dosimetry systems, thus 
guaranteeing accuracy and consistency of dose delivery. Appropriate calibration and traceability to national/international standards laboratory, along 
with regular quality assurance of radiation devices, are paramount to reproducibility. Additionally, it is critical that experimental details and associated 
dosimetry are sufficiently reported to ensure accurate replication that enables reanalysis including evaluation of dose distributions. Increasing aware
ness among the researchers and the funding bodies was identified as a crucial step to improve translatability and appropriate resources are budgeted 
to increase the value for money of research proposals. The proposed recommendations will serve as a vital resource for researchers, encouraging 
uniformity in experimental design and improving the translatability of preclinical research to clinical settings.
Keywords: radiobiology; X-ray irradiators; dosimetry; beam characterization; QA. 

Introduction
With the increasing focus on biological approaches to im
prove radiotherapy, using techniques such as molecular ther
apeutics and immunotherapeutic approaches, there is an 
urgent need to improve reproducibility and translatability of 
preclinical data to fully exploit these opportunities.1

Fundamentally, there is a critical need to develop appropriate 
dosimetric standards and reproducible approaches, which 
will lead to more robust experimental designs, better results 
during inter-laboratory validation, and ultimately increase 

confidence in these studies, facilitating their clinical transla
tion. A recent review2 highlighted how the endemic failure to 
report basic experimental details of the physics and dosimet
ric irradiation techniques applied to biological samples can 
have far-reaching implications.

Specialized image-guided small animal irradiators have re
cently become commercially available (eg, SARRP from 
Xstrahl Ltd3 and SmARTþ from Precision X-ray4). They 
have the capability to deliver relatively complex image- 
guided plans, which closely resemble clinical radiotherapy 
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treatment plans. A recent comprehensive review of published 
papers showed the potential of image-guided irradiators in 
supporting translation of preclinical and radiobiological re
search into clinical trials.5 Moreover, in another recently 
published topical review, a panel of experts showcases a 
roadmap for photon-based precision and image-guided pre
clinical radiotherapy, discussing the recent technological evo
lution in dosimetry, imaging, irradiation, and monitoring as 
well as potential future developments.6 However, these types 
of radiation devices are expensive, sophisticated, and cur
rently being used only by a select number of established re
search groups. As a result, conventional cabinets (whether kV 
X-ray or gamma-ray emitting radioisotopes) are still 
employed worldwide for both in vitro and in vivo radiobio
logical studies, especially in the initial stages of these studies. 
Moreover, these cabinets are often used with little or no 
physics and dosimetry support. This is particularly critical 
when controlling the dose delivered using shielding 
approaches, complex geometries, and/or irradiation of a vari
ety of biological samples. This poses significant challenges to 
the accuracy and reproducibility of the radiation dose ap
plied, and subsequent interpretation of data.

Due to concerns of the potential misuse of high-activity 
sealed sources (HASS), there is growing governmental inter
est in the use of medium-energy X-ray cabinet irradiators as a 
replacement for existing Cs-137 irradiators7,8 for a variety of 
biomedical uses. According to the definition by the UK 
IPEMB code of practice, the medium-energy range refers to 
X-rays of half-value layers between 0.5-4 mm Cu or equiva
lently above 8 mm Al, covering approximately those gener
ated at tube voltages in the range 160-300 kV. The AAPM 
code of practice has a slightly different definition considering 
medium-energy X-rays those generated by a tube potential in 
the range 100-300 kV, HVL: 0.1-4 mm Cu. In addition to ra
diobiology studies, cabinet X-ray irradiators are also rou
tinely used for techniques such as total body irradiations 
(TBIs) for immune ablation, which is commonly used for 
bone marrow transplantation (BMT) studies.9 Here, accurate 
dosimetry and appropriate dose distributions are important 
to ensure sufficient depletion of the bone marrow cell popula
tion while minimizing normal tissue toxicity. The complexity 
and lower accuracy of dose calculation algorithms are exacer
bated by the heterogeneous nature of the bone marrow inside 
the bone. In those conditions, measurements are difficult to 
perform and prone to larger uncertainties. Image-guided total 
marrow preclinical irradiation techniques, aiming to reduce 
dose to vital organs while enabling bone marrow dose escala
tion, have been reported in the literature.10 However, the 
resulting irradiation plans are complex, difficult to imple
ment and to dosimetrically verify.

More recent studies and human evidence-based compila
tions, which consider the different effects of systematic and 
random dose uncertainties on tumour control probability 
(TCP) and normal tissue complication probability (NTCP), 
place the overall required accuracy at 3% for the dose deliv
ered to the patient at the dose specification point, and be
tween 3% and 5% for absorbed dose distributions.11

Considering that animal models are to mimic the human re
sponse, a similar dose-response sensitivity is to be expected; 
therefore, the 5% accuracy suggested for humans should also 
apply to animals.12,13 Moreover, there is certain level of 
agreement between the preclinical and radiobiological 
researchers that a similar level of accuracy should apply to 

preclinical research aiming to translate results into clinical ra
diotherapy. In order to reach that goal, several aspects of the 
determination of the reference absorbed dose, the quality as
surance (QA) of the devices, and the end-to-end verification 
of the radiation pathway need to be standardized to similar 
levels as to those achieved in clinical radiotherapy.

