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Abstract

Purpose: To describe the design and dosimetric characterization
of a simple and economical small animal irradiator.

Materials and methods: A high dose rate (HDR) "*2Ir brachyther-
apy source from a commercially available afterloader was used
with a 1.3 cm thick tungsten collimator to provide sharp beam
penumbra suitable for hemi-brain irradiation of mice. The unit
was equipped with continuous gas anesthesia to allow robust
animal immobilization. Dosimetric characterization of the device
was performed with Gafchromic film measurements.

Results: The tungsten collimator provided a sharp penumbra
suitable for hemi-brain irradiation, and dose rates on the order
of 200 cGy/minute were achieved. The sharpness of the pen-
umbra attainable with this device compares favorably to those
measured experimentally for 6 MV photons, and 6 and 20 MeV
electron beams from a linear accelerator, and was comparable to
those measured for a 300 kVp orthovoltage beam and a Monte
Carlo simulated 90 MeV proton beam.

Conclusions: Due to its simplicity and low cost, the apparatus
described is an attractive alternative for small animal irradiation
experiments requiring steep dose gradients.
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Introduction

Small animal irradiation is an important part of radiation
oncology research as it provides an opportunity to study the
biologic and therapeutic effects of radiation on tumor and
normal tissues. Complex small animal irradiation systems
have been developed with associated treatment planning,
multi-modality imaging, and precise positioning to allow
irradiation of discrete regions within an experimental animal
(Stojadinovic et al. 2007, Kiehl et al. 2008, Wong et al. 2008,
Verhaegen et al. 2011). However, the expense and avail-
ability of such systems may preclude many research groups

from embarking on specific experiments. While the ability to
image and accurately position the animal is necessary for the
delivery of high-precision small animal radiotherapy, many
informative experiments can be carried out with simple
beam geometries and without complex imaging, position-
ing, and treatment planning capability. The purpose of this
manuscript was to describe the design and characterization
of a simple and economic small animal irradiator capable
of hemi-brain irradiation in mice. The key criteria for the
experimental device was a sharp penumbra that would
minimize the dose of radiation delivered to the contralateral
brain to provide an internal control in each mouse for irradi-
ated versus unirradiated brain. The device uses a high dose
rate (HDR) '%[r brachytherapy source from a commercially
available afterloader and therefore is accessible to any radia-
tion oncology department which offers HDR brachytherapy
treatments in accordance with applicable national and state
regulations.

Materials and methods

Photos of the apparatus are shown in Figure 1. The base
plate for the apparatus that the mouse lies on is made from
high strength, low thermal conductivity Delrin (polyoxy-
methylene) thermoplastic. A custom-made stainless steel
bite block and a plastic nose cone for gas delivery/extraction
were incorporated into the base plate to facilitate continuous
animal gas anesthesia (Figure 2). The 0.9% iron, 2.1% nickel,
97% tungsten alloy collimator (Eagle Alloys Corporation, Tal-
bott, TN, USA) is 4.8 X 4. 8 cm in dimension with a thickness
of 1.3 cm and contains a 1.2 X 2.4 cm collimator opening. The
collimator design allows the midline of the mouse to be visu-
ally aligned with the collimator edge for hemi-brain irradia-
tion and threaded positioning pins allow for fine adjustment
of the collimator after positioning the animal. A standard
laboratory scissors jack allows for vertical positioning of the
mouse on the Delrin platform such that the surface of the
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Figure 1. Photos of the small animal irradiator. (A) Delrin platform;
(B) Laboratory scissors jack; (C) Gas delivery/extraction system; (D)
Acrylic plate for guiding the HDR catheter; (E) HDR catheter guide;
(F) Tungsten collimator; (G) Collimator positioning pins; (H) Acrylic
collimator insert; (I) Location of '%’Ir source when extended.

head is in contact with the bottom of the tungsten collimator.
The collimator attachesto a 17.8 X 11.5 X 1.6 cm acrylic plate
containing a groove for reproducible placement of the HDR
catheter at the top surface of the collimator. When extended,
the 9[r source is positioned at the center of the collimator
opening and adjacent to the collimator edge as shown in
Figure 11. As described in the Results section, subsequent
modifications of the collimator included use of a 1.3 cm thick

29cm

2.0cm

Figure 2. Nose cone and gas delivery assembly. (A) Plastic nose cone;
(B) Stainless steel bite block and gas delivery tube; (C) Vacuum
extraction port.
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acrylic insert to fill the opening and covering the bottom sur-
face of the entire collimator with a film window.

