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Abstract

Advances in large scale screening of medical counter measures for radiation-induced normal 

tissue toxicity are currently hampered by animal irradiation paradigms that are both inefficient and 

highly variable among institutions. Here, we introduce a novel high-throughput small animal 

irradiation platform for use in orthovoltage small animal irradiators. We used radiochromic film 

and metal oxide semiconductor field effect transistor detectors to examine several parameters, 

including 2D field uniformity, dose rate consistency, and shielding transmission. We posit that this 

setup will improve efficiency of drug screens by allowing for simultaneous, targeted irradiation of 

multiple animals, improving efficiency within a single institution. Additionally, we suggest that 

measurement of the described parameters in all centers conducting counter measure studies will 

improve the translatability of findings among institutions.

We also investigated the use of tissue equivalent phantoms in performing dosimetry measurements 

for small animal irradiation experiments. Though these phantoms are commonly used in 

dosimetry, we recorded a significant difference in both the entrance and target tissue dose rates 

between euthanized rats and mice with implanted detectors and the corresponding phantom 

measurement. This suggests that measurements using these phantoms may not provide accurate 

dosimetry for in vivo experiments.

Based on these measurements, we propose that this small animal irradiation platform can increase 

the capacity of animal studies by allowing for more efficient animal irradiation. We also suggest 

that researchers fully characterize the parameters of whatever radiation setup is in use in order to 

facilitate better comparison among institutions.
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Introduction

Following the formation of the Weapons of Mass Destruction Medical Countermeasures 

Subcommittee, a working group was established to identify what the goals of medical 

countermeasures research should be to further national preparedness for a possible 

radiological or nuclear threat (Pellmar and Rockwell 2005). The resulting report includes 

many objectives for researchers, one of which is establishing an improved animal model of 

radiation injury to permit rapid testing of proposed countermeasures (Stone et al. 2004, 

Pellmar and Rockwell 2005). Much of the work in this area has focused on the identification 

of animals whose radiation response is most analogous to that of humans (Coleman et al. 

2004, Augustine et al. 2005). Small animal models, which allow for larger numbers of 

animals to be studied in a shorter time frame and at lower cost than larger animals, are of 

particular interest (Williams et al. 2010). Currently, one of the confounding factors of 

radiation countermeasure development is the variation in radiation methods and parameters 

among facilities, making it difficult to compare findings from multiple institutions 

(Yoshizumi et al. 2011).

A necessary part of developing small animal models is the creation of a method of 

delivering radiation that can mimic therapeutic or accidental radiation exposure to a specific 

region or organ, for our purposes, the lung. Currently, several different systems of focused 

small animal irradiation are in use (Verhaegen et al. 2011). These systems vary in 

configuration but generally involve a specialized platform used to guide delivery of the 

desired radiation dose to a specific region of a single animal with (Wong et al. 2008, Zhou et 

al. 2010, Clarkson et al. 2011) or without (Stojadinovic et al. 2007) the aid of an integrated 

imaging system.

Specialized, single animal commercial systems allow for accurate delivery of radiation, but 

may not be sufficient to keep pace with the growing demand for screening of potential 

medical countermeasures for normal tissue radiation injury. High throughput screenings of 

potential therapeutic agents will likely involve multiple facilities and large groups of 

animals (Stone et al. 2004). For this reason, it is necessary to develop multi-animal 

irradiation setups, the parameters of which are well characterized, so that the resultant 

findings at one institution can be compared with those from other groups. The resulting 

improved comparisons will allow for better characterization of the radiobiological effect as 

well as more accurate assessments of the relative efficacy of proposed therapeutic 

countermeasures (Yoshizumi et al. 2011).

In pursuit of this goal, we have developed a novel small animal irradiation platform (SAIP), 

capable of simultaneously irradiating 12 mice or 4 rats, and have characterized its 

performance when used with conventional x-ray irradiators. Using radiochromic film and 

metal oxide semiconductor field effect transistor (MOSFET) detectors, both established 

metrics for animal and phantom irradiation (Scarantino et al. 2004, De Lin et al. 2008, Ngwa 

et al. 2011), we first investigated the field uniformity, dose rate consistency, and shielding 

transmission factors of this setup. Following this technical validation, we went on to 

measure entrance and target tissue dose rates in both traditional phantoms and euthanized 
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animals with implanted detectors. From these studies we were able to identify differences 

between phantom and in-animal measurements, as well as in entrance versus target tissues.

