
Specific issues in small animal dosimetry and irradiator
calibration

Terry Yoshizumi1, Samuel L. Brady2, Mike E. Robbins3, and J. Daniel Bourland3

1Department of Radiology, Duke University, Durham, NC
2Medical Physics Graduate Program, Duke University, Durham, NC
3Department of Radiation Oncology, Wake Forest University School of Medicine, Winston-Salem,
NC, USA

Abstract
Purpose—In response to the increased risk of radiological terrorist attack, a network of Centers
for Medical Countermeasures against Radiation (CMCR) has been established in the United
States, focusing on evaluating animal model responses to uniform, relatively homogenous whole-
or partial-body radiation exposures at relatively high dose rates. The success of such studies is
dependent not only on robust animal models but on accurate and reproducible dosimetry within
and across CMCR. To address this issue, the Education and Training Core of the Duke University
School of Medicine CMCR organised a one-day workshop on small animal dosimetry. Topics
included accuracy in animal dosimetry accuracy, characteristics and differences of cesium-137 and
X-ray irradiators, methods for dose measurement, and design of experimental irradiation
geometries for uniform dose distributions. This paper summarises the information presented and
discussed.

Conclusions—Without ensuring accurate and reproducible dosimetry the development and
assessment of the efficacy of putative countermeasures will not prove successful. Radiation
physics support is needed, but is often the weakest link in the small animal dosimetry chain. We
recommend: (i) A user training program for new irradiator users, (ii) subsequent training updates,
and (iii) the establishment of a national small animal dosimetry center for all CMCR members.
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Introduction
The terrorist attacks on the World Trade Center and the Pentagon on September 11, 2001,
provided a stark reminder of the potential risk of large-scale involvement of the civilian
population in a radiological terrorist event. In response to this threat, a network of eight
Centers for Medical Countermeasures against Radiation (CMCR) was established in the
United States (US) in 2005 funded through the National Institute of Allergy and Infectious
Diseases (NIAID) with National Cancer Institute (NCI) involvement. These CMCR were
created to serve as multidisciplinary, extramural research centres comprised of academic,
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commercial, and government laboratories focusing on a number of areas, including: (i) The
development of agents for prophylaxis, mitigation, and treatment of radiation injury, and (ii)
new or expanded educational resources to improve expertise in the radiation sciences,
particularly radiation biology; a need previously acknowledged by the NCI and the
American Society for Radiation Oncology (ASTRO) (Coleman et al. 2003).

The CMCR acknowledged the need for standardised animal model systems to identify and
test new countermeasures, within a framework consistent with Food and Drug
Administration (FDA) requirements. Building upon recommendations from an earlier NCI
Workshop held in 2003 (Stone et al. 2004), the CMCR jointly sponsored a workshop,
‘Animal Models for Medical Countermeasures’ held on 18–19 January 2008 in San Antonio,
Texas, USA (Williams et al. 2010). This report focused primarily on the most appropriate
species and rodent strains to be used to assess countermeasure efficacy in particular organ
systems. Although the need to consider other factors, including radiation quality and
dosimetry was recognised, little detail as to the impact of these radiation physics-based
factors on the biological response to radiation was included in this report.

The physical nature and characteristics of ionising radiation enable, in theory, the delivery of
a defined dose of radiation to a well-defined target volume with accuracy in the order of 1 –
3%, a far smaller source of error than that observed in biological systems. Indeed, in the past
decade technical advances in radiation oncology have led to a proliferation of sophisticated
dose-shaping and delivery systems, including intensity-modulated radiation therapy, image-
guided radiation therapy (IGRT), 3-dimensional conformal radiation therapy, stereotactic
radiosurgery, tomotherapy, proton therapy, brachytherapy, etc. (Vikram et al. 2009). These
advances have greatly improved the ability of radiation oncologists, working closely with
radiation physicists, to image and verify delivery of more uniform, higher radiation doses to
the tumour while sparing surrounding normal tissue (Berman and Rengan 2008, Gaspar and
Ding 2008).