Gafchromic film measurements were made to character-
ize the dose rate and penumbra of the collimator assembly.
All film measurements were made with EBT3 Gafchromic
film (Ashland ISP Advanced Materials, Bridgewater, NJ,
USA) with film from the same lot (A04011302) and follow-
ing the AAPM TG-55 recommendations for film handling
(Niroomand-Rad et al. 1998). A nominal 6 MV linear accel-
erator was used to expose films to known doses in RMI 457
solid water (Gammex, Wisconsin, USA) to create a calibra-
tion curve and all subsequent film analysis was performed
using FilmQA Pro® software (Ashland ISP Advanced Mate-
rials, Bridgewater, NJ, USA, version 3.0.4963.25489) using a
one scan protocol (Lewis et al. 2012). Films were scanned in
red-green-blue (RGB) format using a 48-bit scanner (Epson
Expression 10000 XL) at 72 dpi, in transmission mode, and
with no color or sharpness corrections. EBT3 film is energy
independent down to energies as low as 50 keV (Massillon-]J1
2012) and use in 92Ir brachytherapy applications has been
previously validated (Palmer et al. 2013). All film measure-
ments were made at the surface as well as depths of 2 mm
and 6 mm in a stack of RMI 457 solid water of 8 mm total
thickness. RMI 457 solid water has been shown to be water
equivalent for low energy photon beams down to 50 kVp
(Hill et al. 2010). A VariSource iX afterloader (Varian Medical
Systems, Palo Alto, CA, USA) extended the '92Ir HDR source
such that the center of the active length was placed at the
midpoint of the collimator opening immediately adjacent to
its edge. A dwell time of 1 min was used to expose all films.
Dose rates are defined in units of cGy/min/Ci to incorporate
the source activity.

The penumbra from the 9?Ir small animal irradiator was
compared under similar small field collimating conditions
to the penumbra from 6 MV photons, 6 MeV electrons, and
20 MeV electrons from a Varian 21EX linear accelerator (Varian
Medical Systems, Palo Alto, CA, USA) as well as 300 kVp
photons from an orthovoltage unit (Maxitron 300, General
Electric, Milwaukee, WI, USA) and Monte Carlo simulated
90 MeV protons. Measurements with the linear accelerator
were taken at 100 cm source to surface distance using the 8
mm thick solid water stack with films positioned at 2 mm and
6 mm depth. The 6 MV data was acquired with one jaw closed
along the central axis of the beam providing a half-beam
block geometry and the overall field size was 1.2 X 2.4 cm. The
6 MeV and 20 MeV electron data were acquired with the same
linear accelerator using a 10 X 10 cm cone and the tungsten
collimator placed on the surface of the solid water stack to
define the collimated field size. The orthovoltage results were
obtained using a 300 kVp beam with a 2 mm copper filter, a
source to surface distance of 60 cm, and films placed at 2 mm
and 6 mm depth in the 8 mm solid water stack with the tung-
sten collimator placed on the surface to define the field size.
Monte Carlo simulation was employed to derive the dosim-
etric characteristics of the tungsten collimator. The 90 MeV
beam characteristics were simulated using TOPAS/GEANT4
(Agostinelli et al. 2003, Perl et al. 2012) and based upon the
proton spot scanning facility currently under construction at
our institution. The proton spot size (1-sigma) at 90 MeV is
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4 mm, and the collimator was placed at isocenter of the treat-
ment machine. At this energy the protons that impinge on
the tungsten collimator fully stop. A 4 X 4 cm field size with a
4 mm spot spacing was used for the simulation and the spot
weights were adjusted to provide a uniform dose transverse
to the beam at the depth of interest in the absence of the
tungsten collimator.