The push to develop medical countermeasures to radiation injury demands an increase in the 

number and power of small animal radiation studies. This will involve multi-site studies, 

meaning that there must be a standardization of radiation delivery across facilities in order to 

ensure optimal and comparable results. While some technical aspects of this paper are 

similar to studies by Ngwa et al. (Ngwa et al. 2011), Wong et al. (Wong et al. 2008) and 

Newton et al. (Newton et al. 2011), here we introduce a platform that increases the number 

of animals able to be irradiated simultaneously, as well as a set of parameters that, if 

measured across facilities, would allow for better comparison of findings among studies. We 

submit that these findings will improve the efficiency, accuracy, and reliability of small 

animal models for radiation research.

MATERIALS AND METHODS

Irradiation Platform

Our new small-animal irradiation platform (SAIP) consists of a series of acrylic dividers to 

aide in animal immobilization and moveable 8 mm thick lead shielding blocks mounted on 

stainless steel guides (Figure 1). The half value layer (HVL) of lead for a 320 kVp 

monoenergetic x-ray beam is approximately 1.7 mm (Berger et al. 1998). Therefore given 

the beam effective energy of a 320 kVp beam is much lower, shielding transmission is 

expected to be less than 3%. Regardless, additional shielding can be added easily if required. 

Importantly, we increase the number of animals able to be placed in the field of our previous 

SAIP to12 mice, or 4 rats from 4 and 1, respectively. Further, these mice and rats can be 

positioned such that thoracic, abdominal, and whole brain irradiation is possible, greatly 

increasing the utility of the platform.

X-ray equipment

There are two XRAD 320 kilovoltage irradiation systems at our institution (Precision X-Ray 

Inc., North Branford, CT). The first irradiator (Irradiator A) has the ability to deliver 5 kV – 

320 kV in 0.1 kV increments. At the maximum tube potential of 320 kV, the x-ray tube 

current can be set to a maximum of 12.5 milliamps (mA). The second system (Irradiator B) 

differs in that at the maximum tube voltage of 320 kV, the maximum tube current is 10 mA. 

All calibration and dose rate measurements were performed at 320 kVp tube voltage and 10 

mA tube current with 2 mm aluminum added filtration. Further, both units contain a shelf to 

allow animals to be positioned at a source-to-surface distance (SSD) of 50 cm. The shelf can 

also be removed completely to provide a maximum SSD of 75 cm. The maximum field size 

at a SSD of 50 cm is 20 × 20 cm2 but at 75 cm SSD this is enlarged to 30 × 30 cm2 due to 

beam divergence.

MOSFET dosimetry system and calibration

The dose measurements were made with a mobile MOSFET system (Model TN-RD-70-W, 

Best Medical Canada, Ottawa, Canada) as previously described (De Lin et al. 2008). Our 

method differs in that we used the standard sensitivity model (TN-1002RD) MOSFET 
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detectors rather than the high sensitivity bias MOSFET detectors (TN-502aRD) because of 

the large cumulative doses being delivered to each detector. MOSFET calibration was done 

at an SSD of 75 cm. For each experiment MOSFET detectors from the same batch were 

used. For each experiment MOSFET detectors from the same batch were used. Each 

detector was calibrated using the manufacturer specified procedure where MOSFET 

readings are calibrated against absolute dose measurements from an ionization chamber 

whose calibration factor was determined by the Accredited Dosimetry Calibration Lab 

(ADCL) at the University of Wisconsin for 250 kVp x-rays. This is the highest tube voltage 

for which there was an available calibration factor. The error in using this correction factor 

instead of the one for 320 kVp is expected to be less than 1% due to the small variation in 

correction factor in the kilovoltage energy range for a given cylindrical ion chamber (Ma et 

al. 2001).

