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ABSTRACT 

Walb, Matthew C. 

LOW DOSE DOSIMETRY AND RADIATION RESPONSE IN RODENT MODELS 

Dissertation under the direction of  

Michael T. Munley, Ph.D., Professor of Radiation Oncology, 

Biomedical Engineering, and Physics (Adjunct) 

	

Exposure to ionizing radiation from diagnostic imaging procedures has 

dramatically increased in the last three decades. Computed tomography is a powerful and 

invaluable diagnostic imaging tool, but it is essential that the radiation risks be 

appropriately quantified so that clinicians are in the best possible position to assess the 

risks and benefits associated with its use. Our group uses sophisticated small animal lung 

tumorigenesis models to investigate the carcinogenic risks of low dose radiation. 

As a tangential investigation, NASA seeks to evaluate the low dose radiation risks 

associated with long-term space flight. Megavoltage x-rays from linear accelerators were 

utilized to model the effects of high-energy space radiation in conjunction with hyperoxic 

and low-gravity environmental conditions. Dosimetry was quantified with ionization 

chamber and optically stimulated luminescent dosimeter measurements to verify a 

uniform, homogeneous dose distribution that allowed for unanesthetized rodent 

irradiation in specially designed chambers. The results suggested that astronauts exposed 



	 xvi	

to space radiation while breathing 100% oxygen during an extra-vehicular activity do not 

have a greater risk of developing radiation-induced tumors than radiation alone. 

This work focuses on the rigorous dosimetry that must be the foundation for any 

radiation experiment. Ionization chamber measurements provided the dosimetry standard 

and facilitated the design of an irradiation protocol for 100 kVp x-rays. From this, 

radiochromic film dosimetry was performed to examine the spatial dose distributions. 

Optically stimulated luminescent dosimeters were implanted in mouse lung cavities and 

utilized for in vivo dose verification of our models. To enhance our tumor analysis 

capabilities, an efficient, high-resolution 7T MRI scanning protocol was implemented to 

permit longitudinal tracking of tumor growth rate.  

Our cancer-susceptible murine model has consistently shown a dose-independent, 

gender-dependent increased carcinogenic risk following exposures to radiation doses as 

low as 1.25 mGy, suggesting that the carcinogenic potential of low dose radiation could 

be underestimated in cancer prone populations. While other groups have previously 

studied some aspects of this model individually, the combination of a sensitive in vivo 

mouse model using a clinical CT scanner as the radiation source with an organ specific 

endpoint represents a completely novel implementation in the field of radiation risk. 
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I. INTRODUCTION 

 

This dissertation largely deals with dosimetry measurements, on both CT (kV 

photons) and linear accelerators (MV photons), and the applications of that analysis to 

murine experiments investigating radiation risk. As such, a fundamental knowledge of 

photon attenuation interactions, and how they relate to dose measurements, is an essential 

underpinning of this work.  

 

Photon Interactions 

The radiation dose in both diagnostic imaging and external x-ray beam 

radiotherapy originates from indirectly ionizing radiation. Photons first interact with 

atoms to create charged particles, and these energized charged particles, through 

Coulombic interactions, are what ultimately impart the energy (dose) to the medium. For 

the energy ranges relevant to diagnostic imaging, these photon interactions can come in 

the form of the photoelectric effect and Compton scattering. The CT unit in our 

experiments is typically operated with a peak energy of ~100 keV, and since it has the 

continuous energy spectrum associated with bremsstrahlung production, the average 

energy will be about 1/3 of the peak energy. For linear accelerators, where the 

accelerating potential exceeds 1.022 MeV, pair production also becomes a factor.  

The photoelectric effect occurs with tightly bound, inner shell electrons. An 

incident photon is completely absorbed by an atom and an electron is ejected with kinetic 
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energy equal to the energy of the incident photon minus the binding energy of the shell 

from which the electron is ejected. 

 
Figure 1. Illustration of the photoelectric effect [1, used with permission]. 

 

 (1) 

 

As seen in Figure 1, once the inner shell photoelectron is ejected, the atom is left 

in an excited state, and outer orbital electrons will fill this vacancy. Following the 

conservation of energy, characteristic x-rays (photons with the energy of the difference 

between specific shell binding energies) will then be emitted. There is also the possibility 

of another electron internally absorbing this characteristic x-ray energy, which results in 

the emission of an Auger electron. The photoelectric mass attenuation coefficient 

(essentially a photon interaction probability), 

€ 

τ
ρ

, is proportional to the cube of the atomic 

number, as well as inversely proportional to the cube of the incident photon energy [2].  
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M → L, N → M, and so forth. At the same time, Auger elec-
tron emission competes with characteristic x-ray emission, at
a rate given by w, the fluorescence coefficient.

The photoelectric effect has a strong dependency on photon
energy and atomic number of the material. The mass 
attenuation coefficient varies as (1/Eγ)3 and Z3, respectively.
Mathematically, this is shown as follows, where CPE is a 
proportionality constant:

µ/ρPE = CPEZ3/(Eγ)3 Eq. 8

These dependencies for water are shown graphically in
Figure 6-16. In the photoelectric effect, no interaction is possi-

ble until the photon energy is greater than the electron binding
energy. After the binding energy is barely exceeded, the prob-
ability for interaction increases greatly, leading to a sharp
increase in µ/ρPE, called an absorption edge. In Figure 6-16, the
K and L edge for lead are seen, corresponding to photoelectric
interactions for the K and L shell electrons. No absorption
edges are shown for water; the binding energies are less than
1 keV and do not show up on the plot.