Although small animal image-guided irradiation systems are now commercially available,
the vast majority of animal studies utilise simpler, less sophisticated irradiation devices such
as orthovoltage X-ray machines, cesium-137 irradiators, or cobalt-60 irradiators. Indeed,
given the CMCR-focus of evaluating animal models within the context of a response to a
uniform, relatively homogenous whole- or partial-body exposure to moderate radiation
doses at relatively high dose rates (Williams et al. 2010), it would appear that the irradiation
component of any experiment would be essentially trivial. Such a conclusion is clearly
wrong. Without ensuring accurate and reproducible dosimetry, the time, effort, and expense
of carrying out experiments to develop and assess the efficacy of putative counter-measures
is simply wasted. Despite this obvious conclusion, it would appear that little coordinated
effort has gone into ensuring a standardised approach to radiation dosimetry across the
CMCR.

To start to address this important challenge, the Education and Training Core of the
Radiation Countermeasures Center of Research Excellence (RadCCORE, PI Nelson Chao,
MD) based at the Duke University School of Medicine (DUSM) organised a one-day
workshop for their members entitled, ‘Small Animal Dosimetry: Current State and Future
Directions’ on 20 May 2010. The stated goal of the workshop was to derive uniform
dosimetry methods across the various RadCCORE institutions (DUSM, Durham, NC, Oak
Ridge National Laboratory, Oak Ridge, TN, University of Arkansas for Medical Sciences
[UAMS], Little Rock, AK, University of North Carolina [UNC] at Chapel Hill, Chapel Hill,
NC, and Wake Forest University Health Sciences [WFUHS], Winston-Salem, NC, USA).
Topics included: (i) Why do we need accuracy in animal dosimetry?, (ii) what are the
differences between cesium-137, cobalt-60, and X-ray irradiators?, and (iii) how do you
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measure and get uniform doses from sources that have varying geometries and energy
distributions? This was followed by a session equivalent to radiation physics 101 and a
discussion in which various investigators presented their experiences and observations.
Finally, a brainstorming session reviewed how to move forward with recommendations from
the workshop and extend this exercise to other CMCR.

Irradiation devices
Ionising radiation in the form of γ and X-rays, also called electromagnetic or photon
radiation, can be produced through decay of a radionuclide or by electrical means.
Irradiation devices for small animal irradiation exist based on either principle and include
designs specific to the animal size as well as devices for diagnostic or therapeutic human
uses or basic physics experiments that are adapted for animal irradiations. The γ- and X-ray
penetration into tissue, called beam quality, depends on photon energy – higher energy
photon radiation is more penetrating and will deposit dose at increased depths (Figure 1).
Besides beam quality, radiation dose delivered depends on dose rate, irradiation time, size of
the radiation field, distance from the source to the point of irradiation, and other physical
parameters that may be device-specific. Table I lists research irradiator devices and some of
their typical operating parameters, which are now discussed for their use in animal research.

Self-shielded radionuclide irradiators
Radionuclide irradiators use one or more high activity sealed sources of a γ-emitting
radionuclide, typically cesium-137 (one γ ray, energy = 0.662 MeV) or possibly cobalt-60
(two γ rays, energies = 1.17 MeV and 1.33 MeV), to create an irradiation field (Hranitzky et
al. 1973, Howell et al. 1997, Brady et al. 2009). An irradiator cylindrical source is
comprised of a chemically stable (e.g., salt or metal) form of the radionuclide encapsulated
by a multi-walled steel cylinder that is sealed to prevent leakage of the radioactive material.
The length of radioactive material, called the active length, is typically several centimeters
long. The external dimensions of the source are larger than the active length because of the
thickness of the (non-radioactive) encapsulation material. Either a single line source or a
train of two or more linear sources can be used to provide a suitably-sized radiation field for
small animal irradiations. Typical source activities of up to 1014 Bq (1 Bq = 1 disintegration/
s) provide nominal dose rates of 1 – 5 Gy/min depending on irradiator design (Table I).
Thus, typical small animal doses of 2 – 10 Gy are delivered in 1 – 10 min. In a moving
source irradiator, the source is stored in a shielded compartment that is attached to a shielded
irradiation chamber (Figure 2A and 2B). The irradiation subject is placed in the correct
position in the irradiation chamber and upon initiation of irradiation the source is moved
from the shield by pneumatic or hydraulic means through a source guide tube (Figure 2B
and 2C) to the irradiation position in the irradiation chamber. The linear radioactive source
train is contained within the source guide and is not visible or accessible by the user. An
end-to-end train of two 10 cm sources, with a ~ 10 cm gap between them, would move in
the source guide tube from the source vault to the irradiation chamber to provide a suitable
radiation field for the irradiator shown in Figure 2B. In a typical self-shielded irradiator the
steel irradiator case and door contain 5 – 10 cm or more of lead or other equivalent shielding
material for radiation protection of the operator. In this design the device can only initiate
irradiation when the shielded access door is locked in the closed position. Thus, an operator
can remain nearby the irradiator during operation. A timer set by the user controls the
irradiation time, based on the desired dose and irradiation geometry. In a simpler design (not
shown) the linear source stays in a shielded, fixed position at the rear of the device. A
sample is placed into a holder and upon initiation of irradiation is rotated to the rear
compartment where it is exposed to the source – neither the source nor the sample move
during the irradiation time.
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Moving source irradiators include either horizontal or vertical (Figure 2) motion of the
source and large (50 × 50 × 50 cm3) or small (20 × 20 × 20 cm3) irradiation chambers with
the guide tube and radiation source(s) in the center of the chamber or off to one side (or
bottom for horizontal operation). Irradiation is accomplished using the full irradiation field
(a ‘flood’ field) or the full field may be collimated to a specific field size by the use of a
specially made or positioned collimating device. Depending on the geometry, the subject to
be irradiated is placed on a platform or other location at a specified distance from the source.
Replication of this positioning is very important to ensure consistent delivery of the desired
dose and techniques for homogeneous dose deposition include rotating turntables placed on
integrated drive shafts (Figure 2C), positioning the subject first on one side and then the
other, or the use of beam filters to provide a uniform dose distribution. The basic dose
distribution depends on the source, collimation and irradiation chamber designs, as well as
the geometry and position of the irradiation subject, and this dose distribution must be
validated for the experimental irradiation conditions.