In this paper, we will briefly summarize the key challenges 
for the delivery of reproducible and traceable dosimetry in 
translational radiation biology research using conventional 
X-ray cabinets, in the context of United Kingdom best prac
tice, and make a number of recommendations. We also high
light current available guidance, particularly for researchers 
who do not have access to local medical physics support.

Sources of uncertainties
Radiation biology research is usually challenged by system
atic and statistical uncertainties related to the biological end
points, alongside the errors associated with the physical 
aspects of the determination of the value of dose delivered.14

In that context, radiation-induced molecular responses may 
be already complex at the cellular level. This is further magni
fied at the tissue level due to the presence of multiple cell 
types and their spatial distribution.15 Ultimately, accurate as
sessment of response to dose will depend on the correct deter
mination of the delivered 3D (dimensional) dose 
distributions, which is based on the understanding of com
plex physical interactions of the radiation with the matter, 
and the dosimetry protocols and measurement methods used.

Examples of biological and physical sources of uncertain
ties contributing to the complexity of the evaluation of a pre
clinical study are shown in Figure 1A and B.

On one side of the subject, biological dose response can 
show a large variation for different tissues, species, strains, 
and ultimately cell types. On the other side, selection criteria, 
that is, age, weight, sex, food intake, sleeping patterns, tu
mour grade and size, tumour microenvironment, and implan
tation, as well as the use (if any) of concomitant forms of 
therapy, can be more uniformly represented in rodent-based 
than in human-based studies. That could lead to expectations 
of a more uniform biological response for rodents, and the 
possibility that some radiobiology studies may not require 
precision of absorbed dose across the study group of better 
than 10%.16 However, there are not yet enough studies that 
would have disentangled the complexity of the relationship 
between the different factors affecting the biological response 
and their association with the accuracy of the physical dose 
delivered. Moreover, several biological endpoints are particu
larly sensitive to changes in the radiation dose and require a 
higher delivery accuracy. Examples include induction of mye
lopathy following spinal cord irradiation, evaluation of gas
trointestinal injuries, successful bone marrow transplant 
while minimizing normal tissue toxicity, lung responses and 
lethality, and cell survival curves for the determination of rel
ative biological effectiveness (RBE).16 TCP and NTCP are 
closely linked to cell survival because both probabilities are 
based on radiobiological models that describe how cells re
spond to radiation. Cell survival curves, derived from in vitro 
radiobiological experiments, provide critical parameters that 
connect these probabilities to radiation dose and biological 
response. Along variations in the biology of the tissue, TCP/ 
NTCP, the models are highly sensitive to uncertainties in ra
diation dose delivery. Understanding and managing these 
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uncertainties is critical in radiobiology studies and their 
translational output. Ideally, preclinical radiation research 
should be delivered with an accuracy that is closer to what is 
required for the delivery of clinical radiotherapy plans 
(within 5% of prescribed dose), to resolve both dose-related 
and non-dose-related variabilities.

The introduction of a minimum set of reporting guidelines, 
containing the minimum required irradiation and associated 
protocol details to be included in published research, is there
fore strongly recommended. An example of what should be 
reported to facilitate the replication of studies across institu
tions is shown in Figure 1C. Interestingly, it has been noted 
that in part due to strict article length requirements, highly 
cited journals and articles are more likely to be missing criti
cal details.2 A number of recent publications have presented 
what they believe to be essential or strongly recommended 
details, to be reported in either the main text, as supplemen
tary data or as a reference to published standard operating 
procedures (SOPs), and indicated that this should be a re
quirement for the publication when preclinical irradiations 
are reported.16-19 These have been reviewed, and an overview 
of the recommendations is presented in Table 1.

Challenges associated with dosimetry in 
preclinical settings
The dosimetry, if any, provided by the suppliers of X-ray 
cabinets is generally presented in the form of air-kerma rate 
(Air-kerma is equal to dose to air under conditions of charged 
particle equilibrium.), measured at a given point in air or at 
various points on the surface of a shelf, rather than in terms 
of absorbed dose (reported as either dose-to-water or dose- 
to-medium, eg, tissue) to the sample of interest. Accurate 
measurements of absorbed dose to a sample in conventional 
irradiators are not straightforward, as there are a number of 

elements that need to be considered to be able to establish the 
dose to a point, or the 3D dose distribution through the sam
ple. These will depend on factors such as the X-ray fluence 
profiles, energy spectra, distance from the source, field size, 
and importantly the atomic composition, density, and geome
try of the sample and any surrounding structures (Figure 1B). 
The presence of dosimeters may also perturb the dose distri
butions, depending on their size/geometry and composition.