The dependence on Z and Eγ can be used to approximate
the photoelectric contribution in a different material, using the
formula:

µ/ρPE,2 = µ/ρPE,1(Eγ,1/Eγ,2)3(Z2/Z1)3 Eq. 9
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€ 

τ
ρ
∝
Z 3

E 3              (2) 

Thus, the photoelectric effect tends to be the dominant interaction for low-energy 

photons, but tails off sharply as the energy increases, where the Compton effect begins to 

dominate. 

The Compton effect is an interaction with an outer shell (approximately) free 

electron. This approximation is valid when the binding energy of the electron is << than 

the incident photon energy. An incident photon collides with the electron, imparting a 

portion of its energy to the ejected electron, and both the electron and reduced-energy 

photon scatter away at different angles.  

 
    Figure 2. Diagram of the Compton effect [1, used with permission]. 

 

Through the laws of conservation of energy and momentum, the energy of the 

electron (E) scattered at angle θ and the energy of scattered photon (hv’) at angle φ can be 

derived: 
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€ 

h ʹ ν =
hν0

1+
hv
m0c

2

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 1− cosθ( )

           (3) 

 

          

€ 

E = hν0 − h ʹ v             (4) 

 

€ 

cotφ = 1+
hν
m0c

2

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ tan

θ
2
⎛ 

⎝ 
⎜ 
⎞ 

⎠ 
⎟            (5) 

where m0c2 is the rest energy of the electron (0.511 MeV) [3]. There are a few special 

cases worth mentioning. If the photon makes a direct hit, the electron will travel forward 

(φ = 0°) and receive the maximum possible energy, and the photon will be directly 

backscattered (θ = 180°). Conversely, if the photon just makes a grazing hit with the 

electron, the electron will be scattered at a right angle (φ = 90°) while the photon 

continues in the forward direction (θ = 0°) and no energy is exchanged [3]. If the incident 

photon energy is much less than the rest energy of the electron, only a small amount of 

energy is transferred and the scattered photon retains much of its incident energy. If the 

incident photon has a very high energy, then most of its energy is lost to the Compton 

electron [3].  

Unlike the photoelectric effect, the probability of a Compton interaction, 

€ 

σ
ρ

, is 

independent of the atomic number. It does decrease with increasing photon energy, but 

the fall-off is not nearly as rapid as with the photoelectric effect. It instead depends on the 

electron density of the material, which is relatively constant across different elements [2].  
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€ 

σ
ρ
∝
electrons
gram

≈ 3.0 ×1023                   (6) 

   

Compton scattering in imaging is generally seen as undesirable, as the scatter 

leads to a degradation of image resolution, while also providing a mechanism for 

increased patient dose. 

Pair production is an interaction with an atomic nucleus. The photon is entirely 

absorbed and its mass is converted to energy, resulting in the creation of an electron and 

positron pair (following the law of conservation of charge). Since the photon is also 

subject to conservation of mass, the minimum threshold energy for this effect to occur is 

1.022 MeV (2m0c2), the rest energy of the electron-positron pair, and the probability, 

€ 

Π, 

increases rapidly above this threshold [3]. A diagram of this interaction is shown below: 

 
       Figure 3. Illustration of pair production [1, used with permission]. 

 

The energy transferred to the positron-electron pair is simply the incident energy 

minus this threshold energy: 
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Attenuation by the Compton effect reduces to the follow-
ing expression:

Eq. 18

For unit thickness, the transmitted amount depends only on
material density, not atomic number and photon energy, as
with the photoelectric effect.

PAIR PRODUCTION

In pair production (Fig. 6-17), the following steps occur:
1. An incident photon with energy Eγ = hν and Eγ greater than

1.022 MeV passes near a heavy nucleus and spontaneously
disappears, creating an electron, e−, and a positron, e+, in its
place. These two particles are called an electron-positron pair.
The total kinetic energy of the electron-positron pair, Eep, is
equal to the photon energy minus the energy needed to

I
I

e
CE

CCE x

0
= − ρ

create two electrons, or 1.022 MeV (the rest energy of an
electron is 0.511 MeV):

Eep = Eγ − 1.022MeV

The electron and positron travel off in no particular direc-
tions and do not have equal energies.

2. The electron gradually slows down and is stopped in the
material.

3. The positron, the antiparticle of an electron, slows down
very quickly and annihilates with a free electron, giving off
two .511-MeV photons (called annihilation radiation) that
travel in opposite directions (i.e., at 180 degrees).
The mass attenuation coefficient for pair production varies

linearly with atomic number and incident photon energy
(when the photon energy is above the threshold of 1.022 MeV):

µ/ρpp = CPPZ(Eγ − 1.022MeV) Eq. 19
PHOTODISINTEGRATION

Several steps occur in photodisintegration (Fig. 6-18):
1. A very energetic photon of Eγ greater than 8 to 10 MeV inter-

acts with the atomic nucleus.
2. The photon penetrates the nucleus and is absorbed, result-

ing in the emission of a neutron.
3. Neutron emission leaves a fragmented, possibly unstable

nucleus (i.e., radioactive), prompting the name photo-
disintegration.
An energy of greater than 8 to 10 MeV is required because

the nuclear binding energies for nucleons are 8 to 10 MeV for
most materials. Photodisintegration is the interaction respon-
sible for neutron production for photon energies at 10 MeV
and greater and can be an important consideration for facility
shielding for photon beams of 15 MeV and greater.