Field uniformity

Field uniformity was tested using a sheet of radiochromic film (XR-RV3 GAFCHROMIC®, 

International Specialty Products, Wayne, NJ) cut to size (16×18 cm2) to fit the area in which 

animals are positioned on the platform during irradiation. Film image acquisition was done 

according to the procedure outlined by Newton et al (Newton et al. 2011). In more detail, 

films were pre-scanned using a Hewlett Packard Scanjet G3110 (Hewlett Packard, Palo 

Alto, CA) or Epson Expression 1000×L (Epson America Inc., Long Beach, CA) desktop 

scanner at 150 dpi and saved in the tagged-image-file format (TIF) (McLaughlin et al. 

1991). Each film was scanned three times to produce an average image. Films were then 

exposed for 3 minutes with 320 kVp and 10 mA tube current. No shielding was in place for 

this irradiation. After irradiation, films were stored in darkness for approximately 24-hours 

post-irradiation to ensure the optical density (OD) had stabilized. The pre-irradiated scan 

was subtracted from the post-irradiated film to provide a 2D change in OD image. A 10×10 

median filter was used to smooth electronic noise. Two normalizations strategies were used. 

First, for isocontour visualization, each filtered image was normalized to the maximum PV. 

Normalizing to the maximum is justified since the film has been shown to have a near linear 

dose response for total doses of between 1 and 5 Gy (Blair and Meyer 2009). Second, using 

the first normalization, a rectangular region of interest (ROI) was created using the 

minimum and maximum extents of the 80% isocontour in the horizontal and vertical 

directions and PVs were normalized to the mean value within this ROI. The maximum, 

minimum and standard deviation of these normalized PVs was calculated to quantify 

variation throughout the field.

Dose rate investigations

A series of measurements were acquired to answer the following questions. One, does the 

dose rate change over long irradiation times (e.g. irradiation times one order of magnitude 

longer than used for MOSFET calibration)? Two, is there difference in lung dose rate 

measured in phantom versus animal lung cavities? Three, is there a difference in measured 

lung dose rates between irradiators? Four, what is the difference between surface and lung 

dose rates? Finally, what is the reduction in dose rates due to shielding?
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For animal experiments we euthanized the animals and implanted detectors into the thoracic 

cavity or placed them on the skin. For phantom measurements a tissue equivalent mouse or 

rat phantom (CIRS, Norfolk, VA) was used with the detectors placed in a drilled cavity 

approximating the location of the thoracic cavity. Detectors and readout cables were secured 

with surgical tape and their placement confirmed by acquiring port films with irradiator 

settings of 120 kVp, 30 mA tube current and 5 minute beam on time which provided 

sufficient soft tissue contrast to allow the visualization of the animal outline and lungs and 

the detectors within. The x-ray tube setting used for calibration and field uniformity testing 

was set and depending on the experiment, either a 30 second, or one minute beam-on time, 

followed by an individual dose readout was performed three times to find the average dose 

rate for that detector.

The first series of measurements tested the dose rate consistency of both irradiators over the 

required irradiation times calculated to deliver 10 Gy based on the prior 30 second or 1 

minute dose rate measurements. Detectors were placed in the thoracic cavities of the tissue 

equivalent mouse phantom and three euthanized C57BL/6J mice (Jackson Laboratory, Bar 

Harbor, ME). Animals were equally spaced across the field on one side of the platform with 

the phantom placed in the center of the field on the opposite side (Figure 2A). One minute 

lung dose rates were recorded for a field width of 1.5 cm (cranial-caudal direction) and 

averaged to compute the time necessary to deliver 10 Gy (Figure 2B). This time was then set 

and the radiation delivered. The percent difference between the total dose averaged overall 

detectors and the planned 10 Gy dose was calculated. For Irradiator B, we repeated the 

above procedure by measuring the lung dose rate in another three euthanized C57BL/6J 

mice (but no phantom) and without shielding.

The second series of measurements involved gathering data for investigating the remaining 

four questions. The first experiment used the same mice, equipment and arrangement as the 

dose rate consistency experiment on Irradiator A described above. Field widths of 1, 1.5, 

and 2.0 cm were defined by positioning the shield to define the radiation field width in the 

cranial-caudal direction (Figure 2B). Dose rates were also recorded without any lead 

shielding present (Figure 2A). The experiment was then repeated on Irradiator B to show 

that consistent results from experiments could be expected, regardless of which irradiator 

was used. However, for this experiment an additional two MOSEFT detectors were used. 

