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Abstract:

Objectives: Lack of standardization and inaccurate dosimetry assessment in pre-clinical research is
hampering the translational opportunities for new radio-therapeutic interventions. The aim of this work was
to develop and implement an end-to-end dosimetry test for small animal radiation research platforms to
monitor and help improving accuracy of dose delivery and standardization across institutions.

Methods: The test is based on a bespoke zoomorphic heterogeneous mouse and WT1 Petri dish phantoms
with alanine as reference detector. Alanine measurements within the mouse phantom were validated with
MC simulations at 0.5 mm Cu x-ray reference beam. Energy dependence of alanine in medium x-ray beam
gualities was taken into consideration. For the end-to-end test, treatment plans considering tissue
heterogeneities were created in Muriplan TPS and delivered to the phantoms at five Institutions using XXX
small animal irradiation platforms. Mean calculated dose to the pellets were compared to alanine measured
dose.

Results: MC simulations and in phantom alanine measurements in XXX reference beam were in excellent
agreement, validating the experimental approach. At one institute, initial measurements showed a larger
than 12% difference between calculated and measured dose caused by incorrect input data. The physics
data used by the calculation engine were corrected and the TPS was recommissioned. Subsequent end-to-

end test measurements showed differences below 5%. With an anterior field, four of the participating



institutes delivered dose to both phantoms within 5%.

Conclusions: An end-to-end dosimetry test was developed and implemented for dose evaluation in
preclinical irradiations with small animal irradiation research platforms. The test was capable of detecting
treatment planning commissioning errors and it highlighted critical elements in dose calculation. Absolute
dosimetry with alanine in relevant pre-clinical irradiation conditions showed reasonable levels of accuracy
when compared to TPS calculations. This work is providing an independent and traceable dosimetric

validation in pre-clinical research involving small animal irradiations.



Introduction

Advances in pre-clinical radiotherapy research led to the development of precise and sophisticated
small animal irradiation platforms(',%,%) allowing to mimic human radiotherapy conditions on a
much smaller scale. These systems may play a critical role for the improvement of our
understanding of radiation effects and the development of biologically optimized radiotherapy
approaches. However, several concerns have been raised in recent years regarding the quality of
published preclinical data which hamper the translational opportunities for a new therapeutic
interventions into clinical practice*). It has been reported that about half of all preclinical research
in the United States is not reproducible(®). It is well known that radiobiological research is
burdened with large systematic uncertainties and variations associated with biological response.
Therefore, as stated by Williams et al. “given the size of the error in the biological contribution, it
is important that the physical errors are minimized”(°). The lack of reproducibility in pre-clinical
radiation studies has been highlighted by Desrosiers et al.(’) back in 2011. Their report, apart from
discussing importance of standardization of dosimetry in radiation biology, provides a list of
recommendations related to dosimetry content which should be included in any radiobiology and
pre-clinical radiation research manuscript. More recently, the ACROP (Advisory Committee in
Radiation Oncology Practice) group from ESTRO (European Society for Radiotherapy &
Oncology) has commissioned a report for precision small animal radiotherapy research issuing a
list of guidelines for reporting studies(®). However, it will only be possible to evaluate the impact
of these guidelines in a few years. A recently published comprehensive review by Draeger et al.(°)
demonstrated a deep lack of any reporting of basic physics concepts in pre-clinical radiation
research literature, emphasising that a bespoke, robust and standardized way of measuring and

reporting dosimetric data and irradiation protocols is still needed to address reproducibility crisis
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in radiation biological science and to improve translation of preclinical research into clinical trials.
It is clear that existing guidance and recommendations, although informative and comprehensive,
are not enough. Researchers should take responsibility for the quality of their data and critically
and objectively assess physical quantities that will have an impact on the quality of their findings.
Moreover, the requirements on quality assurance procedures and delivered dose verifications in
pre-clinical research should aim to reach a level closer to those employed for clinical radiotherapy
irradiations. The provision of adequate dosimetric verification tools, including audits, would allow
independent assessment of radiation sources used in pre-clinical investigations and provide
confidence and standardization in the accuracy of dose evaluation.