Consequently, the dose delivered to samples in each experi
mental setup requires careful evaluation with the use of ap
propriate dosimetry systems and suitable protocols. Ideally, 
dosimetry measurements should be performed as close to the 
experimental setup as possible, with the dosimeter at a posi
tion in the sample with minimal perturbation of the radiation 
field. This will minimize the need for the application of cor
rection factors. For in vitro experiments, this may include ir
radiating radiochromic films (such as Gafchromic EBT3 or 
EBT4), at the same position as the cells, by replacing media 
with water equivalent material of the same thickness within 
the flask/dish. With film dosimetry, there is an advantage of 
obtaining a 2D dose distribution (EBT3 films are not going to 
be further available; they are being replaced by EBT4 films 
from the same company, Ashland Advanced Materials LLC, 
Niagara Falls, NY). With rodents, dose verification should 
include using an appropriate dosimeter in a tissue-equivalent 
mouse phantom. The use of a simple rodent-sized geometric 
phantom (eg, an appropriately sized cuboid or cylinder), with 
detectors with traceable calibration, not only gives a more re
alistic determination of dose than in-air measurements but 
also allows for an initial basic intercomparison of the dose 
delivered by different preclinical research centres. These 
phantoms are easier and cheaper to replicate and position 
within the irradiators. With instructions for irradiations un
der similar conditions and prescription to an identifiable 
point within the phantom, such comparisons could provide 

Figure 1. Sources of (A) biological and (B) physical variability in radiobiology, and (C) the recommendations for details to be included as part of preclinical 
publications with further details given in Table 1.
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valuable information to the research community.20,21 Ideally, 
an anatomically correct phantom should be used for that pur
pose, resulting in a more realistic dosimetry assessment. 
However, although several publications refer to the develop
ment of anatomically correct phantoms,22,23 the efforts of an 
international dosimetric intercomparison that would make 
available the same phantom to all laboratories have not yet 
materialized. In general, there are few commercially available 
zoomorphic phantoms for preclinical radiation research that 
would accurately match the geometry of the mouse being ir
radiated, and furthermore, the radiobiology and preclinical 
research community lacks awareness about their existence. 
Moreover, further research on validation of the phantoms’ 
material composition and their effect in the accuracy of the 
dose calculations is needed.24 The use of well-characterized 
and calibrated dosimeters is also crucial in order to convert 

the dosimeter response into absorbed dose to the sample. If 
detailed dosimetry measurements are not possible or avail
able, then accurate dosimetry measurements should be 
reported for a well-defined configuration. Even from single 
measurements, as long as the dosimetry protocol and irradia
tion setup are described in sufficient detail, it should be possi
ble to determine 3D dose distributions using Monte Carlo 
calculations.25

A final crucial factor contributing to the challenge posed 
by the dosimetry aspects of preclinical and radiation biology 
research is the lack of adequate medical/radiation physics ex
pertise which can support the planning and data interpreta
tion phase of the studies. Radiation biologists generally lack 
the necessary training to implement and perform QA proce
dures for radiation devices, including measurements of 
absorbed dose in reference or other experimental setups. 

Table 1. Recommendations for relevant information for inclusion when reporting results of radiation biology in vitro and in vivo studies (based on 
previously published recommendations16-19).

Recommendation Comments

Name of irradiator � If commercial: model, company, country 
� If bespoke: reference to details of the main components and characteristics 

Source specification � If radionuclide: type (eg, Cs-137, Co-60), activity, irradiation geometry, delivery method 
� If X-ray: kVp, mA, filter (material and thickness), and half value layer (HVL) 

Absolute dosimetry and beam calibration � Standards/protocols used 
� Details of detectors used 
� Details of setup 
� Dose calibration and traceability to national standard 
� Details of any dose monitoring methods during beam delivery (if performed) 
� Planning/optimization and dose calculation method for multiple beams 

Dose specification � Radiation absorbed dose delivered to biological sample 
� Dose-to-water-in-water, dose-to-water-in-medium, or dose-to-medium-in-medium/tissuea (as 

opposed to air-kermab) 
� Dose rate (including any variations) 
� Fractionation schedule (eg, number of exposures and intervals) 
� Dose prescription at a specific location (eg, midline dose) or within a specific volume within the 

sample (eg, the heart) 
� Calculated dose to sample or measured dose in a phantom 
� 2-3D dose distributions if available and how measured/calculated 

Sample specification � Animal/cell type 
� Geometry/orientation of sample and array of samples if multiple samples are to be irradiated 

simultaneously 
� Geometry and composition of sample holder or animal restraint (eg, pie cages or bespoke jigs) 
� Any animal/sample rotations 

Irradiation geometry � Field size (including details of any collimation/shielding) 
� Source geometry (eg, number, individual activities and distribution in the case of radionu

clide sources) 
� Sample distance from source 
� Number/size/geometry/orientation of beams 

Irradiator quality assurance programme � Details of different aspects of the irradiators’ quality assurance programmes, including tests per
formed and agreed frequencies 

Dose uncertainties � Dose associated with sample’s imaging (if applicable) 
� Details of additional dose offset associated with deployment and retraction of radiation sources 

or ramp up of kV/mA for X-ray exposure 
� Details of any factors contributing to dose uncertainty (eg, backscatter, lateral scatter, differen

ces between calibration and irradiation geometry, tissue heterogeneity, etc.) 

aIt is important that the users of the cabinets are able to identify the dose that has been reported: dose-to-medium-in-medium is most commonly obtained 
from Monte Carlo simulations, dose-to-water-in-medium can also be reported from calculations from MC simulations or from measurements with a 
dosimeter calibrated in terms of dose to water, and finally, dose-to-water-in-water can be derived from formalism and simple dose calculations without 
considering the differences in the material composition alongside the path of the radiation beam.

bAir-kerma is equal to dose to air under conditions of charged particle equilibrium.
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These are important to guarantee the traceability of the dose 
delivered, which stresses the need for appropriate physics 
support as a prerequisite for the adequate realization of ra
diobiological studies.