Kilovoltage and orthovoltage X-ray irradiators
Another commonly used irradiation device is the X-ray machine. This device produces X-
rays through electronic means by the acceleration of electrons to hit a high atomic number
(Z) target to create bremsstrahlung (braking) X-ray radiation. The X-ray machine can be
turned ON or OFF using an electronic key switch. Main components include an X-ray tube
(filament electron source and target) where the X-rays are produced, a collimating device to
form an X-ray beam in one direction, a stand or other fixture to hold the X-ray tube, a high
voltage generator, and a control system to set the X-ray beam energy, the tube current, and
the irradiation time. In contrast to the γ irradiator, an X-ray beam is polyenergetic – the X-
rays have energies from the maximum amount (which equals the electron acceleration
energy, or the ‘beam energy’) down to zero. Kilovoltage X-ray irradiators operate from 10–
120 kV (kilovolts), which compares with X-ray devices used for mammography (30–40
kV), dentistry (60 kV), and medical radiography (80–120 kV). Ortho-voltage X-ray
irradiators operate from 130–320 kV. The higher X-ray energy requires a higher voltage
generator and a heavy duty, water-cooled X-ray tube for high dose rate operation. The X-ray
penetration and amount of dose near and at the surface depends on the X-ray energy (Figure
1). The range of X-ray energies enables a range of experimental subject sizes and conditions
to be matched for the best possible uniform irradiation (Zoetelief et al. 1998, Wang et al.
2004, Medina et al. 2008). Dose rates from X-ray tubes vary based on system designs for
low or high capacity. Specifically, X-ray dose rate, D, varies linearly with beam current
(mA), as the square of the voltage (kV), and as the inverse-square of the distance (d). Thus,
D ∞ mA × kV2 × 1/d2. Typical dose rates are 1–3 Gy/min at 50 cm from the source.

Megavoltage X-ray irradiators
High energy electron and X-ray beams from linear accelerators designed for clinical
radiation treatment can be used for small and large animal irradiations (Williams and
Hendry 1978, Gengozian et al. 1986, Chao et al. 2009). The megavoltage (MV) brems-
strahlung X-rays (6 – 18 MV) are produced in a high Z target after microwave acceleration
of electrons in a waveguide assembly. Alternatively, the accelerated electron beam (6 – 20
MeV) can be used directly without creation of X-rays (Bourland 2006). Linear accelerators
have high level positioning devices and a range of field sizes available that make a wide
variety of experimental conditions possible. A wide range of field sizes (1 × 1 cm2 to 40 ×
40 cm2 or greater) and dose rates (1 – 6 Gy/min) are possible. For most small animal
irradiations MV X-ray energies may be too high (Figure 1), resulting in too low surface
dose, higher lateral scatter outside the field edge, and too high dose at depth. However, these
characteristics can be controlled or accounted for by the particular experimental design.
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Electron beams have a finite range and can be shaped for relatively homogeneous,
unidirectional fields.