Pre-clinical high precision irradiators, such as XXX Small Animal Radiation Research Platform
(SARRP)('?) and X-RAD SmaRT('!') manufactured by Precision X-Ray, are equipped with cone
beam CT (CBCT) imaging panels and treatment planning systems (TPS) making it possible to plan
delivery of treatment dose on the acquired CT image. Commissioning of such systems consists of
output measurements with a suitable ionization chamber and absolute dosimetry with radiochromic
films('2,1%). Despite their high level of sophistication, there is no independent dose verification
process for assessing the accuracy of these irradiators, leaving individual users with the tasks of
providing onerous and, often inadequate, quality assurance checks. As a result, based upon
procedures existent in clinical radiation therapy('4,'°,!), we developed and implemented an end-
to-end multi-institutional treatment planning dose verification test. The objective of this study is
to describe the procedure, designed to verify dose calculations performed with SARRP’s TPS,
Muriplan, a system with a superposition-convolution kernel-based calculation algorithm(*’) employing a
solid-state alanine dosimeter and phantoms with shapes relevant to pre-clinical irradiations: an

anatomically correct mouse phantom, made of tissue equivalent materials('®) and a WT1 (solid
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water) Petri dish-like phantom. The procedure was used to monitor dose deliveries at 5 UK
radiobiological centres using SARRPs. The measurements included single and complex field
exposures using different size collimators. This work demonstrates how a well-designed dose
verification procedure, based on suitable and reliable dosimeters and phantoms, can provide

independent and accurate dosimetric assessment of pre-clinical radiation platforms.

Methods and Materials

Five UK institutions, actively involved in preclinical research and equipped with SARRP
irradiators, were visited to carry out the end-to-end dosimetry test. For clarity, when presenting the
methodology, results and discussions, the following naming convention and abbreviation are used
through the paper: Institution 1 (I1), Institution 2 (12), Institution 3 (I3), Institution 4 (I4) and
Institution 5 (I5).

Alanine dosimeters and their energy dependence in SARRP

The XXX alanine measurement service provides alanine dosimeters for absorbed dose to water
determination for industrial and radiotherapy applications as well as for research purposes('”). For
this study, the standard size alanine pellets (5 mm in diameter and 2.3 mm in height) were used.
The service reports the dose, traceable to XXX primary standard graphite calorimeter for cobalt-
60 (°°Co) beam quality. Alanine has proven to be a detector with minimal energy dependence (less
than 1%) in the range of high energy electrons and photons (for ®°Co energy levels and above).
Similarly to proton and ion beams, for medium and low energy x-rays, alanine exhibits a much
larger energy dependence(*°,%!), which requires correction factors.

Energy dependence correction factors (rqo,qx), accounting for the lower response of alanine in



medium energy x-ray beams (Qx), in comparison to ®°Co radiation quality (Qo), were determined
in the XXX medium energy reference beams, using the half value layer (HVL) as the beam quality
specifier. The experimentally determined rqo,ox factors varied from 0.77 to 0.94 for beams with
HVL ranging from 0.5 to 4 mm Cu (corresponding to nominal tube potential 135 to 280 kV),
respectively. The rqo,ox factors, were fitted to the following logarithmic curve with a coefficient of
determination, R?, of 0.9984:
Tos0y = 0.0829 x In(HVL,, ) +0.8266 (1)

To test the validity of alanine energy dependence, given by equation (1), in the users’ beam, two
sets of measurements were carried out at I1 in SARRP’s references conditions(*?), i.e. open field,
source-to-isocentre distance (SID) of 35 cm, detector positioned at 2 cm depth and 4 cm of WT1
solid water as underlying backscatter material. Firstly, AAPM’s TG-61 code of practice (CoP)
absorbed dose to water formalism(*’) was followed to determine the output of the SARRP
irradiator (in Gy/s). Measurements were performed with a PTW 30012 ionization chamber,
calibrated in terms of air kerma and traceable to the UK primary standard XXX 300 kV free air
chamber. Subsequently, a set of 6 alanine pellets were independently irradiated in the same
conditions as the ionization chamber measurements. To obtain the value of the average absorbed

dose to the alanine volume at SARRP’s beam quality, the following equation was used:

Dose alanine
Dalanine — Qo (2)
QSARRP r
Qo0,.QSARRP

The (1g,,054rrp) €NETEY dependence factor was determined from equation 1 for the I1 SARRP’s
beam quality of 0.669 mm Cu.
SARRP’s output measurements in large field reference conditions, carried out with the ionization

chamber and alanine were compared.