The first was placed on the skin of one mouse to acquire surface dose rate measurements 

and the second being placed on the hind leg of a second mouse and which remained fully 

shielded throughout the experiment.

Finally, the third series of measurements repeated the second series of measurements but 

with the tissue equivalent rat phantom and two Wistar rats (Charles River Labs, Wilmington, 

MA) and only on Irradiator B. As in the case of the second series of measurements, two 

additional detectors were used in addition to the detectors in the thoracic cavities. One was 

placed on the phantom surface and the second was placed on the skin of one rat for surface 

dose rate measurements (Figure 2C). Dose rate measurements were acquired for field widths 

of 4, 4.5 and 5 cm (cranial-caudal direction) (Figure 2D). Differently from the second 

experiment, shielded dose rates were taken by fully closing the shielding and measuring the 

dose rate on all detectors rather than just one.

McGurk et al. Page 5

Health Phys. Author manuscript; available in PMC 2015 October 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



To quantify the differences in dose rates (1) between irradiators; (2) between phantom and 

animals; (3) between surface and lung dose rates; and (4) shielded versus unshielded dose 

rates, dose rate measurements were appropriately grouped and depending on the number of 

available measurements either an unpaired Student’s t-test (mice) or Wilcoxon rank-sum test 

(rats) was used for significance testing. Differences resulting in p-values less than 0.05 were 

considered significant.

RESULTS

Field uniformity

Figures 3A–C represent the following dose distributions taken on Irradiator A: (1) the entire 

exposed film normalized to the maximum recorded net pixel value, (2) horizontal and 

vertical 1D profiles across the 25%, 50% and 75% points in this normalized field and (3), 

the dose distributions of the useable field normalized to the mean pixel value within this 

field. Figures 3D–F represents the same measurements for Irradiator B. The relatively flat 

profiles across the field seen in Figures 3B and 3F indicate excellent field uniformity. There 

are small areas of higher intensity relative to the mean pixel value, but they are only6% 

higher for Irradiator A (Figure 3C) and 4% for Irradiator B (Figure 3F). Irradiator A and 

Irradiator B useable fields showed minimum PVs of 51% and 55% lower than the mean. 

Both minimums are located at the lower right extreme edge of the image. This indicates 

these minimums are caused by how the rectangular ROI was defined and at this extreme 

edge of the image no animals would be located at this point of the useable field. The overall 

variation throughout this useable field is also low, with the relative standard deviation of all 

pixel values equal to 3.5% for Irradiator A and 4.4% for Irradiator B.

Figure 4 shows the dose distributions resulting from two different field widths created by the 

addition of shielding; the figure includes both the 2D dose distributions and 1D profiles for 

each field width that were used. The number of pixels lying between the 50% relative 

intensity level were converted to a physical distance using the fact the film was scanned at a 

resolution of 71 dpi. For the 1.5 cm field the number of pixels that were counted was 44 ± 2 

corresponding to a field size of 1.57 ± 0.07 cm and for the 4 cm field size measurements 120 

± 2 pixels were counted corresponding to a field size of 4.30 ± 0.07 cm. The slight increase 

in field size measured using the film can be attributed to geometric beam divergence due to 

the distance between the lead shielding and film. Given that the source-to-shield distance is 

70 cm and the source-to-film distance is 75 cm, for a field size of 1.5 cm set by the lead 

shielding, the theoretical field size on the film would be (75÷70) × 1.5 = 1.61 cm. Similarly, 

for a 4 cm field size, the theoretical field size on the film is 4.28 cm. Therefore, the 

measured field widths from the profiles agree with the field sizes measured during setup.