A hemi-brain irradiation study was carried out with the
apparatus to demonstrate the potential for sparing of the
contralateral brain hemisphere. The total time to set up the
apparatus, including anesthesia, was approximately 15 min.
All animal studies were reviewed and approved by the
Mayo Institutional Animal Use and Care Committee. Mice
were irradiated to the hemi-brain with a single fraction of
2 Gy under continuous gas anesthesia. Oxygen gas mixed
with 2-3% isoflurane was delivered at a rate of 1-2 1/min
through the central part of the nose cone and withdrawn
through a surrounding vacuum extraction port. Mice were
euthanized by CO, inhalation 30 min after irradiation and
immediately perfused with ice cold saline followed by 4%
paraformaldehyde. The brain was removed, immersed in 4%
paraformaldehyde/10% sucrose overnight at 4°C, and then
cryopreserved in optimal cutting temperature (Torrance, CA,
USA) and processed for sectioning. After antigen retrieval
in 10 mM sodium citrate buffer at 80°C for 1 h, slides were
washed with phosphate buffer saline (PBS) and blocked with
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5% goat serum at room temperature for 1 h before applying
biotin labeled anti-human monoclonal antibody to YH2AX
clone JBW301 (Millipore, Temecula, CA, cat #16-193) diluted
1/500 in 5% goat serum, and incubated at 4°C overnight.
Slides were then rinsed 3 times with PBS and incubated with
Alexa Fluor-488 conjugated streptavidin (Invitrogen, Eugene,
OR, USA) at room temperature for 1 h, washed with PBS
and mounted with Slowfade containing DAPI (Invitrogen,
Eugene, OR). Inmunostained brain sections were visualized
on a fluorescence microscope (Leica AF6000, Mannheim,
Germany) equipped with an automated stage and camera.
Tiled images were obtained with a 5 X objective.

Results

Collimator design

The choice of collimator material was driven by the desire
for a maximum dose rate while still adequately sparing the
contralateral brain. Due to its availability and low cost, the
initial collimator design used lead of 1.9 cm thickness, and
a dose rate of 15 cGy/min/Ci at 2 mm depth was obtained
with acceptable penumbra and shielding. Although a more
expensive material, a much higher dose rate of 25 cGy/min/
Ci at 2 mm depth was obtained using a 1.3 cm thick tungsten
collimator without compromising the penumbra or overall
shielding. Following the inverse square law, the higher dose
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Figure 3. Color wash depictions of the surface dose under various collimator design scenarios using the ’Ir source. Note the different dose scale
in Figure A. All measurements were made with an exposure time of 1 minute using an 8.9 Ci source. The dashed and solid lines in B and C indicate
the location of the corresponding dose profiles shown in D. (A) Open collimator without film window; (B) Collimator with water equivalent insert in
place, but without the film window; (C) Collimator with water equivalent insert in place, and with film window covering the bottom of the collimator;
(D) Dose profiles at locations indicated by dashed and solid lines in B and C for the collimator with the water equivalent window in place, both with
and without the film window. This Figure is reproduced in color in the online version of the International Journal of Radiation Biology.



rate with the tungsten collimator is mainly due to the 6 mm
reduction in distance from the source. For HDR brachyther-
apy units having activities between 4 and 10 Ci, dose rates
of 100-250 cGy/min at 2 mm depth are attainable with this
collimator.

Initial film measurements identified prohibitively high
surface doses from low energy electrons ejected from the
sides of the collimator opening. These electrons deliver
dose only at very shallow depths and are easily attenuated.
A partial solution to the problem of high surface dose was
obtained by filling the entire collimator opening with a water
equivalent acrylic insert (Figure 1H) which attaches directly
to the acrylic plate (Figure 1D). This reduced the surface dose
rate throughout most of the field from approximately 120
cGy/min/Ci to 30 cGy/min/Ci (Figure 3A and B). However,
high surface doses remained at the periphery of the collima-
tor opening due to the presence of small air gaps between
the collimator and the acrylic insert from the inevitable
imperfections in machining (Figure 3B). To eliminate these
peripheral hotspots, a window consisting of a single piece of
Gafchromic film (0.28 mm thickness) was used to completely
cover the bottom of the collimator opening. In conjunction
with the acrylic collimator insert, this approach provided a
highly uniform surface dose without the presence of hotspots
(Figure 3C and D). Similar measurements were made at
2 mm and 6 mm depths with or without the acrylic insert
and/or the film window. As seen in Table I, the combina-
tion of the acrylic insert and film window was most effective
at eliminating the high surface dose without significantly
affecting the dose rate at depth.