Zoomorphic mouse phantom and WT1 (Petri dish) phantom

An anatomically accurate mouse phantom (Figure 1(a)), purposely designed for dosimetry
measurements in small animal radiation platforms('®), was used for this work. The phantom was
made of three materials: WT1(**), Accura Blustone(*’) and LN10(%%), representing soft tissue,
cortical bone and lung tissue, respectively(. The phantom included a precisely drilled cavity in the
intracranial region to hold a standard XXX alanine pellet. Finally, a removable skull cap (made of
WTI and bone-like material) was built, to be inserted above the alanine pellet.

As part of the validation of the end-to-end test it was decided to include a phantom with a simpler
geometry, representing 35 mm diameter Petri dish (Figure 1(b)) made of homogeneous WTI
material with the centre of the analysed pellet positioned at 3.75 mm depth.

Monte Carlo validation of the end-to-end test.

Direct validation of the absolute dose measured by the alanine pellet placed in the mouse phantom
was not possible as (i) placing any other type of reference detector (e.g. an ionization chamber) in
the animal phantom would significantly alter its scattering properties, which would then require
additional corrections for dosimetry assessment, and (i1) the use of the SARRP’s dose calculation
engine, Muriplan, as reference would defeat the purpose as ultimately the mouse phantom/alanine
system is intended to validate the dose delivered, as calculated by such software. As an alternative,
we compared the measured and simulated ratios of the doses absorbed by alanine pellets in the
phantom and in reference conditions following exposure to a reference radiation beam quality from
the XXX 300 kV facility with 7 cm diameter field size. To achieve reference conditions, required
by the CoP(®), the surface of the 30x30x30 cm® water phantom was set at a distance of 75 cm
from the radiation source. For the small animal phantom, the system with the alanine pellet inserted

in the intracranial cavity was set on top of the 30x30x30 cm® water phantom (Figure.2). This
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approach allowed us to determine the increase in dose experienced by the alanine pellet in the
animal phantom relative to the dose delivered to pellet irradiated in reference conditions and to

compare it with the simulated value in the same conditions (see Equation 3).

measured MC—-simulated

Dosemouse phantom Dosemouse phantom 3
Dosemeasured Vvs§ D MC-simulated ( )
reference conditions Osereference conditions

The simulations were performed using the TOPAS (version 3.2) platform, a wrapper which
employs the Geant4(*’) simulation toolkit, which have been previously evaluated in low and
medium energy x-ray beams(*®). All the simulations performed for this work used the
recommended standard physics list as described by TOPAS documentation(*”), standard secondary
production cuts and recommended step sizes(*®). Specifically, the secondary particles were
produced and transported only when their estimated range was longer than 0.05 mm otherwise
their energy was deposited locally. The default maximum step size for particle transport was set to
I mm. The minimum and maximum particle range were set to 100 eV and 500 MeV, respectively.
For the geometry of the simulations, the small animal phantom was imported from the
stereolithography (stl) files used for the production of the phantom('®), with individual files for the
skeleton and soft tissue. The relative position of the two anatomical structures and the location of
the alanine pellet within the animal skull were determined using images from a CT scan of the
manufactured phantom. Contours of the skeleton, alanine pellet and external surface from the CT
were then transferred to the projection of the stl files in TOPAS to inform on the relative positioning
of the stl anatomical components and to determine the final volume for the alanine pellet.

A previously validated radiation source, accurately representing XXX 0.5 mm Cu beam quality(*")
was modelled in EGSnrc(*?) MC user code BEAMnrc(*?) and the phase space files were used as

radiation input for the TOPAS simulations.