Consequences of the lack of standardization of 
preclinical dosimetry
The lack of standardization of the dosimetry aspects de
scribed above has been shown to result in large dose differen
ces reported between laboratories that performed the same 
type of investigations. For example, a relatively recent dose 
verification survey of 5 X-ray facilities using a mouse phan
tom showed that only 1 of the institutions delivered the target 
dose within 5%, while dose differences delivered by the 
remaining 4 irradiators varied from 12% to 42%.26 Among 
other reasons, this large level of spread has been attributed to 
the lack of consultation between radiation biologists and ra
diation physicists at the time of designing, documenting, and 
validating the irradiation protocols.2

The importance of an appropriate dosimetry characteriza
tion and the consequences of an inappropriate dosimetry 
chain at the time of reporting the dose delivered by preclinical 
irradiators are illustrated by the examples below.

Implications of changes to the irradiation 
conditions and their effect on the homogeneity of 
the dose delivered
Uniformity of the radiation field in radiobiology experiments 
is essential for obtaining reliable and meaningful results, as 
significant variations in the absorbed dose across the sample 
can lead to gross average effects and misleading outcomes. 
For cabinet irradiators, the dose rate will typically fall with 
increasing radial distance, with the heel effect resulting in 
some asymmetry, unless corrected for by using a uniformity 
filter. The effect is more pronounced closer to the X-ray tube 
and for lower beam energies (<150 keV) and can result in sig
nificant non-homogeneous dose distribution across irradia
tion samples. An example of the effect of the lack of 
homogeneity through the radiation field is shown in  
Figure 2A, with different doses per well, in a multi-well dish, 
depending on its orientation within the irradiation beam.

Other examples on the effect of changes in the irradiation 
conditions, for example, variation of the distance from the 
source to the sample (SSD) and the field size, on the surface 
dose and dose profiles are shown in Figure 2B(ii) and (iii). 
Homogeneity of dose with depth is also highly influenced by 
the beam quality. Given that there is a wide variety of beam 
qualities available for preclinical irradiators, the characteriza
tion of individual devices is important. The most commonly 
available biological irradiators have X-ray tubes which can 
deliver beams ranging from 40 to 350 kVp. Beam qualities 
can be modulated by the use of filtration, which reduces the 
low-energy component of the X-ray spectrum, with the con
sequent increase in the average energy. In that regard, unfil
tered (or low filtration) X-ray beams should be avoided for 
both in vitro and in vivo experiments.28 With the use of unfil
tered beams for in vitro investigations, the dose to cells will 
also vary, depending on the amount of medium above them. 
This is because a steepest absorption of the low-energy range 
component of the unfiltered X-ray spectrum (which domi
nates the total spectrum) will happen within few millimetres 
from the sample surface (eg, see Figure S1). Similarly, for 

in vivo experiments, these low-energy X-rays would result in 
high skin dose and potentially lead to normal tissue toxicity.

While Cs-137 γ-ray irradiation of rodents results in a rela
tively uniform dose distribution through the body, the use of 
lower energy X-ray cabinets would result in a significant dose 
variation with depth. The degree of variation can be reduced 
by using high voltage X-ray tubes in combination with an ad
equate added filtration (Figure 3A-C). Uniformity can also be 
improved by using parallel-opposed beams, with the rodent 
irradiated from both sides of its body.30

The variation in beam quality also results in differential ab
sorption in tissues due to differences in their average atomic 
number and density. As a result, for instance, the dose to 
bone can be significantly higher than that to surrounding tis
sues with lower atomic number and density. While the dose 
to the cortical bone is usually of limited interest (apart from 
when reducing the dose in tissues beyond the bone), the 
larger number of photo-electrons produced by the interaction 
of lower-energy X-rays in the bone will travel to the adjoin
ing bone marrow. In small animals (such as mice) with sub- 
millimetre bone marrow, this can result in higher (up to 
31%) average bone marrow dose. This is not only important 
with respect to the efficacy of TBI experiments but also when 
higher incidence of hemopoietic symptoms could jeopardize 
the results expected from the end-point of the irradiations. 
The effects of tissue heterogeneity and choice of beam quality 
on the dose distribution are illustrated in Figure 3D and E.28

Experimental setup for irradiation of samples for immuno
fluorescence investigations provides another example of the 
challenges of performing accurate dosimetry in preclinical 
studies and the possible oversights. These experiments are of
ten performed by irradiating cells attached to glass coverslips 
rather than plastic dishes in order to facilitate the subsequent 
imaging procedures. Due to the higher atomic number and 
density of glass compared to plastic, the cells grown on glass 
will receive a higher dose for a given X-ray exposure caused 
by an increased backscatter contribution from the glass mate
rial.31,32 In this type of cases, Monte Carlo methods can be 
useful to determine the dose across interfaces and resulting 
dose to the cells.