Dose rates

Dose rate consistency results shown in Table 1 indicate that for both irradiators the total 

dose recorded by the MOSFETs and the planned 10 Gy dose differ by less than 5% (50 

cGy). Table 1 also indicates that the irradiation times required to deliver a 10 Gy total dose 

were longer than 10 minutes and therefore an order of magnitude longer than the 30 second 

or 1 minute MOSFET measurements; we consider this a long irradiation time.
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Mean mice lung dose rates shown in Table 2 were 72.2 ± 7.5 cGy min−1 and 73.8 ± 10.7 

cGy min−1 measured on Irradiator A and B, respectively. The difference was not statistically 

significant (Student’s t-test, p=04540) so mice lung dose rate measurements from these 

irradiators were pooled. Using the mice from Irradiator A as an example, and assuming a 

normal distribution, the 95% confidence interval for lung dose rate is 69.7 to 74.6 cGy/min, 

which leads to a range of total absorbed doses of 14.5–15.4 Gy for a hypothetical 15 Gy 

desired total dose.

The mean dose rate for the mouse phantom lung measurements (78.3 ± 7.4 cGy min−1) was 

significantly different (Student’s t-test, p=0.0059) from the mean dose rate of the in-animal 

lung measurements (72.9 ± 9.2 cGy min−1). Mean rat phantom lung dose rates (81.8.± 3.9 

cGy min−1) were also significantly different (Wilcoxon rank-sum, p=0.0005) from in-animal 

measurements (75.1 ± 2.9 cGy min−1) (Table 2). The consistently higher dose rates 

measured in the thoracic region of the phantoms versus animals indicate that the phantoms 

are not a precise representation of animal dose rates. Differences in anatomy between the 

phantom and animals such as the lack of skin, muscle, and ribs of a real animal could be 

responsible.

For mice, the difference in mean surface dose rate (86.8 ± 8.7 cGy min−1) compared to lung 

dose rate (72.9 ± 9.2 cGy min−1) was significant (Student’s t-test, p<0.0001). For rats, the 

difference in mean surface dose rate (95.2 ± 2.8 cGy min−1) compared to mean lung dose 

(75.1 ± 2.9 cGy min−1) was also significant (Wilcoxon rank-sum, p<0.0001) (Table 2).

Shielding transmission factors were low with mean value of 4.1 ± 1.4%. Interestingly, the 

transmission factor varied with animal as the phantom, mice and rat transmission factors 

were 3.2%, 5.1% and 4.1%, respectively (Table 3). The mean transmission factor of 4.1% 

corresponds to a mean dose rate of 3.4 cGy min−1 under the shielding. This agrees with the 

design calculations within the uncertainties and when dose rates of close to 1 Gy min−1 are 

intended to be delivered to target organs we consider the dose that does reach those shielded 

parts of the animals to be acceptable.

Discussion

A key part of the development of medical countermeasures for the treatment of radiation 

induced tissue toxicities is creating valid animal models of human radiation injury through 

which the efficacy of proposed therapeutic agents can be tested (Stone et al. 2004, 

Augustine et al. 2005, DiCarlo et al. 2008, Williams et al. 2010). To ensure consistent 

testing and the ability to draw accurate comparisons among findings, a part of this model 

should include in depth characterization of the radiation parameters in use at various 

facilities. Here, we introduce a novel small animal irradiation platform (SAIP) to be used in 

conjunction with orthovoltage x-ray irradiators. In evaluating the performance of this 

platform, we examined a set of parameters that provided information about the true delivery 

of radiation to target organs, specifically the lung. We feel that these measurements should 

be used to advise the radiation setups and dosimetry used in future radiation research to 

improve accuracy and reliability.
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When irradiating specific organs or regions of an animal it is important to have an accurately 

defined field size and uniform delivery of radiation. Uneven dose distribution and accidental 

irradiation beyond a specified field, particularly on a small animal, could result in 

unintended organ damage, leading to inaccurate conclusions. Using radiochromic film, we 

measured the actual field size and uniformity for several measured apertures commonly used 

in our delivery of radiation. We found no significant deviations in field uniformity of the 

two orthovoltage irradiators tested (Figure 3). Not surprisingly, we did observe a 

discrepancy between the set field sizes and those measured using film (Figure 3). However, 

this is geometric beam divergence and a simple calculation accounting for the difference in 

source-to-shield distance and source-to-film distance can be used to adjust the field size. 

Depending on a particular shielding design such adjustments may be crucial to ensure the 

correct field size, and hence, dose-rate is being delivered and in the desired region of all 

animals being irradiated.

