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A B S T R A C T   

Background and purpose: To provide a scoping review of published studies using small animal irradiators and 
highlight the progress in preclinical radiotherapy (RT) studies enabled by these platforms since their develop-
ment and commercialization in 2007. 
Materials and methods: PubMed searches and manufacturer records were used to identify 907 studies that were 
screened with 359 small animal RT studies included in the analyses. These articles were classified as biology or 
physics contributions and into subgroups based on research aims, experimental models and other parameters to 
identify trends in the preclinical RT research landscape. 
Results: From 2007 to 2021, most published articles were biology contributions (62%) whilst physics contribu-
tions accounted for 38% of the publications. The main research areas of physics articles were in dosimetry and 
calibration (24%), treatment planning and simulation (22%), and imaging (22%) and the studies predominantly 
used phantoms (41%) or in vivo models (34%). The majority of biology contributions were tumor studies (69%) 
with brain being the most commonly investigated site. The most frequently investigated areas of tumor biology 
were evaluating radiosensitizers (33%), model development (30%) and imaging (21%) with cell-line derived 
xenografts the most common model (82%). 31% of studies focused on normal tissue radiobiology and the lung 
was the most investigated site. 
Conclusions: This study captures the trends in preclinical RT research using small animal irradiators from 2007 to 
2021. Our data show the increased uptake and outputs from preclinical RT studies in important areas of biology 
and physics research that could inform translation to clinical trials.   

Introduction 

Radiotherapy (RT) is a highly effective cancer treatment that is 
delivered to around 50% of all cancer patients [1]. RT continues to 
evolve, largely driven by advances in technology yet advanced pre-
clinical studies using small animal irradiators are enabling more so-
phisticated studies to be undertaken leading to an increased 
understanding of radiobiological responses at the cell, tissue and whole- 
organism levels. 

Small animal models of RT response are important tools in bridging 

the gap between in vitro concepts and translation to the clinic [2]. 
Clinical translation is often viewed as a 2-step process: the translation of 
in vitro data to preclinical animal models, and the transfer of knowledge 
gained from preclinical animal models to clinical practice [3]. However, 
an important question is how well preclinical models reflect human 
disease phenotypes and responses to treatment. 

Conventional radiobiology studies have been commonly performed 
using broad fields delivered from fixed sources with lead shielding for 
beam targeting. These approaches lack image guidance or treatment 
planning systems (TPS) and had limited dosimetry and quality assurance 
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[4–5]. Small animal irradiators have largely addressed these limitations 
by downscaling beam geometries and incorporating cone beam CT 
image guidance and dedicated TPSs [2,4,6]. Several small animal irra-
diators have been developed consisting of rotating or fixed gantries with 
CBCT detectors or conversions of micro-CT devices [5]. Two systems 
have been commercialized and widely established into research labo-
ratories around the world; the small animal radiotherapy research 
platform (SARRP, Xstrahl Life Sciences) originally developed at Johns 
Hopkins University [7], and the X-Rad small animal radiotherapy 
(SmART) system from Precision X-ray Inc originally developed at Prin-
cess Margaret Hospital [8]. The principles and development of small 
animal irradiators has been discussed previously in several reviews 
[2,4,9]. In this study, we aimed to provide a scoping review of the 
published literature in preclinical RT research using small animal irra-
diators and to describe the trends in research from 2007 to 2021. 

Materials and methods 

Search strategy 

This review was restricted to peer-review research articles presenting 
novel experimental findings using small animal image-guided irradia-
tors. Articles were first identified from PubMed searches using search 
criteria of “small animal image-guided radiotherapy”, “small animal 
irradiator”, “preclinical image-guided radiotherapy”, “tumor radio-
therapy preclinical model” and “normal tissue radiotherapy preclinical 
model”. Articles were then cross referenced with manufacturer records 
requested from Xstrahl and Precision X-ray Inc databases to add papers 
which were missed in the initial search. A total of 907 studies were 
identified. 