Computed tomography devices for imaging and irradiation
Micro-computed tomography (micro-CT) imaging devices with small apertures and small
focal spot X-ray tubes are available for small animal anatomic (structural) imaging
(Schambach et al. 2010). These devices operate with the same principles of clinical CT
devices, with specific designs for X-ray beam energy (20 – 60 kV or higher), low scatter and
high spatial resolution (30 – 160 μm or finer). Clinical CT devices have also been used for
simultaneous imaging and dose delivery. Dose delivery depends on the imaging parameters
such as field-of-view (FOV), X-ray tube energy, and beam current, as described earlier.

Image-guided irradiation systems
Devices for small animal irradiations using image guidance have been developed for
precision beam targeting that use imaging immediately prior to the irradiation (Stojadinovic
et al. 2007, Wong et al. 2008, Saha et al. 2010). These devices replicate in miniature form
the clinical devices being used for human IGRT (Jaffray 2007, Bourland 2008). Both X-ray
CT imaging and irradiation are accomplished in the same device. Radiation dose
characteristics are similar to kV and orthovoltage X-ray irradiators and must be
characterised, particularly for the small fields used for irradiation. Focal stereotactic
irradiation of small animals using a specialised clinical gamma unit (Kondziolka et al. 1992,
Lunsford et al. 1990, DesRosiers et al. 2003, Wiant et al. 2009) or linear accelerator
(Spiegelmann et al. 1993, Solberg et al. 1994, Blatt et al. 1994) has also been performed.

Radiation dose
Ionising radiation comprised of γ- and X-ray photons (high energy electromagnetic
radiation) undergoes primarily atomic interactions in materials whereby energy carried by
the radiation is transferred to the material (Bourland 2006). The initial interaction with an
atomic electron breaks the electron bond, which leads to a small energy loss depending on
the atomic number and electron binding energy, and the remaining energy is transferred to
kinetic energy of the electron and possibly a scattered photon. Radiation dose, D, is the
deposition of the electron kinetic energy over the relatively small volume of its ionisation
path. The SI unit of dose, D, is the Gray (Gy) which has units of energy per mass (J/kg).
Thus, radiation dose is the energy imparted (J) per unit mass of material (kg): 1 Gray (Gy) =
1 J/kg. Besides the Gy, radiation dose is also represented by the rad: 1 rad = 100 erg/g, and
100 rad = 1 Gy. Air kerma (Kc) is a quantity that is very similar to dose – Kc has the same
units as dose (Gy) and is the amount of energy imparted (J) per unit mass of air (kg). The
importance of air kerma is that dose to a material (e.g., experimental small animal) can be
determined by measuring the air kerma, Kc, at the point where the animal will be irradiated.
This measurement can be made with a radiation detector called an ionisation chamber
(described below).

The consequences of irradiation and radiation dose occur in a stepwise fashion from
physical interactions, chemical changes (broken bonds), biomolecular changes, and then
tissue or organ responses. The amount of energy deposited in a radiation interaction is quite
small – on average, there are 33.97 electron volts of energy deposited per ionising event (1
event = 1 ion pair = 1 ip), a quantity called the W-value (W = 33.97 eV/ip). In an ionising
radiation field there are a very large number of quanta (photons and electrons) that include
the incident radiation field and the subsequent secondary and scattered radiations that are
created after the initial interaction. Radiation dose may be uniform because the incident
radiation field or cumulative dose distribution is uniform. However, even with uniform
radiation fluence, dose varies with the incident radiation energy and the atomic number and
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density of the irradiated materials (e.g., lung, soft tissue, and bone) and at the interfaces of
these materials (e.g., the external skin surface, and tissue-lung and tissue-bone interfaces).
Such effects can be difficult to measure or calculate, especially for volumes having
dimensions, <1 mm, and may or may not be important based on the irradiation geometry and
the experimental design and goals. Microdosimetry techniques can be used to assess such
non-homogenous dose distributions (Kellerer 1996, Walker 2006, Goodhead 2006) and
include computational techniques such as Monte Carlo modeling (Wu et al. 2008, Marcelin
et al. 2010).