Penumbra and beam characterization

The uniformity of dose across the collimator opening was
evaluated for the final tungsten collimator design with the
acrylic insert and film window in place. Figure 4 shows dose
profiles at 2 mm depth for transverse (4A) and longitudinal
(4B) directions for the tungsten collimator with the !9Ir
source. The dose profile in the transverse direction demon-
strates a very sharp penumbra with the dose increasing from
20-80% of maximum over a distance of 0.7 mm (Table II). The
profiles in Figure 4 indicate a relatively uniform dose is deliv-
ered over 5 mm in the transverse direction and 10 mm in the
longitudinal direction. Thisregion of uniformity encompasses
a typical mouse hemi-brain, which measures approximately
5-7 mm (transverse) by 8-12 mm (longitudinal) by 5-7 mm
(depth). While the dose is uniform within the target at depth,
the dose delivered will decrease with increasing distance

Table I. Maximum dose rates measured at the surface, 2 mm depth, and
6 mm depth. Measurements were made with and without the acrylic
insert in place, and also with and without the additional film window.

Dose rates at various depths

Maximum dose Without acrylic With acrylic

rate (cGy/min/ collimator collimator

Ci) Insert Insert

Depth Window Nowindow Window No window
Surface 54 121 33 43

2 mm depth 27 28 24 25

6 mm depth 16 17 14 15
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Figure 4. Dose profiles for the transverse (A) and longitudinal (B)
directions at 2 mm depth using the tungsten collimator and the '%%Ir
source. The inset shows the outline of the collimator and the dashed

lines indicate the location of the dose profiles relative to the collimator
opening. The exposure time was 1 minute with an 8.9 Ci source.

from the brachytherapy source. Such a dose profile provides
a unique opportunity to evaluate the impact of graded doses
of radiation across a brain specimen with excellent sparing of
the contra-lateral hemisphere. To demonstrate this concept,
mice were irradiated with 2 Gy to the hemi-brain and then
euthanized 30 min later and processed for YH2AX staining
as a measure of DNA damage induction. Consistent with the
dosimetric evaluations, robust YH2AX staining was observed
in the irradiated but not the unirradiated hemisphere as seen
in the coronal image of a mouse brain (Figure 5).

Penumbra comparisons
Direct comparison of the penumbra at 2 mm and 6 mm
depths from the '%[r small animal irradiator to other delivery

Table II. Distance (in mm) between 20% and 80% of the maximum dose
measured in the penumbral region for various modalities measured at
2 mm and 6 mm depth.

20-80% penumbra distance in millimeters

Ir 192 6 MeV 20 MeV 6MV  300kVp 90MeV
Depth Photons Electrons Electrons Photons Photons Protons
2mm 0.7 1.1 0.8 2 0.5 0.2
6 mm 0.9 2.8 1.2 2.5 0.6 0.2
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Figure 5. YH2AX stained image of a coronal slice of mouse brain
irradiated to 2 Gy using the '9’Ir hemi-brain small animal irradiator.
(A) Bright green regions corresponding to locations of increased DNA
double-strand breaks are visible on the right side of the image which
was the irradiated half of the brain; (B) Bright blue regions represent
4’,6-diamidino-2-phenylindole (DAPI) fluorescent crosslinking with
DNA which marked the location of fixed cells within parenchyma of the
stained mouse brain; (C) A combined image of the YH2AX and DAPI
stains above. This Figure is reproduced in color in the online version of
the International Journal of Radiation Biology.

modalities is shown in Figures 6 and 7. The data has been
normalized to the maximum dose and rescaled such that
the zero position corresponds to the 50% dose point of each
individual modality. Figure 6 compares the 19%Ir small animal
irradiator to modalities universally available in all radiation
oncology departments, namely, megavoltage photon and
electron beams. As anticipated, the penumbra for the pho-
ton beam is relatively broad with an increase from 20-80%
of maximum occurring over 2 mm and 2.5 mm at depths of
2 mm and 6 mm, respectively. For the electron beams, 6 MeV
electrons had a sharp penumbra at 2 mm depth (1.1 mm)
but the penumbra was less sharp at 6 mm depth (2.8 mm).
In contrast, the 20 MeV beam maintained a sharp penum-
bra similar to the 192Ir beam at both 2 mm and 6 mm depths
(0.8 and 1.2 mm, respectively), but the dose underneath the
collimator was 8-9% of maximum due to bremsstrahlung
radiation originating within the tungsten. Thus, for the com-
mon clinically available radiation sources, '%2Ir provides the
sharpest penumbra for optimal sparing of the contralateral
hemisphere.
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Figure 6. Transverse penumbra at 2 mm (A) and 6 mm (B) depth for the
192]r small animal irradiator, 6 MV photon, and 6 and 20 MeV electron
beams.