DISTRIBUTION OF SECONDARY ELECTRONS

Electrons released by ionizing photon interactions can travel
in any direction from the interaction point and in general have
a complex probability for angular spread, depending on inci-
dent photon energy and the interaction that occurs. The prob-
ability for forward directions increases with photon energy
and is a likely direction for megavoltage photon interactions.2
As seen later, angular scattering of electrons is responsible for
a number of characteristics for megavoltage photon beams,

Scientific Foundations of Radiation O
ncology
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€ 

KE = hν −1.022 MeV             (7) 

Since this results from an interaction with the electromagnetic field of the 

nucleus, the probability of this process increases rapidly with atomic number [2]: 

                                             

€ 

Π∝ Z 2              (8) 

Note that the positron deposits energy into the medium in a similar manner as the 

electron - through ionization, excitation, and Bremsstrahlung - until it eventually 

annihilates with a free electron near the end of its track, creating two photons of equal 

energy (0.511 MeV) and opposite direction (conservation of momentum).  

Figure 4 shows the relative importance of these interactions. Table 1 shows the 

relative number of interactions for each of these attenuation processes in water, which is 

radiologically very similar to soft tissue.  

         
Figure 4. The relative importance of the 3 major types of x–ray interactions, as a function 
of the atomic number of the absorber and incident photon energy. The two curves show 
the values of Z and E where the two bordering effects are equal [7, used by permission – 
IAEA retains the copyright]. 
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Table 1. The relative importance of photoelectric, Compton, and pair production 
processes in water [recreated using values from 4]. 

 

When a single photon of sufficient energy interacts with a substance, any of these 

processes can occur, and the relative probability of that interaction is given by the mass 

attenuation coefficient of that process. The total mass attenuation coefficient (typically 

expressed in units of cm2/g) is simply the sum of these components: 

                                    

€ 

µ
ρ

=
τ
ρ

+
σ
ρ

+
Π
ρ

total photoelectric Compton pair
                     (9) 

Note that coherent (Rayleigh) scattering has been ignored as is often done, as it does not 

involve any transfer in energy and is a negligible process except at very low energies (< 

10 keV) [3].  

Relative Number of Interactions (%) Photon Energy (Monoenergetic) 

(MeV)  

Photoelectric (τ) 

 

Compton (σ) 

 

Pair Production (Π) 

0.01 95 5 0 

0.026 50 50 0 

0.060 7 93 0 

0.150 0 100 0 

4.00 0 94 6 

10.00 0 77 23 

24.00 0 50 50 

100.00 0 16 84 
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 For a photon beam passing through an absorber of thickness dx, the reduction in 

photon intensity dI is proportional to the intensity of the incident photons and the 

thickness [2]. The constant of proportionality is µ, the linear attenuation coefficient (the 

mass attenuation coefficient without density normalization).  

                                                       

€ 

dI = −µ I dx                         (10) 

Dividing both sides by I and integrating arrives at the formula for exponential attenuation 

of photons through an absorber of thickness x: 

                                                         

€ 

I(x) = I0e
−µ x           (11) 

Lastly, once these photons have been attenuated, thus transferring their energy to 

secondary electrons, the electrons then lose that energy through two means – collisional 

and radiative losses [4]. Collisional refers to Coulombic interactions of ionization and 

excitation, whereas radiative losses arise from bremsstrahlung (discussed more in depth 

in the later x-ray tube section). The mass stopping power is the quantity that describes 

how much energy charged particles lose per unit distance traversed:  

                     

€ 

S
ρ

⎛ 

⎝ 
⎜ 
⎞ 

⎠ 
⎟ 
total

=
S
ρ

⎛ 

⎝ 
⎜ 
⎞ 

⎠ 
⎟ 
collisonal

+
S
ρ

⎛ 

⎝ 
⎜ 
⎞ 

⎠ 
⎟ 
radiative

=
1
ρ

dE
dx

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟        (12) 

Stopping power is a function of both material and energy. Tabulated values for 

use in dose calculations exist for a wide variety of materials. As a rule of thumb, the 

energy loss rate for an electron in water is ~2 MeV/cm [3].  
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Calculation of Dose 

Photon fluence is defined as the number of photons crossing through a cross 

sectional area: 

        

€ 

Φ =
dN
da

           (13) 

When discussing dose, there is an important distinction to be made between two 

similar quantities, KERMA and dose. This results from the concept that the transfer of 

energy from photons to a medium (dose deposition) is actually a two-stage process – 

photons first undergo interactions to transfer energy to electrons, and then these high-

energy electrons transfer the energy to the medium.  KERMA is an acronym for “kinetic 

energy released in the medium,” and is the kinetic energy transferred from the photons to 

the electrons, 

                                                  

€ 

K =
dE transferred

dm
=Φ∗

µ
ρ

⎛ 

⎝ 
⎜ 
⎞ 

⎠ 
⎟ ∗E tr               (14) 

where 

€ 

E tr is the average energy transferred to the electrons during each interaction [3]. 

€ 

Φ∗
µ
ρ

⎛ 

⎝ 
⎜ 
⎞ 

⎠ 
⎟  is the number of photon interactions per unit mass of a material irradiated by 

fluence Φ, which is then multiplied by the average energy transferred to the electrons by 

these interactions. In practice, there is a spectrum of photon energies and one must 

integrate over the energies.  