We found the shielding transmission factors to be low, but did observe that transmission 

varied for phantoms, rats, and mice (Table 3). This is likely due to the differences in 

phantom, mouse and rat size anatomy both causing different scatter effects and affecting our 

ability to place the detectors at exactly the same source-to-detector distance for all 

measurements. For our purposes, the dose rate to shielded areas is acceptably low but proper 

shielding design should be undertaken for any investigators considering a new small animal 

irradiation platform.

The total radiation dose received by an animal, as well as the response of the irradiated 

tissues, is dependent on the dose rate of administration (Barendsen 1982). For this reason, it 

is important to establish a constant dose rate both within and between experiments. 

Irradiating MOSFET detectors for durations that were calculated in order to deliver 10 Gy 

resulted in differences of less than 5%. This illustrates two related points: first, shorter and 

easy to acquire dose-rates measurements are accurate enough to plan radiation doses 

delivered over long beam-on times and second, the orthovoltage irradiators have linear dose 

rate output over the longer exposure times used in this study. Further, any discrepancies in 

total dose can be explained by a decrease in the MOSFET detector calibration factor (CF) 

observed in multiple studies (Ehringfeld et al. 2005, Tremblay et al. 2005, Lavallee et al. 

2006). Even given this behavior, the use of MOSFET detectors is still preferred to thermo 

luminescent detectors (TLD) for three reasons: first, the setup and processing time involved 

with TLDs is much greater than with MOSFET detectors; second, TLDs lack the ability to 

provide near-real time dose rate measurements; and third, the performance and accuracy of 

TLDs compared to MOSFET are closely comparable (Yoshizumi et al. 2007, De Lin et al. 

2008).

Though these technical validations provide useful insight about the performance of this 

platform, it is also necessary to assess radiation delivery to the desired animal model, as 

absorption may differ within tissues (Beyer et al. 2008). We accomplished this using both 

tissue equivalent phantoms and euthanized animals with implanted MOSFET detectors. This 

allowed us to verify radiation doses in animal tissue and assess the accuracy of the phantom 

as an animal proxy for dosimetry measurements. The total dose measured in the thoracic 

region of the phantom was consistently higher than that measured in the lung of the 
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euthanized animals. With excellent field uniformity, we feel that the higher dose rates 

measured in the phantom are indicative that the differences between our phantom and 

animals, such as the lack of lung, ribs and muscle, or larger animal sizes are responsible for 

differences in beam attenuation, and hence dose rate. As we would expect, we observed a 

reduction in dose rate in the lung compared to the entrance dose rate in both phantoms and 

animals. These observations indicate that researchers should use caution when relying solely 

on phantoms for dosimetry, as this may not be an accurate measure of the dose received in a 

living animal. Furthermore, the precision in dose rates measurements must be considered 

when planning small animal radiation studies. With sources of uncertainties originating from 

the MOSFET detectors, field uniformity, anatomy variation and animal positioning, such 

considerations are crucial to ensure each animal cohort is in a specific dose level group and 

to account for strains showing sharp dose-responses due to enhanced radiation sensitivity. 

Our example of a hypothetical 15 Gy dose showed that we can achieve a range of doses 

within 1 Gy but this may not be precise enough for some drug studies. Therefore, additional 

dosimetry or power calculations to estimate the number of animals required, taking into 

consideration the variability in dose-rate during each run may be prudent when screening 

medical countermeasures.

In summary, our SAIP improves upon previous systems by permitting localized irradiation 

of multiple animals at once. This will improve the efficiency of large scale animal studies 

that will be necessary to screen potential medical countermeasures for radiation exposure. In 

developing this system we examined field uniformity, field size, dose rate consistency, and 

efficacy of shielding. We also examined the difference in dose rate experienced between 

phantoms and euthanized animals, as well as the discrepancy in rate at tissue surfaces versus 

target organs. These measurements are important, as they allow us to better determine the 

nature of the experimentally inflicted radiation injury in a small animal model. Measurement 

of these parameters by all institutions, using any irradiation system, could improve the 

ability of researchers to compare findings. Establishment of this level of consistency will 

increase the capacity for high throughput screening of therapeutic agents, expediting the 

development of effective countermeasures for radiation induced tissue injury.
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Figure 1. 
Small animal radiation platform design. A) The end on view of the platform base. B) Top-

down (beam’s-eye) view of platform showing dimensions of the radiation field at 50 cm 