Partial irradiation, targeting
Conventional X-ray cabinets are often used to irradiate spe
cific volumes within the samples. Examples of the above in
clude partial irradiations of flasks/well-plates and of specific 
anatomical regions of the small animals. Targeted irradia
tions can be achieved either by using bespoke collimators at
tached to the X-ray source or by placing lead sheets just 
above the areas that need to be spared (Figure 2B and C).

Any misalignment between the shielding device, the radia
tion source, and the sample will result in a wider penumbra 
rather than in a sharp dose threshold. The size of the geomet
ric penumbra depends on the position of the collimator rela
tive to the X-ray source and the sample, as shown in  
Figure 2B(iii). It also depends on the focal spot selected for 
the irradiations and the size of the shielding aperture/collima
tor.33 Moreover, any offset of the unshielded area from the 
centre of the beam/shelf will result in an offset of the trans
mitted beam from the unshielded region, with the offset dis
tance increasing with the increasing depth (Figure 2C). If 
these effects are not accounted for, it could invalidate the ra
diobiological investigation.
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Shielded irradiations using small apertures and/or collima
tors are even more challenging. If no image-guided targeting 
is available, accurate modelling and/or measurement of the 
penumbra along with accurate targeting are critical to ensure 
the delivery of reproducible doses using small-collimated 
fields. The use of radiochromic films has proven useful in 
these conditions.33 The dose delivered at the centre of a 

small, collimated field can be considerably lower than the 
dose delivered by an open field. That is caused by reduced 
contributions from phantom scatter and partial occlusion of 
the radiation source with penumbra overlap.34,35 Although 
the IAEA TRS 483 refers to challenges posed by the dosime
try of small fields in megavoltage X-ray beams, the document 
presents a thorough explanation of all the aspects that need 

Figure 2. Illustration of X-ray dose heterogeneity. (A) Implications for the irradiation of cell plates in a conventional X-ray cabinet. If the plate is irradiated 
with its larger dimension in the direction of the transversal profile (blue line), dose across the cells can vary more than 11% depending on configuration 
(data from measurements performed in an AGO HS X-ray irradiation system [250 kV, 0.25 mm Cuþ 1mm Al], available on request27). (B) Dose at the 
surface of a sample decreasing with increasing source to surface distance (SSD) and decreasing field size. It is essential that the collimated beam is 
accurately aligned with the area to be irradiated (illustrative data from measurements performed using an Xstrahl SARRP irradiator [220 kV, 0.15 mm Cu], 
available on request). (C) Shielding can also be achieved using lead sheet in close proximity to the area to be shielded; however, if the unshielded area is 
offset from the centre of the X-ray beam/shelf, then the transmitted beam will be offset from the unshielded region, with off-set increasing with depth 
(X-ray 300 kV, 0.15 mm Cu. Data modified from Hill et al. 2024,25 under Creative Commons Attribution 4.0 licence).
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to be considered, some of which would also apply to meas
urements in medium-energy-rays, that is, source occlusion, 
detectors’ volume averaging effect, and material composition. 
Comprehensive and consensus-based guidelines for measure
ments in small-, medium-energy X-rays fields are yet to be 
produced. Measurements performed in a SARRP irradiator 
to illustrate the effect show that the absorbed dose ratio at 
the centre of the field of the small 1 cm × 1 cm brass collima
tor versus the open, not collimated field (�13 cm equivalent 
square), is around 0.6 (data from measurements performed in 
a SARRP device with alanine, film, and a plastic scintillator 
are available on request). Moreover, if the irradiation beam is 
larger than the shielded area, transmission from the 
unshielded regions combined with scatter within the animal 
(and/or potential scatter from the shelves or cabinet compo
nents) could result in a background dose to the shielded part 
of the sample. For well-designed shields, the contribution to 
the dose due to transmission can be low (eg, �1% or less of 
the prescribed dose, for an X-ray system with 225 kV and 
0.5 mm Cu added filtration, half value layer [HVL]¼ 1.3 mm 
Cu36). However, the leakage through inappropriately 
designed and wrongly placed shielding devices could lead to a 
miss-interpretation of the biological effect. Therefore, a criti
cal evaluation of geometrical and dosimetric aspects of 
shielding design should always be considered.

Overall, and due to the intricate nature of shielded irradia
tion setups, achieving experimental reproducibility can be 
difficult. Variability in setup, equipment, and other factors 

can impact the ability to reproduce results over different 
experiments. Ensuring a uniform irradiation without image- 
guidance across the exposed portion of the samples, while 
minimizing the scattering contributions, is a challenging task. 
Although performing an accurate dosimetry assessment in 
these conditions is also challenging, this should always be 
performed. In preclinical in vivo irradiations, the field edge 
and dose inhomogeneity effects are further compounded by 
complexities related to the mouse anatomy and tumour biol
ogy variability. Achieving a uniform and conformal dose dis
tribution within complex anatomical structures requires 
accurate targeting and should ideally be performed using 
image-guided small animal irradiators.6,37,38 As well as en
abling the target anatomy to be imaged, such systems typi
cally also provide advanced treatment planning features 
allowing targeted X-ray beams to be delivered from multiple 
directions or arcs and therefore more conformal dose 
distributions.