The absorbed dose is related to KERMA, however there are two key differences. 

First, not all of the energy transferred to the electrons is actually absorbed in the medium 

– some is radiated away through the bremsstrahlung process (

€ 

S /ρ( )rad ). Secondly, 

because the electrons have a finite but appreciable range (dependent on their energy), 
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dose is actually deposited “downstream” of where the initial photon interaction occurs. 

Absorbed dose is defined as the energy imparted to a mass, and has units of J/kg (Gray): 

€ 

D =
dE absorbed

dm
          (15) 

 Although calorimetry is the only direct method for measuring absorbed dose, 

most practical calculations are done by applying correction factors to the measurement of 

these ionized electrons. The underpinning behind ion collection dose measurements lies 

in the Bragg-Gray cavity theory. Photons traversing a medium produce electron tracks in 

the medium. Imagine a small gas-filled cavity is placed inside the medium, and the 

medium acts as a wall surrounding the cavity. The electron tracks crossing through this 

cavity will interact, ionizing electrons, and these liberated ions can be collected and 

measured as charge. Conveniently, the average energy required to cause one ionization in 

the gas is constant over a wide variety of gas pressures and electron energies [3]. This is 

known as the W-value, and for air, it has the value [5]: 

     

€ 

W = 33.97 eV
ion pair

= 33.97 J
C

                    (16) 

From this, the dose absorbed in the gas can be related to the ionization produced in the 

gas [3]: 

        

€ 

Dgas =
Q
mgas

⎛ 

⎝ 
⎜ ⎜ 

⎞ 

⎠ 
⎟ ⎟ W                      (17) 

€ 

Q /m  is also known as the exposure, X. Equation 17 gives the energy imparted to the gas 

in the cavity, but it still must be related to the medium surrounding the cavity. Provided 

the cavity is small enough to not cause a large perturbation in the fluence of the charged 
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particle field, the ratio of the dose deposited into the cavity wall versus the gas will 

simply be the ratio of the mass collision stopping powers [3]: 

                                     

€ 

Dwall

Dgas

=

dΦ(E)
dE

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

Emin

Emax

∫
wall

Sion (E)
wall dE

dΦ(E)
dE

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

Emin

Emax

∫
wall

Sion (E)
gas dE

= S gas
wall         (18) 

The quantity 

€ 

S gas
wall  is known as the average collision stopping power ratio. Combining 

equations 17 and 18 arrives at: 

																																																									

€ 

Dwall =
Q

mgas

⎛ 

⎝ 
⎜ ⎜ 

⎞ 

⎠ 
⎟ ⎟ W ∗ S gas

wall 	 	 	 	      (19)	

This Bragg-Gray formula relates the ionization in the cavity to the absorbed dose 

in the wall surrounding the cavity. In practice, this collection of charge is commonly 

achieved with a calibrated ion chamber. An ion chamber consists of a small (usually air-

filled) cavity with electrodes both on the outer wall and center of the chamber. Ionized 

electrons are attracted to the positive electrode and the amount of charge collected is read 

by an electrometer. A diagram of a typical ion chamber design is shown below. 

 

 
Figure 5. Schematic of a cylindrical “thimble” ionization chamber [6, used with 
permission – IAEA retains copyright]. 
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The air cavity of an ionization chamber represents a practical use of the Bragg-

Gray cavity discussed in the above equations. However, an additional correction is 

needed. In the initial cavity formulation, the situation was presented as a medium, which 

functioned as a cavity wall, with a small air cavity as a perturbation. The ion chamber 

situation is a step more complicated, as there is now a chamber wall separating the air 

and the medium. Equation 19 thus provides the dose to the walls of the chamber, and it 

now must be related to the dose to the medium. The ratio of the doses resulting from the 

same photon spectrum should be very nearly the ratio of the collision kermas between the 

medium and the wall [3]. 

€ 

Dmed

Dwall

=
Kmed

Kwall

=

dΦ(hν)
d hν

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

0

hν max

∫
med

µ(hν)
ρ

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

med

E absorbed
med (hν)d hν

dΦ(hν)
d hν

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

0

hν max

∫
med

µ(hν)
ρ

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

wall

E absorbed
wall (hν)d hν

=
µ en

ρ

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

wall

med

         (20) 

€ 

µ en
ρ

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 
wall

med

is the ratio of the mass energy absorption coefficients between the medium and 

the chamber wall. The mass energy absorption coefficient is related to the mass 

attenuation coefficient (Eq. 9), but it typically a smaller value, as it only includes the 

portion of photon attenuation that actually contributes to the absorbed dose (excludes 

photoelectric fluorescence x-rays, bremsstrahlung photons, and positron annihilation 

radiation). Combining Equations 19 and 20 arrives at: 

																																

€ 

Dmed = 33.97 J
C

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ ∗

Q
ρgasV

⎛ 

⎝ 
⎜ ⎜ 

⎞ 

⎠ 
⎟ ⎟ ∗ S gas

wall ∗
µ en

ρ

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

wall

med

∗ kc 	 	 						(21) 

Equation 21 is a fundamental equation for using an ionization chamber in an absolute 

dose measurement. Note that the volume of the chamber was substituted for the mass of 

the air, as the chamber volume is a more easily known quantity. Also, the correction 
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factor 

€ 

kc  was added. This is a factor to correct for the finite size of the ion chamber, and 

to acknowledge that in reality, a finite size air-filled cavity does slightly perturb the 

kerma. Its precise value cannot be determined but theoretical values for different chamber 

radii exist in tabulated form, typically affecting the dose by <1% [3].   