Individual simulations were performed using 5-10° particle histories and the standard error for the
results was computed over the mean of all simulations performed for a specific set up.
End-to-end test workflow

The end-to-end test was designed to verify TPS calculations with different levels of complexity.
Firstly, irradiations with the 10x10 mm? or with the @ 8 mm collimator for the institution with
bespoke collimators (in both cases covering the full size of the @ 5 mm alanine pellets), with a
single field, in the homogenous WT1 Petri dish phantom and in the mouse phantom, were
performed. However, in order to assess the possibility of employing the use of the mouse phantom-
alanine assembly for the verification of TPS with smaller field sizes, a set of measurements with
the 5x5 mm? collimator was also acquired and evaluated. Finally, a set of more pre-clinically
relevant irradiations with parallel-opposite, anterior-posterior and arc fields (only in the mouse
phantom) were also assessed. In all cases 15 Gy were prescribed to the centre of the pellets. Details
of all the radiation exposures are reported in Table 1 in Supplementary Information.

In order to make the process more time efficient, only the segmentation, imaging and irradiation
were performed on-site during the visits, whilst calculations of volumes of interest and Muriplan
calculated dose were performed a-posteriori. We verified that with the appropriately saved plans
and segmentation files, it was possible to contour and to perform calculations of the dose
distributions and dose statistics in the ROI a-posteriori without affecting the overall quality and
accuracy of the end-to-end test. Figure3 represents the workflow of the procedures developed for
the end-to-end test.

Prior to the implementation of the test, the reproducibility of the phantom-alanine assembly was
assessed. Fourteen repetitions of the mouse phantom preparation, positioning and imaging as well

as pellets’ irradiation with a SARRP open field and the same irradiation time, were performed.



The TPS-calculated mean dose to the pellets is affected, both, by the elemental segmentation and
the contoured volume of the pellet. The analysis is available in the Supplementary Information.

To evaluate the effects of the segmentation in the calculations, variations on the segmentation
threshold (within visually acceptable levels) were performed. Each time, dose distributions and
Dose Volume Histograms (DVH) were calculated. The correlation between the segmentation

threshold percentage variation with the mean calculated dose was investigated.
Results

Alanine energy dependence in SARRP beam quality

The I1 SARRP’s output in reference conditions, measured with the ionization chamber (IC) and
electrometer system was 0.0611 Gy/s with an uncertainty of 2.1% (k=1) associated with the
determination of absorbed dose to water at 2 cm. (Table III in AAPM TG-61)(®).

The alanine energy dependence correction factor at SARRP beam quality (HVL of 0.669 mm Cu),
calculated from equation 1, was equal to 0.793. Averaged alanine output (for six independent
alanine irradiations) measured in SARRP’s output reference conditions was 0.0617 Gy/s with an
uncertainty of 2.7% (k=1) (associated to the alanine reading process and to the rqo,ox experimental
setup determination). Both output measurements, carried out with alanine and IC agreed well
within the associated uncertainties.

Monte Carlo validation for the end-to-end test

Monte Carlo simulations reported an average value of dose absorbed to the alanine pellet in the
intracranial region of the mouse phantom of (1.232+0.030)x10!” Gy/hist. The average dose to
medium, scored in the volume of the pellet at reference conditions: depth of 2 cm in a 30x30x%30
cm® water phantom, along the radiation beam central axis was (1.090£0.054)x10!" Gy/hist.

Following equation 3, that leads to a ratio of 1.13+0.06.
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Measurements reported an average value of dose over the volume of the alanine pellet for a 0.5
mm Cu HVL of 16.60+0.04 Gy and of 14.60+0.03 Gy in the mouse phantom and in reference

conditions, respectively. Following equation 3, the ratio for the measurements was 1.130+0.004.

Evaluation of parameters affecting TPS dose calculations

The mean measured dose to the set of 14 pellets used to assess the repeatability of the phantom-
alanine assembly was 35.18 Gy with a standard deviation (SD) of 0.78 Gy. The descriptive
statistical analysis showed a confidence level of 0.44 (25), which is well below the total
uncertainty budget as reported by the XXX alanine service indicating a very good repeatability
and stability of the mouse phantom/alanine dosimetry system.