Exclusion criteria 

Article screening and exclusions are displayed in Fig. 1A. This review 
was restricted to articles published from 2007 to December 2021. 848 
studies were assessed for relevance with their title, abstract and methods 
manually screened. Review articles, poster/conference abstracts, tech-
nical notes, studies using companion animals, studies using internal 
sources of radiation (brachytherapy) and studies that did not use small 
animal image-guided sources (including clinical sources and preclinical 
non-image guided studies) were excluded from the analysis (489) 
(Fig. 1A). A total of 359 studies were identified for further review. 

Article screening and classification 

The abstract and methods (and further if required) of the identified 
articles were carefully read. The aim of each article was used to classify 
the article as a biology (221) or physics (138) contribution and are 
presented by year in Fig. 1B. The articles were sub-classified based on 
the main research focus, experimental models used and study design. 

Research areas for physics studies were outlined as dosimetry & 
calibration, treatment planning and simulation, imaging, platform 
development, novel detectors, phantom development and in vivo 
dosimetry. The reported irradiation protocols and methods were 
screened to record the irradiator manufacturer, treatment schedule 
(single or fractionated dose schedule), collimator size, imaging modality 
and model used. The research model used was recorded as in vivo (small 
animal model), in silico (computational simulations) or phantom (in- 
house and commercial). 

Biology studies were classified as normal tissue (69) or tumor 
focused studies (152). Both tumor and normal tissue types were 

Fig. 1. Overview of article screening and the analysis of small animal image-guided radiotherapy publications by year according to study area. Panel A: A flow chart 
of the article process used to identify a total of 359 articles from 2007 to 2021 and those that were excluded in the analysis; Panel B: Classification of articles in areas 
of physics & biology research from 2007 to 2021. In total there are 38% physics contributions and 62% biology contributions. 
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classified by target tissue or tumor model detailed in the methods. 
Studies which used multiple tumor types within the same study were 
added to an additional subgroup titled ‘multiple’. The biology contri-
butions were also subdivided into 6 main research areas of radio-
sensitizers, model development, imaging, delivery modality, 
radioprotectors and fiducial marker. Details of all drug + RT combina-
tions, imaging contrast agents, fiducial markers or study specific infor-
mation was recorded during screening. Tumor models were classified as 
cell-line derived, patient derived xenograft (PDX), environmentally 
induced or genetically engineered mouse model (GEMM). 

Results 

We analyzed the outputs from 359 articles that reported the use of 
small animal irradiators from 2007 to 2021. Studies published from 
2007 to 2010 were largely physics contributions (Fig. 1B). Following 
commercialization and the early uptake of small animal irradiators in 
2011, a steady growth in the physics and biology publications was 
observed, and since 2016 there has been an increasing contribution from 
biology focused publications (Fig. 1B). The exponential growth of 
studies published by year did not continue in 2021 as a significant 
decrease in the number of published articles was observed in 2021 
(Fig. 1B). These data could potentially be due to the impact of the 
coronavirus pandemic on research activities in this area. 

Physics contributions 

From a total of 138 physics papers, we identified 7 main research 
areas reported in the literature with the majority of studies focused on 
dosimetry & calibration (24%), treatment planning & simulation (22%) 

and imaging (22%) (Fig. 2A). These research areas are essential for the 
development and quality control of preclinical RT set-ups and have 
enabled the exponential growth of biology contributions (Fig. 1B). Novel 
detectors, phantom development and in vivo dosimetry represent chal-
lenging aspects of preclinical RT requiring further attention due to the 
very small dimensions of the target regions relative to the established 
methods in the clinic. These 3 areas only accounted for 18% of the total 
physics contributions (Fig. 2A). 

Experimental models from physics contributions 

Physics studies used 3 main experimental approaches of in silico, 
phantom and in vivo models with the majority of studies conducted using 
phantoms (41%) (Fig. 2B). The three largest research areas of dosimetry 
& calibration (24%), treatment planning & simulations (22%) and im-
aging (22%) required the use of all 3 types of models (Fig. 2C). 