 

 

Computed Tomography X-ray Production 

X-ray computed tomography (CT) scanners are most commonly utilized in a 

medical diagnostic or simulation tool capacity. Especially in the radiation therapy 

environment, they are not particularly thought of as a dose delivery device. However, as 

concerns about imaging dose have risen in the public conscience, more attention has been 

paid to the radiation dose that results from CT scans. Much of this dissertation focuses on 

the murine radiation response from using CT as a radiation source, and thus it is relevant 

to provide background on how this type of radiation is generated.  

A CT unit generates photon radiation through the use of an x-ray tube and the 

bremsstrahlung process. An x-ray tubes consists of a circuit between a cathode and an 

anode in an evacuated glass tube. The cathode is typically a tungsten filament, coiled 

inside a focusing cup. Through the process of thermionic emission, electrons are “boiled” 

off the surface of the tungsten. The anode (target) is given a positive voltage with respect 

to the cathode (creating an essentially constant potential electrostatic field), and the 

electrons are thus attracted to the anode and are accelerated across the tube. The vacuum 

chamber is an essential part of this step in order for the electrons to achieve high 

velocities; they would otherwise collide with gas molecules in crossing the gap [3].  
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When they reach the anode, the high-energy electrons interact with the target, also 

typically constructed of tungsten. The desired result is the creation of bremsstrahlung 

photons. Bremsstrahlung is a process that results from Coulombic interactions of 

electrons with a high atomic number nucleus. In this interaction, incident electrons are 

decelerated in the near vicinity of a nucleus. Obeying the conservation of energy, some of 

this kinetic energy is released as radiative loss in the form of bremsstrahlung (“braking”) 

photons. These bremsstrahlung photons are emitted in all directions – many are absorbed 

into the target itself, but the useful ones are those that can be collimated into the cone of 

the primary beam. At the energies useful for diagnostic radiology, bremsstrahlung is an 

inherently inefficient process; less than 1% of the incident electron energy is converted to 

x-rays. Over 99% of the energy manifests as heat and must be dissipated from the anode 

through the use of cooling methods [3]. Over time, this heat will eventually crack the 

anode focal spot and the target will need to be replaced.  

It should be noted that bremsstrahlung is only one of a few possible interactions 

that could occur. Much more commonly, collisional ionizations will occur, transferring 

some of the electron energy to other electrons as they are knocked out of atoms. A 100 

keV electron may suffer ~1000 of these interactions before coming to rest, and most of 

this appears as the 99% inefficiency that is dissipated as heat [6]. Some of these possible 

interactions are shown in the diagram below. 
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Figure 6. Electron interactions with the anode target. A-B) The electron suffers excitation 
and ionizational losses, giving rise to high-energy electrons (delta rays) and heat. The 
more rare events (and ones responsible for x-ray production) are depicted in C – D. C) 
The electron ejects an inner shell electron, giving rise to characteristic x-rays as outer 
shell electrons drop down to fill this vacancy. D) An electron is decelerated in a 
“collision” with the nucleus, giving rise to a bremsstrahlung photon of energy hν; the 
electron proceeds with a reduced energy E - hν. There could also be the extremely rare 
direct collision, where the electron is completely stopped and transfers all of its energy to 
a single bremsstrahlung x-ray of energy hν [1, used with permission]. 

 

The bremsstrahlung process results in a continuous spectrum of photon radiation. 

The maximum possible energy of the emitted x-rays corresponds to the maximum kinetic 

energy of the incident electrons. This is the situation where the high-energy electron 

transfers the entirety of its energy to the x-ray. However, this is relatively uncommon and 
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million electron volts per gram per square centimeter), which
is independent of the absorber density. Because energy loss is
almost continuous and a particle has a particular kinetic
energy, EKE, the particle loses this amount of energy and then
stops. The distance traveled is finite and is called the particle
range; the particle can go no farther, and its kinetic energy is
zero. For an absorber of density ρ, the particle range, r, can be
calculated as follows:

Eq. 20

The energy lost through inelastic collisions depends on the
particle mass, charge, and kinetic energy, and the mass and
charge of the target atom, according to the formula:

Eq. 21

In Equation 21, z is the atomic number of the incident particle
of mass M, V is its velocity, e is the electron charge, mo is the
electron mass, NZ is the number of electrons per cubic cen-
timeter in the absorber, and FQ is a complex function describ-
ing energy transfer per interaction.

Collisional energy losses increase by the square of the 
particle’s atomic number and as the incident particle velocity
decreases. Increased atomic number results in a greater
coulomb force, and decreased velocity increases the amount
of interaction time, both leading to increased dE/dx. The
energy transfer function, FQ, is complex and varies with 
the type of interaction.2 It accounts for the atomic mass of the

dE
dx

z e
m V

NZF
o

Q= 2 2 4

2

π

r E dE
dx

kE= 1 1

ρ
ρ

absorber, ionization potential, and relativistic effects as V
approaches the speed of light.