Radiation dosimeters for specific calibrations
In general two types of dose calibration data may be used in practice: (i) General dose rate
calibration data for standardised reference geometry for the irradiator, and (ii) specific dose
calibration data for a given setup geometry and radiation type. Type (i) calibration data are
often provided by the manufacturers and will include the dose rate and possibly isodose
curves at a given location. These data may not be directly applicable to specific irradiation
geometries and should only be used as a guide, or to verify irradiator initial performance and
subsequent quality assurance. Type (ii) calibration data describe the dose rate for the
specific geometry (target dose and animal position) for the given animals (mice, rats, etc.)
under specific radiation types (X-rays and gamma-rays). This is a critical piece of
information for irradiating animals accurately and achieving the desired dose to a specified
point or volume. Issues pertaining to the calibrations are described in more detail below.

Four main dosimeters are considered here for small animal irradiations as they are used in
many laboratories; these include ionisation chambers, metal-oxide-semiconductor transistors
(MOSFET), thermoluminescent dosimeters (TLD), and radiochromic films. Table II
summarises published small animal dosimetry investigations using various dosimeters.

Ionisation chambers measure air kerma and dose with high accuracy and can be placed in an
experimental radiation field at the intended location of a small animal for direct
measurement of dose rate and dose. Tissue equivalent materials can be placed in a chamber
to mimic an animal’s body, or a small ionisation chamber can be wrapped in a protective
sheath and inserted into a cadaver animal. While an ionisation chamber can be used for
direct dose measurements, more commonly a reference class ionisation chamber is used to
calibrate the response of other dosi meter types (e.g., MOSFET, TLD, and radiochromic
films) in terms of the quantity air kerma (or dose). This calibration procedure should be
performed for the radiation type and energy that will be used in the animal experiment. As a
result of this calibration a calibration factor is used to convert the MOSFET, TLD, or
radiochromic film dosimeter reading to a dose value for the irradiation device. Importantly,
ionisation chambers serve as dosimetry standards and require X- and γ-ray energy-
dependent calibration factors that are traceable to the National Institute of Standards and
Technology (NIST). Low energy X-ray calibration factors for ionisation chambers are
available (e.g., 60 – 300 kV X-rays) and at least one such calibrated ionisation chamber
should be carefully maintained by an institution’s health or medical physicist, to aid with
animal irradiator calibrations.

The small size of the MOSFET and TLD detectors (1 × 1 to 3 × 3 mm2) is a major
advantage, enabling them to be inserted in the animal or phantom to measure local point or
organ doses. Additional advantages for MOSFET detectors are near realtime readout
capability and permanent storage of dose data. Disadvantages for MOSFET include: (i)
Limited lifetime, (ii) sensitivity changes with irradiation history, and (iii) relatively high
detector replacement cost. The major disadvantages of TLD detectors are the labour-
intensive nature of (i) TLD preparation, (ii) TLD readout, and (iii) data processing.
Radiochromic film has two advantages over conventional radiographic film of (i) not being
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light sensitive, and (ii) not requiring a chemical development process. Instead, it is different
from photographic or X-ray film and operates on the principle of polymerisation – the
amount of polymerisation increases with radiation dose and changes the opacity of the film
(increased dose causes increased film density).

Regardless of which detectors are used, the purpose of the calibration is to find the absorbed
dose conversion factor to the target medium (water, air, etc.), for a given detector,
(MOSFET, TLD etc.) with the given radiation beam quality, under various small animal
irradiation geometries (partial organ irradiation, field size, distance, and sample rotation)
(Ma et al. 2001).

Tissue equivalent phantoms for specific dosimetry
Custom-designed tissue-equivalent mouse and rat phantoms are convenient ways to measure
animal doses as well as to perform the irradiator output test in regularly-schedule intervals.
Figure 3A – B shows tissue-equivalent mouse phantoms fabricated by the RADCCORE
DUSM dosimetry group. the tissue-equivalent mouse phantom has three holes (front, middle
and back) drilled for accepting either MOSFET or TLD detectors. Several mouse phantoms
may be used in the mouse holder jig to obtain the average dose rates in a complex geometry
as shown in Figure 3C. This geometry is often used in many cesium irradiators where
multiple mice are placed in the jig on the rotating table to achieve uniform doses.

Specific calibration issues for two commonly used irradiators
Orthovoltage X-ray units and radionuclide irradiators are commonly available small animal
irradiation devices of relatively simple design that can safely be operated by individual
researchers. Thus, after initial set-up for operation by vendor representatives and health or
medical physicists, trained researchers are often the regular solo users of these two devices.