Phantoms were reported in the majority of research areas (41%), 
highlighting their importance for the development of small irradiators 
(Fig. 2C). In vivo models were most frequently used in imaging studies 
(12%) and for platform development (9%). Multi-tissue density phan-
toms were used in 6 out of 7 of the main research areas. In silico models 
were used in 25% of physics studies (Fig. 2B) and mainly applied to 
treatment planning & simulations (13%), and dosimetry & calibration 
studies (9%) (Fig. 2C). 

Biology contributions 

The majority of published articles were biology contributions (62%). 
Over two thirds of these articles focused on evaluating tumor responses 
(69%) while 31% focused on responses in normal tissues. Fig. 3A & B 

Fig. 2. Analysis of physics papers according to the main research areas and experimental models reported from 2007 to 2021. Panel A: Breakdown of physics studies 
into main research aims or area of interest of the published studies. Panel B: The percentage contribution of different experimental approaches used in physics 
articles. Studies reported the use of phantom (41%), in vivo (34%) and in silico (25%) approaches. Panel C: The distribution of the experimental approaches according 
to the main areas of physics research. From a total of 138 papers, we identified 7 main research areas reported in the literature with 3 main research focuses of 
dosimetry & calibration (24%), treatment planning & simulations (22%) and imaging (22%). 
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shows the distribution of the main normal tissue and tumor sites re-
ported in the literature. The majority of normal tissue studies were 
focused on the lung (24%) and brain (22%) with a small number of 
studies reported in the GU, GI, oesophagus and heart (Fig. 3A). 

In tumor studies, 92% of the studies focused on a single tumor site 
whilst the remaining 8% investigated responses in multiple tumor sites. 
Tumor model studies were classified by tumor type, yet these were not 
always at the origin organ site (i.e. orthotopically) and were frequently 
subcutaneous flank models. Brain tumors were most commonly explored 
and accounted for 25% of the published studies (Fig. 3B). This was 
followed by tumor studies in the pancreas, liver, GU and oesophagus 
that accounted for 20% of the combined studies. Only 8% investigated 
responses in more than one tumor model (Fig. 3B) that commonly 
assessed drug + RT combinations. 

From a total of 221 biology papers, we identified the 6 main research 
areas as evaluation of novel radiosensitizers (33%), model development 
(31%), imaging (21%), novel delivery modality (11%), evaluation 
radioprotectors (2%) and assessment of fiducial markers (2%) (Fig. 3C). 

Articles published on radiosensitizers include all drug + RT combi-
nations with 93% of these assessed using tumor studies (Fig. 3C). Studies 
involving radiosensitizers are classified as immunotherapies (54%), 
nanoparticles (19%), chemotherapy (15%) or other molecular targeted 
(12%) agents. The distribution of articles in these areas is shown in 
Fig. 3D. Over half of research in therapeutic agents from 2013 to 2021 
has focused on targeting immune modulators or immunotherapy agents 
(54%) (Fig. 3D). 

Studies focusing on model development included the use of ortho-
topic, GEMMs, tissue targeting and dose schedules. The distribution of 
these articles was relatively equal across tumor (16%) and normal tissue 
(14%) studies (Fig. 3C). Also, preclinical models have trialed different 
imaging methods (21%) and delivery modalities (11%) to achieve more 
complex delivery schedules. Studies focused on radioprotectors, and 
fiducial markers were by far the least reported only accounting for 4% of 

biology contributions. 

Experimental tumor models within biology contributions 

The distribution of different tumor sites and models is shown in 
Fig. 4. Due to their simplicity and adaptability allograft and xenograft 
cell-line derived tumor models account for the largest percentage of 
tumor studies (82%) and are reported across all tumor types (Fig. 4B & 
C). These included the implantation of murine tumor cells into synge-
neic immunocompetent mice or human tumor cells into immunocom-
promised mice. In contrast, GEMM accounted for 8% of tumor models 
mainly involving lung and abdominal tumors. PDXs were most 
frequently used in brain and abdominal tumor studies. Environmentally 
induced models accounted for < 1% of the studies (Fig. 4B & C). 