Light Charged Particle Interactions: Electrons
The electron mass is small compared with any atomic mass,
and incident electrons undergo four types of particle interac-
tions with a large amount of scattering.8 Collisional interac-
tions result in energy loss of dECOL/dx, causing ionizations or
excited states (higher electron orbits) (Fig. 6-20). Collisional
losses increase as the electron velocity decreases, as stated
earlier, and decrease as the absorber atomic number increases.
The decrease with absorber atomic number results from the
decrease in the number of electrons per gram (NZ/ρ) as Z
increases. For equivalent mass thicknesses (mass thickness is
thickness divided by density, with units of square centimeters
per gram), electrons are stopped sooner in low Z than in high
Z materials. Figure 6-21 shows these relationships for water
and lead.

Radiative interactions result in x-ray emissions. The inci-
dent electron penetrates the electron cloud and interacts with
the nucleus’s positive electrical field, undergoing an abrupt
deceleration with energy loss dERAD/dx and a change in direc-
tion (see Fig. 6-20D). The energy change, dERAD/dx, is released
in the form of x-rays, called bremsstrahlung (or braking) radia-
tion. With an incident monoenergetic electron fluence, a con-
tinuous x-ray spectrum is emitted because the probability of
any energy loss, large or small, is equal per interaction. Suc-
cessive bremsstrahlung interactions may occur as the electron
loses its energy; a bremsstrahlung spectrum has a maximum
energy equal to the initial electron energy and energies below
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it is much more likely for the electron to only be partially decelerated. The average 

energy of the photons emitted from the bremsstrahlung spectrum is ~

€ 

1
3
Emax

. 

For a thin target (where the thickness is much smaller than the electron range at a 

given kinetic energy, Ek), the energy radiated is proportional to the product of the 

incident electron energy and the atomic number of the target [7]. The photon energy 

spectrum is constant over the range from 0 ≤ hν ≤ hνmax – i.e. the number of photons 

emitted per unit energy interval at energy hν is twice the number of emitted photons at 

2hν (assuming both energies are less than hνmax) [2]. This thin target spectrum is shown 

below:  

 

     Figure 7. Bremsstrahlung radiant-energy spectrum for a thin target [redrawn from 2] 

 

A thick target (where the target thickness is on the order of the electron range) may be 

thought as a large number of superimposed thin targets. The intensity of a thick target 

spectrum is: 

         

€ 

I(hν) = CZ(Ek − hν)                    (22) 
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where C is a proportionality constant, Ek is the electron kinetic energy, and hν is the 

photon energy [7]. This superposition of thin target spectrum to form the thick target 

spectrum is shown below. 

 

Figure 8. An illustration of the typical bremsstrahlung spectra for an x-ray tube in which 
100 keV electrons strike the target. Curve 1 shows the thin target spectrum, with a 
constant intensity from ranging from zero to the striking electron kinetic energy. Curve 2 
represents the unfiltered spectrum resulting from the thick target in the x-ray tube. Curve 
3 shows the filtration that results as the x-rays pass through the x-ray window, noting that 
low-energy x-rays are preferentially attenuated (“beam hardening”), and curve 4 adds in 
additional filtration [redrawn from 7].  

 

In practice, in addition to the bremsstrahlung x-rays, there are also characteristic 

x-rays discussed in Figure 6 that contribute to discrete spikes in the spectrum, the 

proportion of which varies as a function of electron beam energy and atomic number of 

the target. For 100 keV electrons produced in a tungsten target, the x-ray beams contain 
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about 20% characteristic photons and 80% bremsstrahlung photons, whereas at the 

megavoltage range of linear accelerators, the contribution of characteristic photons to the 

total spectrum is negligible.  

 

Research Strategy 

 The following chapters rely on this dosimetry and photon interaction theory to 

investigate dosimetric methods and applications in small animal studies. The chapters 

present a variety of connected projects I have undertaken in my doctoral research, 

including those that lead to published manuscripts. They are organized to split the 

dissertation in half by radiation source – the first three chapters focus on CT kilovoltage 

radiation while the latter three deal with megavoltage radiation from a clinical linear 

accelerator. Both of these radiation devices are primarily employed in a clinical capacity, 

treating and imaging human patients. Thus, there is a large space available for novel 

research to investigate the best ways to characterize these machines for use in small 

animal studies. In each case, I present how the dosimetry was approached for the 

radiation device, and then show how this was applied to in vivo rodent experiments.  

For the CT irradiations, ion chamber measurements were used to provide the 

dosimetry standard, while film and optically stimulated luminescent dosimeter (OSLD) 

measurements were investigated to provide increase confidence in the dosimetry and to 

build a more complete picture of the dose delivery. For both film and OSLD 

measurements, calibration curves were established characterizing their response as a 

function of the absorbed dose. Film dosimetry was then performed in a cylindrical 
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phantom in order to mimic the geometry used for the ion chamber measurements. Dose 

maps and profiles were analyzed in order to enhance our knowledge of the spatial 

dosimetry in this experimental irradiation setup. As a means of verifying the dose as it is 

actually delivered in our experiments, in vivo dosimetry was performed using implanted 

OSLDs in mouse lung cavities. This knowledge was then used to perform experimental 

studies of radiation response using in vivo murine lung carcinogenesis models.  

Researchers at Wake Forest Radiation Oncology are investigating the risks of CT 

imaging radiation. The use of diagnostic imaging has seen a huge increase over the last 

30 years, but the prospective research to investigate the possible risks that might 

accompany such an increase has lagged behind.  Collaboration with the Wake Forest 

Cancer Biology department has provided sensitive lung carcinogenesis mouse models to 

study the radiation response from small doses of imaging radiation. While measuring 

tumor number and size from excised lungs is the primary endpoint of this research, we 

have also investigated the use of magnetic resonance imaging (MRI) to track tumor 

progression. The resulting MRI protocol and analysis tools have utility not just for our 

experiments, but could also be easily adapted for animal radiation research at other 

institutions.  