Orthovoltage X-rays
As stated, typical orthovoltage X-ray irradiators may operate over a range of X-ray energies
between 130 and 320 kV. In terms of protocol development, it is important to understand the
following key parameters and resulting effects: (i) Dose rate as a function of beam energy,
(ii) dose rate as a function of tube filtration, (iii) tissue attenuation as a function of tube
filtration (beam quality), (iv) dose rate variation as a function of source-to-target distance
(inverse square law), and (v) physical differences between orthovoltage X-ray and
cesium-137 irradiator beam characteristics and dose rates. The beam energy (kV) represents
the peak energy between the anode and cathode of the X-ray tube. It is important to note that
the higher the kV, the higher the dose if all other parameters remain the same.
Interchangeable X-ray tube filters come with modern orthovoltage irradiators. The desired
filter, essentially a thin metal slab (1 – 3 mm) is inserted in the X-ray tube housing and
intercepts the X-ray beam as it exits the tube; it is important to decide which filter should be
used for each experiment. Filters may be made of aluminum, tin, copper, and a combination
of thereof. The filter and kV (beam energy) combination defines the hardness, or beam
quality, of the X-ray beam, i.e., penetrability. Beam quality is expressed as half-value layer
(HVL) in a standard material (usually aluminum or copper) at a given energy. A more
penetrating beam has more uniform dose to deeper tissues and a larger HVL. However, the
total number of emitted X-ray photons will decrease due to the added filtration. Therefore, it
becomes a trade-off issue between the dose uniformity at depth and the irradiation time
(dose rate). The choice of filter also affects the surface dose and the beam attenuation in
tissue; the ‘softer’ X-rays are attenuated more than the ‘harder’ X-rays and surface dose is
typically higher for a softer beam. If irradiating superficial tissues, an aluminum (low
attenuation) filter or possibly no filter may suffice, but if the goal is to treat a deeper tissue,
it may be necessary to select a more attenuating (thicker) beam filter that results in a harder
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X-ray beam. There are two options available to increase the dose rate for a given filter, i.e.,
shorten the source-to-surface distance (SSD) or increase the tube-current time product.
There is also an inverse square relationship between the radiation output and SSD. Finally it
is important to note that cesium-137 irradiators have an advantage of providing far more
penetrating γ rays than any orthovoltage X-ray beam (662 keV γ rays vs. 320 kV X-rays).
As a result, care must be taken if changing the irradiator from cesium-137 to X-rays, or vice
versa, since penetration depths as well as dose rates will be different. Researchers often
report discrepancies in their small animal radiation response data without realising important
differences between the two irradiators. It is important to understand the complete dosimetry
picture whenever changing irradiators and it is important to consult and seek physics support
from the outset of experimental design.

Cesium-137 irradiator
Regardless of the manufacturer’s design for a cesium-137 irradiator (static source, moving
source with horizontal or vertical motion) the following parameters are important to achieve
accurate dosimetry: (i) Initial dose rate (output) measurements for subsequent quality
assurance, (ii) verification of the isodose map, (iii) dose rate measurements for specific
experimental set-ups, (iv) correction of the reference dose rate for radioactive decay, and (v)
annual quality assurance plan. We will discuss three key items for maintaining a high quality
dosimetry program.

(i) Initial acceptance testing—A concept and practice of performing acceptance test of a
new irradiator may not be well-rooted in most radiation biology laboratories today; however,
the practice of acceptance testing is of vital importance and is no different from that of
clinical radiation oncology practice where a qualified medical physicist performs an
acceptance test of new equipment before commissioning for clinical use. Thus, an initial
acceptance test of a γ irradiator should be established and performed by a qualified
physicist. It is not the purpose of this paper, however, to describe a detailed method of each
acceptance test for various irradiators that are currently in use. Any findings from the
acceptance test should be reviewed based on the pre-established criteria by the physicist. If
the performance falls below acceptable standards, corrective actions should be taken to
achieve proper and expected device performance.

(ii) Isodose mapping—Although many manufacturers may provide isodose curves for
their irradiators, this information should be checked and validated against one’s own
measurements. This is because many manufacturers provide pre-measured template isodose
curves from the same model. Previous work by Brady et al. (2010) developed a method for
irradiator isodose map quality assurance (QC) with no turntable rotation (static QC). The
static QC methodology was not compatible with the manufacturer provided data, but
demonstrated the usefulness of radiochromic Gaf-Chromic ™ EBT film (International
Specialty Products, Wayne, NJ, USA) as a quick and accurate QC dosimeter.