Preclinical RT set-up and dose scheduling 

Irradiation field sizes were recorded for studies targeting orthoptic 
tumors and shown in Fig. 5A. Subcutaneous tumor models were not 
included in the analysis as these often require larger field sizes for tar-
geting and have no proximal surrounding organs at risk. The measured 
radiochromic film (RCF) output for circular collimators is shown in 
Fig. 5B. 18% of articles reviewed used collimators < 5 mm and are 
therefore at risk of underdosing if no output correction was performed 
(Fig. 5A). 12% used the less severely impacted 3 mm collimator whereas 
the other 6% are at risk of severe dose overestimation, which could have 
great impact on the study reliability and reproducibility. No studies used 
the 0.5 mm collimator in orthotopic tumor models potentially reflecting 
the high level of uncertainty in dosimetry associated with fields of this 
size. 

Within the tumor biology contributions, only 36% of studies re-
ported fractionated treatment schedules. The number of studies using 
fractionated protocols is shown in Fig. 6. In 2020, an increased number 

Fig. 3. Classification of biology papers based on normal tissue site and tumor indications from 2007 to 2021. Panel A: Percentage breakdown of the tissue types 
reported from a total of 69 normal tissue articles. Panel B: Distribution of tumor models reported from a total of 152 studies. Multiple includes studies which reported 
more than 1 tumor model. Panel C: Analysis of biology papers based on the main research areas. From a total of 221 papers, we identified 6 main research areas 
reported in the literature with 3 main research focuses of radiosensitizers (33%), model development (30%) and imaging (21%).Panel D: The percentage of tumor 
studies which combine RT with therapeutic agents reported from 2013 to 2021. We identified 4 main groups of immunotherapy, nanoparticles, chemotherapy, and 
other molecular targeted agents from a total of 96 tumours studies. Other molecular targeted agents encompass hypoxic agents, viral agents and cannabinoids. 
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of studies used fractionated deliveries accounting for over half (59%) of 
the tumor studies in that year. Around half (49%) of these tumor studies 
reported treatment delivery in 3 fractions of doses between 2 and 20 Gy. 
Only 4 tumor studies (7%) reported the use of ≥ 10 fractions delivered in 
2 Gy doses. Only 12% of normal tissue set-ups reported the use of 
fractionation (Fig. 6). In these studies, RT was delivered in either 2, 3 or 
5 fractions of doses ranging from 2 to 10 Gy. However, a more recent 

study from Lee et al used a clinically relevant protocol of 50 Gy in 2 Gy 
fractions to characterize cardiovascular injury [41]. 

Discussion 

Preclinical models are critical tools in RT research that aim to pro-
vide important data to support translation to early phase clinical trials. 

Fig. 4. Further analysis of tumor radiobiology papers based on the main tumor sites and experimental models reported in studies from 2007 to 2021. Panel A: 
Percentage of different tumor types in all analysed tumor studies. From a total of 152 papers, we identified the main tumor sites reported in the literature in the brain, 
pancreas, liver, GI & oesophagus and lung. Panel B: Schematic representing the percentage of tumor experimental models reported in biology contributions using 
small animal irradiators. 4 main approaches of cell-line derived (82.2%), and genetical engineered mouse models (GEMM) (7.9%), patient-derived xenograft (PDX) 
(9.2%) and environmentally induced models (0.7%) were reported. Panel C: The relative distribution of experimental tumor models reported for each tumour type. 