The linear accelerator research stems from a supplemental grant provided by the 

National Aeronautics and Space Administration (NASA). As longer space exploration 

missions are designed, especially those outside the protection of the earth’s magnetic 

field, the radiation risk to astronauts rises significantly. In order for these planned 

missions to be viable, there is a wealth of radiation risk unknowns that must be modeled 

and quantified. Some of this research can build upon previous earth-based experiments, 
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but some of it must also be tailored to the specific conditions relevant to space, such as 

the low gravity, reduced natural shielding, and other environmental variables.  

For one project, our research group partnered with researchers from both the 

Wake Forest Radiation Biology and Orthopedics departments to investigate the effects of 

radiation on knee joints under low gravity conditions. The goal was to design and verify 

an experimental setup that delivered a homogeneous whole body radiation dose to rats in 

a specially designed suspension apparatus. Another project investigated how our murine 

radiation model would be affected under hyperoxic conditions. During spacewalks, 

astronauts breathe 100% oxygen, and part of my research in this area was the design and 

implementation of a murine irradiation chamber with controlled gaseous conditions. 

Following this construction, the necessary dosimetry for the experiments was performed, 

again relying on ion chamber measurements and OSLDs. Once the dosimetry was 

verified, mice were irradiated under normal and hyperoxic conditions and the resulting 

tumor numbers analyzed.  

While concerns of translatability will always accompany animal studies, rodent 

models are nevertheless an essential tool in the study of radiation risk. Using clinical 

radiation devices for animal experiments can be extremely useful, efficient, and 

convenient but they are primarily set up for patient use. A well-designed radiation 

experiment must rely on a strong dosimetry foundation, and effort must be taken to 

ensure the machines are properly characterized for the needs of the experiment. This 

foundation is crucial to the interpretation of the resulting experimental data. The 

following chapters investigate these dosimetry methods and then utilize those 

calculations to explore radiation response in rodent models.  
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II. CHAPTER ONE  

DOSIMETRY FOR X-RAY COMPUTED TOMOGRAPHY MURINE 

RADIATION RESPONSE EXPERIMENTS 

	

 A large portion of my research focused on the irradiation of mice in a clinical CT 

scanner. Initial dosimetry measurements were done using an ionization chamber, and 

these remained the standard for the experimental irradiations. However, further 

investigation was also done utilizing GafChromicTM film, as well as optically stimulated 

luminescence dosimeters (OSLD) for in vivo dose verifications. This chapter describes 

the totality of that CT dosimetry work, while Chapter Two contains the details of the 

murine CT experiments.  
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IONIZATION CHAMBER DOSIMETRY 

 

Introduction 

Our research group at Wake Forest is focused on studying CT radiation response 

using mouse models of lung carcinogenesis. The experiments are designed to model the 

effects of clinically relevant doses and timelines that human patients might receive from a 

CT, and the mice are irradiated on our clinical GE Discovery ST-8 CT scanner. The 

amount of dose the experiment is designed to deliver is 3-4 orders of magnitude lower 

than therapeutic doses. As in any experiment, the integrity of the results relies upon an 

accurately quantified independent variable, and thus the dosimetry is an essential 

component of the project.  

The most trusted tool for dosimetric measurements in a radiation oncology clinic 

is the ionization chamber. While other dosimetric tools can be utilized for specialized 

tasks, the calibrated ion chamber remains the instrument of choice by which required and 

regulated QA measurements are referenced. Thus, it would be the default choice to use 

for this experimental dosimetry regardless, but its inherent geometry happens to be 

particularly fortuitous when it comes to modeling the absorbed dose to mouse lungs. The 

collection cavity (0.6 cm3) is on the order of the size of mice lungs, and it is filled with 

air, thereby naturally matching the situation seen in the lungs. Thus, simply covering the 

chamber with appropriately thick tissue-equivalent (bolus) material provides a good 

approximation of the geometry and radiological properties of the mouse we are trying to 

model.  
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CTDI Formulation 

Before I describe the dosimetry calculations performed using this bolused ion 

chamber model, it is pertinent to provide a background on the formalism of CT dose 

measurements. I will start by examining the dose from a single CT scan (one revolution 

of the x-ray source), and then show how that is related to the series of spiral scans that 

comprise most current diagnostic CT procedures. Defining the z-axis as the axis of 

rotation of the x-ray source, for a given point (x,y) a dose profile of a single CT scan, 

D1(z), can be constructed describing the dose measured as a function of position along 

the line of couch movement (parallel to the z-axis). An example of this dose profile is 

shown in the figure below (the following figures are not drawn exactly to scale, but are 

merely intended to illustrate the concepts). 

 
Figure 1. The dose profile (blue curve) along the z-axis of a single CT scan of slice 
thickness, T [redrawn from 8]. 
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As seen in the above figure, there is a clear dose peak corresponding to the slice 

thickness, T. There is also the associated scatter dose outside of this primary beam width, 

the area under which is filled in orange, which tail off (theoretically) to infinity. The total 

dose can be calculated by integrating the area under the entire curve. The dose descriptor 

that has been developed to describe the dose from a CT system with various scan 

distances and conditions of operation is known as the computed tomography dose index 

(CTDI). It is the total integrated dose divided by the slice thickness, as shown in the 

equation below, denoted as C [8]. 