Rotation QC was recently developed as a new methodology at DUMC to provide a quick
means of QC for a gamma irradiator (JS Shepherd Model Mark I, JL Shepherd and
Associates, San Fernando, CA, USA) used for rotational specimens. A custom-made plastic
film holder (Figure 4) was designed to attach onto current rotational platforms (see below)
to provide QC at each position (Figure 2, positions 1 – 3). The film holder cylinder was
designed to provide for proper charge particle equilibrium (CPE) for radiochromic EBT
dosimetry. The results of isodose curves obtained using the film and those supplied by the
manufacturer are shown in Figures 5 and 6. The shape of the dose distribution demonstrates
that the irradiator design uses two 10 cm linear sources separated by a ~ 10 cm gap. The
regions of cumulative highest dose occur at the periphery as the film rotates on the turntable
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through a very high dose rate field close to the source in the guide tube (Figure 2B and C).
As can be seen, the independently-measured isodose curves matched well with the
manufacturer’s isodose curves. Additionally, vertical (Figure 3A and C) and horizontal
(Figure 3B and D) line profiles were plotted for positions 1 – 2 to demonstrate the measured
isodose curves and those provided by the manufacturer; the line profiles agreed reasonably
well. Thus, this film dosimetry method confirmed proper operation of the irradiator and can
be used as part of an on-going cesium-137 irradiator quality assurance program.

(iii) Dose rate decay corrections—Cesium-137 has a half-life of 30.07 years, decaying
by β-minus to a metastable nuclear isomer of barium-137, which has a half-life of 2.55 min
and is responsible for all of the γ ray emission. The annual activity correction for
exponential decay is 2.3% and this decay correction (a multiplying factor of 0.977) should
be applied to the reference calibrated dose rate on a per-year basis.

Conclusions and recommendations
The recent creation of the CMCR network has highlighted the need for uniformity in not
only the animal model systems used to identify and test new countermeasures but also the
quality and dosimetry of the irradiation used during animal exposure. Recommendations on
the most appropriate species and strains to be used for assessing countermeasure efficacy in
specific organ systems have been published by the CMCR (Williams et al. 2010). In
contrast, little coordinated effort has gone into ensuring a standardised approach to radiation
dosimetry across the CMCR. Commonly used γ- and X-ray irradiators are robust devices
that can be used in a variety of experimental conditions and easily operated by laboratory
personnel. However, technical and logistical challenges exist for the determination of
individual dose calibration factors prior to various experimental set-ups, and the physics
support required for this phase is often the weakest link in the small animal dosimetry chain.
Unfortunately, the lack of physics support is a norm rather than exception in many of the US
small animal radiation research facilities.

Dose rates and homogeneity of the radiation experimental fields should be determined by a
qualified medical or radiation physicist, including consultation on the experimental goals
and the design of the experimental irradiation geometry. Such expertise may be collectively
shared by local physicists based on the irradiator device being used (γ- or X-ray irradiator,
CT, micro-CT, linear accelerator, etc.) and each physicist’s area of expertise. While
irradiators have various levels of ease of operation, a user training program must be
established for new users and subsequent web-based update training may be given. In
addition, γ irradiators, with their high activity radioactive sources, have become a national
security issue under the US Nuclear Regulatory Commission (NRC) and all users must
accept Federal Bureau of Investigation (FBI) criminal background checks and fingerprinting
in order to obtain access to the irradiator. This requirement for heightened radiological
security will continue in the future.