Fig. 5. Overview of treatment delivery methods reported in biology studies. Panel A: Collimator sizes reported for targeting orthotopic tumor studies (n = 50) on the 
SARRP, XRAD-SmART or other small animal irradiator platforms. From a total of 152 tumor studies, 75 were conducted in orthotopic models (49%) of which 25 
studies did not report the treatment field sizes used or the details could not be accessed. 82% of orthotopic tumor models were treated using collimators ≥ 5 mm. 
Panel B: The measured radiochromic film (RCF) output for circular collimators of 1 mm (C1), 2 mm (C2) and 3 mm (C3) diameter. Results shown are in comparison to 
a 5 mm diameter field using a Precision X-ray Inc platform. Collimators with a size of<5 mm are at risk of dose overestimation (therefore, of underdosing) which 
could impact study performance. 
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Small animal irradiators have provided a more clinically relevant 
approach to improve the translational power of preclinical models of RT 
response. Based on a review of all identified papers from 2007 − 2021, 
we assessed the main contributions of small animal irradiators to pro-
vide a broad overview of the current preclinical RT landscape. 

Our data show a growth in the number of articles using small animal 
irradiators. From 2007 to 2010, these articles were predominantly in 
areas of physics research reflecting the need to establish robust dosim-
etry, imaging and QA. The number of biology contributions then began 
to increase from 2011 onwards (Fig. 1B). These changes account for the 
increased implementation and application of the systems during this 
time. This also coincides with the report from the “Lesson Learned from 
Radiation Oncology Trials” workshop that clearly emphasized the need 
for improvements in preclinical studies relating to study design, vali-
dation of models and quality assurance of treatment deliveries [10], this 
may have contributed to the exponential growth in biology contribu-
tions from 2011 to 2020. 

Physics contributions focused on development and quality assurance 
of these platforms by assessing dosimetry, treatment planning and im-
aging and were mainly conducted using phantoms. Relatively simple 
phantom models have been replaced with multi-tissue density phantoms 
aiming to improve dose measurements for various irradiation geome-
tries [11–12]. Dosimetry and QA are critical aspects of preclinical RT 
studies that are central to the poor reproducibility of studies [43]. Also, 
we showed orthotopic tumor studies, which reported collimator sizes, 
18% used small field sizes < 5 mm (Fig. 5A). When collimating beams to 
smaller than approximately 5 mm diameter at isocenter, the focal spot is 
occluded through beam collimation [13]. As the focal spot is highly 
heterogeneous, this occlusion of the focal spot is challenging to simulate 
and should preferably be measured. If this effect has not been corrected 
in studies using < 5 mm collimators it may cause errors in dose calcu-
lations in both target and normal tissues that may impact on repro-
ducibility [13]. 

The SARRP and PRECISION series platforms used dedicated TPSs 
based on the Superposition Convolution Algorithm [14] or Monte Carlo 
simulations [15]. A high percentage of articles focused on developing 
treatment planning approaches to improve tissue segmentation and dose 
calculations related to scattering at small field sizes and differences in 
the energy absorption of soft tissues for kilovoltage (kV) beams [16]. 
The problem arising when scaling down from megavoltage (MV) sys-
tems to kV photon energy range is the increasing importance of the 
photoelectric effect [17–18]. This problem is still of great interest to the 
community leading to a significant contribution to the literature in the 

field of treatment planning and simulations (Fig. 2A) [4]. 
Optimization of RT is based on the competing probabilities of tumor 

control and normal tissue complication and all biology contributions 
were within these areas. A small number of biology studies (2%) focused 
on radioprotection yet the potential of these agents in the clinic is still 
limited. Fractionated protocols were used in only 12% of normal tissue 
studies. Yet the majority of these fractionated schedules are far from 
clinical standards with total doses ranging from 10 to 30 Gy delivered in 
either 2, 3 or 5 fractions. Similar results were identified for tumor studies 
with the majority of fractionated studies (93%) using 2 – 6 fractions and 
49% reporting the use of 3 fractions. These data indicate a need to 
improve normal tissue and tumor radiobiology studies using more 
clinically relevant RT schedules. 

The majority of biology contributions focused on tumor studies 
(69%). However, replicating tumor models within preclinical studies is 
more complex than assessing normal tissue as there are countless tumor 
subtypes, grading and experimental models available [19]. Orthotopic 
tumor models have a more ‘natural’ anatomical structure and accurate 
model of tumor behavior and response to RT. These models enable 
interaction of the surrounding tumor microenvironment which is hugely 
beneficial for studying treatment response for clinical translation [20]. 
Small animal irradiators have provided the most accurate model to date 
for targeting of these orthotopic tumors accounting for just over a third 
(36%) of tumor models used. We expect more studies will adapt an 
orthotopic approach due to the advantages of these models and im-
provements small animal irradiators provide in target alignment. 