Implications of scattering conditions
In addition to the dose from primary X-ray interactions, a 
significant contribution to the absorbed dose at a given point 
arises as a consequence of the scattered radiation resulting 
from interactions occurring at the sides, in front and behind 
the point of interest. This includes scatter, not just from the 
irradiated sample, but also from their surrounding materials, 
such as sample holders (eg, mouse jigs and flask walls and 
media). Other sources of scatter are shelves on which the 

Figure 3. Illustration of the heterogeneity of dose distributions in a mathematical mouse model (MOBY)29 at different energies and filtrations. Calculated 
sagittal and axial dose distributions to deliver a mean dose of 2 Gy to the liver when irradiated from above for (A) Cs-137 γ-rays, (B) 300 kVp X-rays with an 
inherent 3 mm Be, and additional 0.5 mm Cu filter and (C) 300 kVp X-rays with only the inherent 3 mm Be filtration (modified from Hill et al., 2024,25 under 
Creative Commons Attribution 4.0 licence). Variation in dose distribution within trabecular bone and the variation in dose with distance from the nearest 
bone surface for (D) Cs-137 γ-rays and (E) 320 kVp X-rays (1 mm Cu HVL) (reproduced from Poirier et al., 2020,28 © 2025 Radiation Research Society). 
Abbreviations: BM ¼ bone marrow; HVL ¼ half value layer.
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samples are placed and the cabinet walls. The contribution to 
the dose, resulting from the scattered radiation, depends on 
the field size and the X-ray energy spectrum.39 Therefore, for 
an accurate evaluation of its impact, dosimetry measurement 
should be performed in the same geometrical setup as the one 
used during the experimental irradiations.

While conventional dosimetry protocols require the pres
ence of considerable water equivalent material behind the 
sample to generate consistent and quantifiable backscatter ra
diation, this condition is very rarely fulfilled during preclini
cal irradiations. The Monte Carlo calculations in Figure 4D 
show that the dose delivered to the point of interest is signifi
cantly underestimated (up to 20%, for specific example 
shown). This is because full backscatter conditions are not 
met when a thin (4 mm) aluminium (Al) shelf is used. It is not 
only the difference in thickness but also the material composi
tion of the supporting shelf which plays a key role at the time 
of evaluating the absorbed dose to the sample. Using metal 
shelves rather than plastic ones increases the contribution of 
photoelectric interactions, reducing the multiple-scatter com
ponent which, and depending on the beam quality, may re
duce the amount of backscatter radiation. The use of metal 
shelves adds an extra degree of complexity to dose estima
tion. The calculations also show that in these irradiation con
ditions, the actual backscatter contribution will also vary, 
depending on the tube peak voltage and the addi
tional filtration.

Variation in biological effectiveness with 
photon energy
While X-ray and γ-ray energy spectra can play a significant 
role with respect to the resulting 3D dose distribution, they 

can also impact on the resulting biological effectiveness per 
unit dose.40,41 In general, with the decrease in the photon en
ergy, the RBE for a variety of biological endpoints increases 
(eg, for survival, DSB induction, chromosomal aberration, 
mutations, neoplastic transformation). This is caused by the 
increased linear energy transfer (LET) of the secondary elec
trons. The value of RBE is dose dependent and increases with 
decreasing dose to a maximum, RBEM, as the dose 
approaches zero. Moreover, spectral changes may also occur 
with depth, which may induce RBE changes as the beam pen
etrates the irradiated samples. A comprehensive discussion 
and review of available data on the RBE of low-energy pho
tons for a variety of endpoints is available in references.40,41

Differences have also been observed as a result of changes in 
the filtration of the X-ray tube. For example, for the induc
tion of dicentric aberrations, the RBEM for a 220 kV X-ray 
beam weakly filtered (4.05 mm Al þ 0.5 mm Cu) is 3.7 ± 1.5 
compared to 60Co γ-rays, while for a heavily filtered 1 
(2.0 mm Al þ 3.35 mm Cu), the RBEM is 2.1 ± 0.9. However, 
these RBE values do significantly decrease with increasing 
dose.41 Therefore, it is essential that information on the qual
ity of the radiation beam (eg, HVL) and/or parameters that 
impact the energy spectrum is reported. Overall, there is lim
ited research on the magnitude of the variation of the RBE 
with changes in the energy spectrum of x-ray beams and dose 
delivered by conventional cabinets or image-guided small ani
mal radiotherapy platforms.

Current available resources
While there are a number of codes of practice (CoPs) and guide
lines designed for dosimetry measurements in low- and 