It is of paramount importance to establish central oversight and establish a networking
relationship among biology and physics consortium members. Within RadCCORE our
cross-discipline and cross-institution interactions are resulting in the exchange of new ideas
and transfer of knowledge between different member institutions. Our model is still a work-
in-progress; however, we are achieving uniformity in the physics quality assurance program,
and strongly recommend pursuing the establishment of a national small animal dosimetry
centre for all CMCR members.
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Figure 1.
Diagnostic and megavoltage photon beam percent depth dose curves (from Bourland 2006,
used with permission).
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Figure 2.
Moving source gamma irradiator, vertical source orientation. A linear γ source moves from
the shielded source vault (A) and (B) (bottom to top) to the shielded irradiation chamber
(cavity). The source is enclosed by the tube seen in (B). A rotating platter can be mounted
on sample driveshaft locations (#1, #2, and #3) to provide rotation for dose homogeneity. A
timer mechanism controls the irradiation time, ending with the return of the sources to the
shielded source vault.
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Figure 3.
Tissue-equivalent rodent phantoms for irradiator dosimetry. (A) Rat and mouse phantoms
with holes for dosimeter placement. (B) Phantom dimensions relative to animal. (C)
Rotation platter used in irradiator (Figure 2) for dosimetry as well as experiment.
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Figure 4.
Jig design: Rotation film stage assembly was designed to attach to a rotational platform
provided by the manufacturer. A sandwich of two 2 mm thick Plexiglas plates was used to
provide structural support and to establish proper charged particle equilibrium for the film.
Two Plexiglas plate sizes were designed to be interchangeable with the base assembly for
positions 1, 2, or 3 (Figure 2C): (A) small 10 cm wide plates for measurements at position 1
closest to the cesium-137 source and (B) large 30 cm wide plates for isodose curve
measurements at positions 2 and 3.
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Figure 5.
Left column (A and D): Radiochromic film dose distributions are shown in colour wash for
positions 1 and 2 (Figure 2C). Middle column (B and E): Dose distributions were converted
to isodose curves. Right column (C and F): Manufacturer’s isodose curves. Comparison of
measured and manufacturer’s isodose curve shows good agreement and verifies proper
irradiator performance. The vertical axis (y-axis) represents the distance from the floor of
the irradiator housing.
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Figure 6.
Vertical and horizontal line dose profiles were obtained along the dotted lines in Figure 5A
and D, and plotted with the corresponding manufacturer provided data for positions 1 – 2,
respectively. Comparison of measured and manufacturer’s line dose profiles shows good
agreement and verifies proper irradiator performance.
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Table I

Small animal research irradiation devices and operating parameters.

Device Radiation source (Energy) Dose rate Small animal applications Comments

Radionuclide irradiator Cesium-137 gamma (γ) rays
(0.662 MeV γ ray)
Less common: Cobalt-60 gamma
(γ) rays (1.17 and 1.33 MeV γ
rays)
Both designs use linear, steel-
encapsulated radioactive sources.
A timer controls the irradiation
time.

1 – 5 Gy/min @
defined positions
within irradiation
chamber.
Nominal
radioactivity of
2,000 Curies (Ci).
Dose rate varies
with source-to-
sample distance
and dose
distribution
uniformity may
vary across the
irradiated volume
depending on
sample size and
position in the
irradiation
chamber.

Whole-body irradiation.
Partial-body irradiations using
specially-designed collimators.
Irradiation of one or more
animals possible, depending on
size and geometry.

Simple design makes
for ease of use. Source
moves from the
shielded condition to
irradiate a chamber
with enclosed sample.
Designs are horizontal
or vertical operation.
Irradiation geometry
can be customized for
required experimental
conditions.
Dose rate calibration
required to determine
irradiation times.
Radiological security
must be insured.

X-Ray Tube X rays (30 – 320 kV X-rays)
Note: Orthovoltage X-ray energy
range is 130– 320 kV.
A timer controls the irradiation
time.

1 – 5 Gy/min at 50
cm from source.
Dose rate varies
with energy (kV),
filtration, source-
to-sample distance,
and tube (beam)
current.

Whole-body irradiation.
Partial-body or single-organ
irradiations using collimated
fields.
Irradiation of one or more
animals possible, depending on
size and geometry.

A variety of beam
energies is possible
with depths of
penetration from 0 – 2
cm.
Can be used in single-
or opposed-field
geometries.
Field sizes can be
collimated to a
specific size.
Requires either a
shielded enclosure or
a shielded room.
Dose rate calibration
required to determine
irradiation times.
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Table II

Published dosimetry investigations for small animal radiation research.

Animals (reference) Machine Detectors and additional tools Comments

Mouse (Figueroa et al. 2008) microCT Ion chamber, TLD-100 Implanted TLDs measured organ
doses in brain, flank, bladder,
kidney, GI, stomach liver, lung,
and heart.

Tissue equivalent mouse phantom
(Lin et al. 2008)

Digital subtraction
angiography X-ray system

Ion chamber, TLD-100, MOSFET MOSFET technology verified with
TLD method.

Brady et al. 2009 cesium-137 irradiator Ion chamber, TLD, radiochromic
film dosimeters

Modern dosimetric tools to
characterise cesium-137 irradiator
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