Imaging is a common area of research across physics and biology 
contributions. Small animal irradiators are fitted with micro-CT or CBCT 
imaging platforms at a lower energy than used clinically [21]. Imaging 
focused studies within physics contributions (22%) mainly aim to 
improve the spatial resolution whilst maintaining a low imaging dose. 
This comes with a trade-off between the voxel size and image quality. 
Lower imaging energies can lead to noise and artefacts which can hinder 
clear visualization of small animal anatomical structures [22]. Whereas 
biology imaging studies (21%) assessed different imaging techniques 
ranging from dual energy CT, bioluminescence-guided, hypoxia-guided 
and contrast enhanced imaging [23–27]. Some developments have been 
made with the implementation of iodinated and nanoparticle-based 
contrast agents which have dual benefits of enhancement of CT image 
contrast and therapeutic dose deposition [4,28]. Some studies (2%) have 
also shown the possibility of improved targeting accuracy of low 
contrast tissues using fiducial markers for treatment alignment [29]. 

A key measure of the impact of small animal irradiators is the 

Fig. 6. Tumor and normal tissue studies reporting the use of fractionation. The total number of biology studies per year which reported the use of a fractionated dose 
delivery for both tumor and normal tissue studies. Fractionation was first implemented in preclinical RT tumour studies in 2012. 
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number of studies that have translated to early phase trials. For example, 
a study from the group at Queen’s University Belfast assessed the impact 
of AZD6738, an inhibitor of the ataxia telangiectasia related-3(ATRP) 
kinase in the DNA damage response, on tumor efficacy and late 
toxicity in the lung [30]. This study directly supported the translation of 
this approach to evaluate the safety of inhibitors of the DNA damage 
response in patients with non-small cell lung cancer through the CON-
DORDE trial (NCT04550104) [31–33]. Similarly, a study from Maas-
tricht University demonstrated the efficacy of nintedanib in reducing 
radiation-induced lung fibrosis that subsequently led to multiple clin-
ical trials (NCT02452463; NCT02496585) [34–35]. Another example 
from the University of Pennsylvania assessed the combination of im-
mune checkpoint blockade with RT [36–38] which led to the develop-
ment of clinical trials in metastatic cancers. Preclinical studies have also 
successfully translated in other areas including neurological diseases. 
Research from William Beaumont Hospital that showed the effect of low 
dose cranial irradiation to significantly reduced β-amyloid plaques in a 
murine model for Alzheimer’s [39] translated to clinical trials at mul-
tiple centers around the world (NCT02359864; NCT02359864; 
NCT03352258). These studies demonstrate how small animal irradia-
tors are enabling translation to the clinic, yet quantitative estimates of 
these successes are difficult to measure and were not captured in this 
study. Previously, it has been estimated that only a third of highly cited 
animal studies have translated to the clinic [42], yet the longer-term 
success of clinical trials in oncology is significantly lower at only 3.4% 
[40]. In addition to being unable to accurately measure the translational 
impact of preclinical RT studies, our data only included articles using 
commercial and in-house small animal irradiators but did not include 
articles using non-image guided cabinet or clinical sources. 

Conclusions 

Many radiobiology research centers have implemented small animal 
irradiators to refine preclinical irradiation procedures and continue to 
deliver innovative experimental approaches in physics and biology. Our 
data identifies the trends in preclinical RT research using small animal 
irradiators from 2007 to 2021 and highlights the major areas in which 
these devices have contributed to advance the field. We have identified a 
number of preclinical RT studies from several laboratories that have 
supported translation to the clinic yet more work is needed to focus on 
requirements in preclinical RT studies to enable clinical translation. 
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