The variation in the segmentation presets, as shown in Figure 4, demonstrate that the presence of
voxels inside the pellet’s contoured volume, wrongly identified as bone instead of soft tissue
material have a significant impact on the calculation of the mean DVH dose. Inadequate bone
segmentation threshold, shown in Figure 4 as “Seg Not OK” case, gives to rise of the mean
calculated dose to the alanine pellet by 13%.

Alanine measurements and comparison with TPS calculations

The HVLs, reported by each institution varied between 0.650 and 0.836, which corresponded to

T00,05arrp PEtWEEN 0.791 and 0.812, respectively. For I1, a first set of measurements with a single

field and the 10x10 mm? collimator, showed that the differences between Muriplan dose
calculations and alanine measurements were exceeding 12% for both phantoms (Figure 5). As the
SARRP output measurements differed from the alanine and ionization chamber measurements by
less than 1.1%, additional steps were taken in order to investigate the source of discrepancy

between measured and TPS-calculated doses. After advice from the manufacturer, the TPS system
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at 1 was recommissioned. Subsequently, a new group of alanine measurements was acquired. The
new percentage dose difference between Muriplan dose calculations and alanine measurements
was in a good agreement (better than 5%) for both phantoms, indicating that TPS system at I1 was
previously not accurately commissioned for the 10x10 mm? collimator.

2 collimator

For the rest of the institutions, single field measurements with the 10x10 mm
(alternatively the @ 8 mm collimator) were also performed. Those results are summarized in Figure

6 a) and b) as the percentage (%) dose difference, averaged over the number of irradiated pellets

at each institution. Both phantoms are included (for 12, only the mouse phantom was irradiated).

The alanine measurements carried out in the Petri dish (WT1) phantom were, in general, in better
agreement with TPS calculations than exposures in the mouse phantom. This could be attributed
to larger uncertainties of the Muriplan’s calculation engine for more complex tissue geometries(!’,
3%). The alanine pellet in the mouse phantom is positioned in the intracranial region, hence the
Muriplan needs to model beam propagation through media with varying densities (i.e. bone and
soft tissue, representing skull and brain, respectively).

The average dose difference between TPS and measurement among the 38 irradiated alanine
pellets in the mouse phantom (all field sizes and beam configurations for all participating centres)
was 1.85%. The individual dose points are shown all together in Figure 6 c.

Irradiations in the mouse phantom with a single 5x5 mm? field were performed only at two
institutes (for details, see Table 2 in Supplementary Information). Only one data point (out of nine)
was outside the 5% dose difference margins, however the discrepancy may be associated with the
movement of the small animal phantom during the image acquisition process. During CT

acquisition, the couch rotates around its central vertical axis and the phantom can move if no
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fixation is provided. A larger standard deviation for this test group (in comparison to the
irradiations with larger field sizes) could be explained by the challenges present when performing
dosimetry with a detector which size is very close to the irradiation field size. The volume
averaging effect would have an impact on the measured dose(*).

Irradiations in the mouse phantom, in more complex beam configurations (i.e. parallel-opposite,
anterior-posterior and arc) where performed at three of the participating institutions (details
available in Table 2 in Supplementary Information). Three data points (out of seven) were above
5% dose difference limit. These differences can be attributed to a number of reasons including (i)
volume averaging effect of alanine pellets when exposed to small field sizes, (ii) position of the
couch within the beam during treatment or (iii) inaccuracies in commissioning of the TPS.

Discussion and conclusions

We developed an end-to-end treatment planning dose verification test for small animal pre-clinical
research platform employing an alanine dosimeter and phantoms made of tissue equivalent
materials. The test was implemented in a multi-institutional comparison. We presented the results
of the differences between the dose calculated by the TPS and dose measured. Apart from one
institute, the differences between TPS-calculated and measured doses in both phantoms are below
5%. These discrepancies can be attributed to several reasons. First of all, alanine dosimeters require
energy response correction for medium energy x-ray beam. The 1y o¢,..p factor is dependent on
the accuracy of beam quality (HVL) determination and for different SARRP machines, used in this
investigation, that factor varied by up to 2.6% depending on the irradiator used. HVL determination
in the small animal irradiators is certainty not trivial due to space constraints. Moreover, the spectra

of the SARRP irradiators can differ significantly from XXX reference beam qualities, hence the
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T00.0sarrp tactor calculated from equation 3 will have an additional associated uncertainty.