SSD and example positions of animals. C) Lead shielding design with top, end and side 

views. D) Photo of assembled platform. All dimensions are in cm.
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Figure 2. 
Experimental setup for dose rate measurements. A) Mice dosimetry experiment with mice 

1–3 closest to camera and phantom on opposite side of base. Orange film below platform is 

the Gafchromic film used for MOSFET localization. B) Mice dosimetry experiment with 1.5 

cm field size for whole-thorax irradiation. C) Rat dosimetry experiment with two Wistar rats 

with MOSFETS inserted into thoracic cavity and rat phantom opposite. Note the presence of 

the MOSFET detectors on the phantom and rat skin for skin dose measurements. D) Rat 

dosimetry experiment with field size set to 4 cm for both rats and phantoms.
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Figure 3. 
Field uniformity results for Irradiator A (A–C) and Irradiator B (D–F) XRAD-320 

kilovoltage irradiators. Images A and D represent pixel values of the whole field normalized 

to the maximum pixel value. B and D are 1D profiles 25%, 50% and 75% across this 

normalized field in the horizontal and vertical directions. C and F show the variation in pixel 

values within the useable field normalized to the mean value.
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Figure 4. 
A) 2D intensity distributions relative to maximum net pixel value, B) Transverse profile 

across the field for the 1.5 cm field size defined using the lead shield for irradiator A. C) 2D 

intensity distributions relative to maximum net pixel value and, D) transverse profile across 

the field for the 4.0 cm field size defined using the lead shield for irradiator B. Note that the 

radiation field size is defined as the distance between the 50% relative intensity line 

(indicated by the arrows in Fig B and D).
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Table 1

Dose rate consistency test results for 1.5 cm and open field sizes.

Irradiator Average dose
rate

Time to deliver
1000 cGy

Average recorded
dose after delivered

time

% difference

[cGy/min] [min] [cGy]

A (1.5 cm field) 69.2 14.5 965 −3.6

B (open field) 91.2 11.0 958 −4.2
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Table 2

Comparison of phantom and in-animal mean dose-rate measurements. Dose rates from all field sizes (1, 1.5, 2 

and 30 cm) have been pooled. Parentheses note the number of measurements used in each comparison.

Comparison
Mean Dose Rate

[cGy/min] p-value

In-animal (mice) lung dose rate - Irradiator A (col. 2) and Irradiator B (col. 3) 72.2 ± 7.5
(39)

73.8 ± 10.7
(36)

0.4540

Phantom dose rate (col 2.) and in-animal (mice) lung dose rate (col. 3) 78.3 ± 7.4
(13)

72.9 ± 9.2
(75)

0.0059*

Phantom dose rate (col. 2) and in-animal (rats) lung dose rate (col.3) 81.8. ± 3.9
(9)

75.1 ± 2.9
(18)

0.0005*

Entrance dose rate (col. 2) and lung dose rate (mice) (col. 3) 86.8 ± 8.7
(12)

72.9 ± 9.2
(75)

<0.0001*

Entrance dose rate (col. 2) and lung dose rate (rats) (col. 3) 95.2 ± 2.8
(9)

75.1 ± 2.9
(18)

<0.0001*

*
Wilcoxon rank sum test used for significance testing due to fewer subjects in each group. However, mean and standard deviations are still 

reported for consistency.
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Table 3

Shielding transmission measurements indicated as the mean recorded dose rates (cGy min−1) using (N) 

measurements

Shielded Exposed %

Phantom 2.8 ± 1.6
(6)

86.9 ± 6.1
(18)

3.2 ± 1.3

Mice 4.1 ± 0.5
(6)

80.3 ± 11.8
(39)

5.1 ± 1.0

Rats 3.4 ± 0.6
(9)

81.8 ± 10.1
(27)

4.1 ± 0.9

Overall 3.4 ± 1.1
(21)

82.2 ± 10.5
(84)

4.1 ± 1.4
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