Figure 4. Demonstration of the effect of lack of full backscatter conditions on the determination of dose delivered (at 2.5 mm depth) to a Petri dish filled 
with a tissue culture media. (A) Petri dish placed on top of a 4-mm-thick aluminium shelf or on top of a 10 cm × 10 cm × 10 cm water phantom (full 
backscatter conditions), (B) Monte Carlo calculations of dose underestimation specifically performed to illustrate the effect of the scattering conditions 
for this paper (data available on request). Note: the beam diameter was set to 15 cm at the sample surface and (C) the filtered and unfiltered spectral 
shapes for X-rays at 160 kV (2 mm Al filter), 225 kV (0.3 mm Cu filter), and 350 kV (1.5 mm Al, 0.25 mm Cu, and 0.75 mm Sn filters).
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medium-energy X-rays for radiotherapy and radiobiology,42-44

such documents often relate to the determination of air-kerma 
or absorbed dose, at the surface or at a given depth in a large- 
idealized water phantom, conditions that are not realizable in
side conventional radiobiological X-ray cabinets. Dosimetry 
protocols that would cover specific aspects of commissioning 
and reference dosimetry in the confined spaces of the X-ray bio
logical irradiators are not currently available. However, some 
guidance can be found in EULEP-EURODOS protocols for X- 
ray dosimetry in radiobiology.30 Several published studies45-52

have addressed the limitations of CoPs designed for dosimetry 
in clinical low and medium-energy X-rays devices (eg, 
IPEMB,42 IAEA TRS 398,43 AAPM TG-6144) at the time of 
performing dosimetry in X-ray cabinets. Even though some had 
suggested adjustments and practical approaches to comply with 
international recommendations and ensure traceability and re
producibility of measurements, these are not straightforward to 
implement. Currently, the AAPM Task Group 31953 is aiming 
to address these issues by suggesting new standards on how to 
perform and report experimental dosimetry in kilovoltage cabi
net irradiators. However, these new guidelines are not yet pub
lished and will take time to implement, particularly as not all 
laboratories will have the resources to implement the sug
gested changes.

There is a collective agreement that users of conventional 
X-ray cabinets employed for in vitro and in vivo exposures 
should have access to appropriate dosimetry systems (see 
Table S1). Among these, a reference system, with a calibra
tion traceable to a Secondary Standard Dosimetry 
Laboratory (SSDL) [https://ssdl.iaea.org/Home/Members] or 
to a Primary Standard Laboratory, as is the case of the UK 
National Physical Laboratory (NPL), should be available. 
Depending on their type, dosimetry systems would be used 
for absorbed dose determination (see footnote (a) in Table 1 
about the quantities in which dosimeters are calibrated) and/ 
or for measurements of beam parameters (eg, dose depth 
curves, beam profiles). Such measurements should be struc
tured in a comprehensive QA programme that would regu
larly check the correct operation of the X-ray unit. The 
determination of the beam quality requires special attention, 
and it is recommended that it is assessed in terms of HVL, by 
adopting the setup suggested in the CoPs (ie, AAPM TG- 
6144 or Appendix C in the IPEMB42). However, accuracy of 
the measurements may be limited by the lack of space to fulfil 
the required measurement geometry and because not all irra
diators have cable feed-throughs.

Considering the usually small dimension in the direction of 
the beam incidence of some radiobiological samples, such as 
the cell plates, assessment of dose-to-water at the surface of 
the sample is generally recommended. That can be achieved 
by placing a calibrated ionization chamber, in air, at the dis
tance where the samples would be placed and following the 
in-air formalism as recommended by the aforementioned 
CoPs. That includes using the appropriate correction factors 
to account for the effect of (i) the lack of backscatter from the 
supporting shelves (which depends on its material and thick
ness), (ii) the radiation field size, and (iii) the attenuation in 
the materials of the sample. If preclinical samples are placed 
in irradiation conditions that simulate sufficient backscatter, 
useful data for the estimation of the dose absorbed at differ
ent depths within the sample can be found in the British 
Journal of Radiology Supplement 25.54 For more complex ir
radiation geometries as may occur during preclinical in vivo 

research, a validation of the dosimetry chain, up to the dose 
at a point of interest inside the sample, will strengthen the 
value of the experimental results. For those cases, including 
exposure of partially shielded samples, the validation will re
quire the use of appropriate detectors placed in the position 
(s) of interest inside phantoms that mimic the irradiation con
ditions. Detectors for these dosimetric validations should be 
selected based upon their response in similar irradiation con
ditions and in terms of their energy dependence, linearity 
with dose and dose rate response, among other characteris
tics. That type of information can be gathered from a litera
ture review,51 or from measurements performed in beams 
with similar characteristics to that of the irradiation cabi
nets.55,56 Examples of detectors and their properties are pre
sented in Table S1.

Ultimately, the selection of a dosimetry protocol depends 
on the specific application, the type of radiation beam, and 
the samples to be irradiated. While CoPs and general guide
lines can provide a reference framework, for bespoke irradia
tions or complex irradiation setups, users should consult with 
experts from medical physics departments at universities, 
hospitals, or metrology institutes.

Independent validation of reference dosimetry and end-to- 
end types of verification across different research centres and/or 
radiation devices using a reference dosimetry system also pro
vide a means to ensure that the units are correctly calibrated as 
well as confidence in the experimental results. They also help to 
identify where improvements can be made. This is standard 
practice in clinical settings, and it would be beneficial for pre
clinical centres too. Small animal phantoms22,23,57,58 have been 
developed for such purpose, and more recently, phantoms re
sembling basic plasticware have been created using 3D printing 
or bolus materials. Such types of phantoms can be designed to 
accommodate certain types of passive or active detectors as de
scribed in Table S1 (eg, alanine and thermoluminescent dosime
ters (TLDs)). Multi-institutional end-to-end tests are a reliable 
method to investigate sources of error and to obtain a better un
derstanding of the accuracy of the dose delivered by the differ
ent participating centres.59,60