However, previous work carried out at XXX (see Supplementary Information) has shown that for
a given HVL, even significant changes in the x-ray spectra, would have very small impact on
alanine response (~1% variation). Moreover, there are a number of limitations of Muriplan that
could impact the accuracy of the calculated dose('?), namely (i) the higher level of complexity
needed from the calculation algorithms to handle the strong atomic number and energy dependence
on the photon interaction cross section, typical for the kilovoltage energy range(*®), (ii) the need
for a selection of appropriate tissue segmentation thresholds(*’) and (iii) last, but not less
important, the uncertainties related to the data used for the commissioning of very small fields.

It is difficult and also out of the scope of this work to interpret the results acquired at each institute
independently as the only common factor for all the data presented in this work are the alanine in-
phantom measurements, which were acquired, processed and analysed in the same way. Although
the authors had no influence on the TPS commissioning at any of the participating centres, this
work demonstrated that the presented end-to-end test can detect errors in the TPS commissioning
data and highlight not-correct procedures. By discussing the results of the independent dose
verification measurements with the individual institutions and with the manufacturer, it is possible
to improve the accuracy of the dose delivered in preclinical irradiations (see Figure 5) and to
optimize irradiation procedures. Due to the level of sophistication and complexity of treatment
planning systems, before commencing any new pre-clinical study, additional verification of the
calculation engines should be required. For the smaller field sizes (below 5 mm), the dosimetry
system based on 5 mm in diameter alanine pellet will not provide accurate measurements due to
volume averaging effect. Application of smaller size alanine pellets could provide solution to this

limitation, however such system would require much larger dose to be delivered (100 Gy and
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above) to allow for accurate readout.

This work demonstrates how a well-designed dose verification procedure can provide independent
and accurate assessment of pre-clinical irradiation platforms resulting in a tool for implementing
the recent recommendations on pre-clinical dosimetry(®). Moreover, the results provide a degree
of standardization, which increases confidence for the comparison of the radiobiological studies
performed at the 5 participating UK centres. This dosimetry system could also be used for dose
verification in irradiators with different calculation algorithms as well as in simple x-rays cabinets,
where a TPS is not available(*®). Moreover, this system could be translated to different radiation
types given that tissue equivalence of the phantom and energy dependence of alanine is properly
evaluated. In the future, more effort should be made to incorporate additional 2D assessment, e.g.
by employing radiochromic films or 2D arrays. This will, however, require additional input from

vendors of the pre-clinical IGRT systems to allow for easy export of 2D dose distributions.
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Figure Captions

Figure 1. Mouse phantom and CBCT images (a) and WT1 Petri dish phantom with associated CBCT (b).
Alanine pellets have soft tissue equivalent properties; hence they have similar CT number as WT1
material.

Figure 2. Set-up for measurements and Monte Carlo simulations of the ratio of absorbed dose in alanine
pellets inside the mouse phantom (bottom) versus references conditions (top).

Figure 3. Workflow of the end-to-end test.

Figure 4. Examples of four different SARRP segmentation files capturing alanine pellet (circular region
below the table) with four different presets (“Seg_OK”, “Seg OK a”, “Seg OK b and “Seg Not OK”)
for the same CBCT acquisition, demonstrating the effect of an inadequate segmentation on the calculated
mean dose to the alanine pellets.

Figure 5. Percentage dose difference results (TPS versus alanine measurements) at 11, before and after the
TPS recommissioning.

Figure 6. Average percentage dose difference between the TPS calculation and alanine measurements for
the mouse (a) and WT1 Petri-dish (b) phantoms for anterior fields only. The error bars represent the
standard deviation of the mean. The percentage dose difference for all exposures in the mouse phantom
(field sizes > 5mm x 5mm and all beam configurations) and all participating institutes (c).
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