(A) 100%
90%
80% |
70% |
60% |
50% |-
40%
30%
20%
10%

0%

—Ir192
---300 kVp
- 90 MeV Protons

Normalized Dose (%)

(B) 100%
90%
80%
70% |
60% |
50% |
40%
30%
20%
10%

—Ir192
---300 kVp
90 MeV Protons

Normalized Dose (%)

0%10 5 0 5 10

Distance (mm)

Figure 7. Transverse penumbra at 2 mm (A) and 6 mm (B) depth for
the '%%Ir small animal irradiator, 300 kVp orthovoltage unit, and 90 MeV
proton beam.



Figure 7 compares the 92Ir small animal irradiator to
the 300 kVp orthovoltage unit and a 90 MeV proton beam,
which represent modalities less common in typical radiation
oncology centers. The penumbra for the orthovoltage beam
was quite sharp with dose increasing from 20-80% of maxi-
mum across 0.5 mm and 0.6 mm at 2 mm and 6 mm depths,
respectively. Due to the inherent lower energy, dose under
the tungsten collimator was less for 300 kVp photons as
compared to 92Ir. The Monte Carlo calculated profile for the
90 MeV proton beam demonstrated the sharpest penumbra
(0.2 mm) with significantly less dose under the collima-
tor. Thus, orthovoltage and proton beams provide superior
penumbra and shielding characteristics as compared to
the 92Ir small animal irradiator.

Discussion

The availability of a convenient and economical radiation
source can limit the capacity to perform animal experi-
ments in many academic centers. Orthovoltage radiation
units and proton beams offer exceptionally sharp penum-
bra and relatively uniform dose distributions, but are not
as commonly available as linear accelerators and HDR
brachytherapy afterloaders, which are almost universal
in radiation oncology clinical facilities. Both megavoltage
electron and photon beams from linear accelerators can
be used for animal irradiation, but as demonstrated here,
the penumbra is much broader for these beams and may
limit their utility in applications where a steep dose gradi-
ent is required. In contrast, the '°2Ir small animal irradiator
provides a penumbra that is comparable to orthovoltage
beams but it is limited to irradiating from one direction
and therefore cannot provide uniform dose to the entire
depth of the brain. A more uniform dose distribution could
be obtained using a larger source to target distance at
the expense of a significantly reduced dose rate. Alterna-
tively, the irradiator design described here could easily be
extended to a dual transit tube, dual collimator design to
provide irradiation from opposing sides of the animal (Sto-
jadinovic et al. 2007).

High surface doses initially posed a significant chal-
lenge to implementation of the small animal irradiator. As
the data in Table I shows, the surface dose is more than 4
times the dose at 2 mm depth without an acrylic insert and/
or film window. Thus, without attenuation of the surface
dose, total doses for a single fraction dose at 2 mm depth
would be limited to approximately 4-5 Gy; in a pilot study,
one mouse developed a severe skin reaction two weeks
after being exposed to a surface dose of 20 Gy. Several
other authors have reported similarly high surface doses
when using metallic collimating devices for orthovoltage
radiotherapy (Podgorsak, 1990, Lye et al. 2010, Arndt et al.
2011). The acrylic insert within the collimator reduced the
surface dose without significantly reducing the dose rate at
depth since the inherent attenuation is partially offset by
the increased dose due to scatter within the acrylic. How-
ever, regions of high dose remained around the periph-
ery of the collimator opening due to small gaps between
the insert and the tungsten. While placement of the film
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window at the bottom of the collimator opening provided
an immediate and convenient solution, the film precludes
visual alignment of the mouse. A similar thickness of clear
plastic provides comparable results while still allowing for
convenient visual alignment.

Conclusion

The small animal irradiator described in this paper has
several characteristics which make it an attractive option
for small animal irradiation experiments. The apparatus
can be built for under $1,000 and used in conjunction with
any commercial brachytherapy afterloader to provide a
convenient and cost-effective option for small animal
irradiation experiments. The unit offers high dose rate
delivery and sharp penumbra, which is ideal for hemi-
brain irradiation of mice. With slight modifications to the
design, irradiation of sites other than the brain could be
accomplished easily. Additionally, scheduling animal
irradiation on a HDR brachytherapy unit could be more
convenient in a busy clinical department since HDR after-
loaders are used intermittently as compared to almost
constant use of linear accelerators during working hours.
In the event other modalities are unavailable or impracti-
cal, the '°2Ir small animal irradiator could be an effective
and convenient alternative for small animal irradiation
research.
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