Finally, Monte Carlo simulations provide a useful tool to 
link a limited number of point dosimetry measurements to 
detailed 3D dose distributions through the irradiated sam
ple.25,46 This is particularly useful in more complex sample 
geometries, such as rodents. The application of modelling 
techniques can improve the reproducibility of reporting do
simetry findings in preclinical radiobiological research. This 
is a methodology that is complex to implement and currently 
not widely available to the radiobiological research commu
nity; however, this is currently being addressed.25

Summary of recommendations suggested by 
this working party
Accurate dosimetry is crucial in radiation biology research to 
ensure that the intended doses are delivered to the samples. 
This enables meaningful and reproducible results, including 
the inter-laboratory validation of irradiation techniques, as 
required to fully exploit the resulting biological and preclini
cal data in their successful translation into clinical trials. The 
following recommendations are proposed to facilitate mean
ingful radiation biology research. These recommendations 
are focused on the use of X-ray cabinets; however, with cer
tain variations, mostly determined by differences in the 
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delivery workflow, they could also be applicable to image- 
guided small animal irradiators (with conventional and vari
able motorized collimators) as well as to γ-ray irradiators:

� Staff qualification and training. Interdisciplinary ap
proach: It is important that leading researchers hire quali
fied staff, not only capable of utilizing the system but also 
to maintain adequate QA programmes for the irradiators. 
It is essential to formalize collaborations between medi
cal/radiation physicists and radiobiologists to maintain 
robust dosimetry and QA programmes locally and nation
ally. It is important that the staff have the adequate train
ing to be able to tailor the dosimetry approach to the 
specific requirements and types of experiments of each in
stitution by adapting the existing CoPs and fully reporting 
the adopted procedures. Professional integration is crucial 
for further developing preclinical radiation research and 
its standardization. 

� Use of reference dosimetry systems: It is essential that any 
dosimetry system used for reference measurements is ap
propriately calibrated, with the calibration traceable to a 
national/international standards laboratory (eg, NPL 
within the United Kingdom). 

� Dosimetry protocols: To ensure accuracy and consistency 
of radiation protocols, appropriate dosimetry systems are 
needed to measure and/or verify the dose delivered to the 
samples. Verification measurements should be performed 
as close to the experimental setup as possible. If possible, 
detectors that required minimal corrections should be 
used. For cell irradiations, this may include radiochromic 
films (such as Gafchromic EBT4 film) in the positions of 
the cells. For verification of mice irradiations, this would 
include using an appropriate dosimeter (eg, alanine, TLD, 
film) in a tissue-equivalent mouse phantom. If detailed do
simetry measurements are not possible or available or 3D 
distributions required, then Monte Carlo calculations25,46

should be considered. 
� Accurate reporting: It is essential that the experimental 

details and associated dosimetry are accurately reported 
and in sufficient detail to ensure that the irradiation 
experiments can be replicated locally or by other labora
tories. This will also allow subsequent reanalysis of the 
dose distributions and associated data. Detailed recom
mendations can be found in Desrosiers et al.16 and the 
ESTRO-ACROP recommendations.17 Appropriate 
reporting should be a prerequisite for acceptance of a 
manuscript for publication as it has been implemented by 
Radiation Research and the International Journal of 
Radiation Biology.18,19 An overview of what is required 
is presented in Table 1. 

� Quality assurance: Support should be provided during the 
procurement process of preclinical irradiators. 
Additionally, independent support-such as from medical 
physics or bioengineering specialists- should be available 
during the installation to ensure unbiased oversight. This 
will facilitate the device acceptance testing and that base 
line parameter records should be maintained for future 
performance comparisons. A comprehensive QA program 
must be established to ensure that the dose delivered cor
responds to the dose planned. Reference absorbed dose 
measurements (in conditions recommended by the manu
facturer or established CoPs) should ideally be performed 
once a year. The output stability of the irradiator should 

be frequently checked using dose rate measurements in a 
known, repeatable configuration. Regular checks for the 
beam quality, dose profiles, field size, and homogeneity 
should also be performed. 

� Regular audits and documentation: We recommend that a 
national dosimetry service is available to institutions per
forming in vitro and in vivo radiation research. In addi
tion to providing absolute traceable dosimetry 
measurements, such a service could implement a system 
of regular and independent dosimetry audits, including 
end-to-end type of tests. It could also provide support and 
guidance on the QA, and the purchase process for irradia
tion facilities and measurement equipment as well as on 
the design of irradiation setups and associated dosimetry. 
For centres without local medical/radiation physics sup
port, it could supply technical expertise and equipment to 
perform reference measurements and dosimetry for spe
cific experimental arrangements. Periodic revisions of the 
dosimetry data will help to highlight and address any 
issues and discrepancies. 

� Funding: It is important that funding bodies are aware of 
the requirements and that provision for appropriate do
simetry support is a prerequisite for funding. While apply
ing for grants, principal investigators should provide 
rationale for appropriate funds to cover the time and 
resources needed to conduct appropriate dosimetry as
sessment. Financial support for a multidisciplinary ap
proach is paramount to the success of translatable 
preclinical radiation research. 
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