                                     

€ 

C =
1
T
⎛ 

⎝ 
⎜ 
⎞ 

⎠ 
⎟ D1 z( )
−∞

∞

∫ dz     (23) 

As previously mentioned, most clinically used diagnostic CT procedures involves 

a series of scans (multiple x-ray source revolutions) as the table moves the anatomy of 

interest through the beam. As the number of scans N increases, the single scan dose 

profiles will superimpose and sum together. The average dose to the central point will 

increase with the number of scans but it will reach a limiting value when the first and last 

scans of the series are sufficiently separated from the central scan of the series so that 

they do not contribute any significant dose to the region of the central scan [8]. This is 

shown in the figure below.  
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Figure 2. The dose profile DN,I (z) for multiple scans separated by the slice distance I, 
showing how the single profiles are superimposed and summed together, eventually 
reaching a limiting height, denoted as the multiple scan average dose [redrawn from 8]. 
 

This limiting value is defined as the multiple scan average dose (MSAD), and is given by 

the equation below: 

    

€ 

MN , I =
1
I
⎛ 

⎝ 
⎜ 
⎞ 

⎠ 
⎟ DN , I z( ) dz
−I
2

I
2

∫                     (24) 

 This is the key result that relates the dose profile of a single scan to a multiple 

scan profile. It has been verified and published by multiple authors that, as long as the 

series is long enough so that the first and last scans do not contribute any significant dose 

to the width T of the central scan of the series, the MSAD is equal to the line integral of 

the multiple scan dose profile divided by the distance between successive scans [8-10]. 

Mathematically, 
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€ 

D1 z( )
−∞

∞

∫ dz = MN , I = DN ,T z( ) dz
−T
2

T
2

∫         (25) 

which, in terms of equations 23 and 24, with the slice thickness T equal to the distance 

between scans I gives: 

€ 

C = MN , T           (26) 

 This result is perhaps most easily explained graphically and is described below in 

the legend of Figure 3.  

 
Figure 3. The orange section in Figure 1 (corresponding to the area under the single dose 
profile curve outside of the central width T) is equal to the purple dotted area under the 
multiple dose profile curve shown in Figure 3 above. Phrased another way, the scatter 
tails of the single dose profile are equal to the portion of the multiple scan tails that 
overlap into the central region of the multiple scan profile i.e. the orange portions of both 
Figures 1 and 3 are equivalent, and their superposition (purple dotted region) with the 
single dose profile results in the MSAD [redrawn from 8].   
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This is an elegant and remarkable result. It allows one to measure the dose profile 

of a single CT scan and estimate the average dose at a point in a multiple scan series. For 

cases where the distance between scans is different from the slice thickness,  

     

€ 

MN , I =
T
I

⎛ 

⎝ 
⎜ 
⎞ 

⎠ 
⎟ ∗C                      (27) 

For CT procedures with the table in motion, there is a parameter defined as pitch,  

                         

€ 

pitch =
table distance traveled in one rotation

radiation beam thickness
=

I
T

                         (28) 

which indicates the degree of overlap between consecutive slices. A pitch of 1 indicates 

no overlap, for a pitch < 1 there is overlap between consecutive slices, and a pitch > 1 

implies there are gaps between slices. Reframing Eq. 27 in terms of this scan parameter 

gives: 
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MN , I =
1

pitch
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ ∗C          (29) 

The dosimetry for the murine experiments integrally depends on the above 

formalism. An ion chamber measurement is collected for a scan of one revolution, and as 

long as i] the chamber is long enough to sufficiently collect enough of the single dose 

profile, and ii] the number of scans is large enough so that the first and last scans of the 

multiple scan series do not contribute significant dose to the region of interest, the single 

revolution measurement can be used to estimate the dose delivered to the mouse lungs by 

a multi-slice helical CT protocol.  
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Materials & Methods 

For these measurements, a NEL 2505 ion chamber with its buildup cap on was 

wrapped in 1 cm thick water equivalent bolus material, for a total diameter of 2.8 cm. For 

throughput and efficiency, the mice in these experiments are irradiated in rows of two, so 

the bolus-wrapped ion chamber was then placed onto the CT table next to a similarly 

sized cylinder of coiled bolus material, so that the scatter and attenuation from the paired 

mouse would be properly taken into account. An image of this setup is shown below: 

 
Figure 4. An image of the bolus wrapped ion chamber (right) on the CT table next to a 
cylindrical bolus mouse phantom. 
 

The ion chamber was supplied with NIST traceable calibration factors for a 150 

kVp source (with a 0.65 mm Cu HVL) and a 90 kVp source (with a 4.2 mm Al HVL). A 

linear interpolation was performed in order to obtain a calibration factor, Nk, for our 

desired 100 kVp CT operating voltage.  

        

€ 

Nk = 4.2075∗107 Gy
C

         (30) 
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Although there are a few ways to adjust the dose on a CT scan, it was decided to use the 

x-ray tube current as our variable parameter since it scales linearly with the dose. Other 

parameter decisions, such as the slice thickness and distance/rotation were chosen to 

ensure that the CTDI formalism would be applicable. Another factor we tried to optimize 

was the amount of tube cooling required in between successive scans, as this would 

ultimately be the limiting factor for how efficiently we would be able to irradiate the 

mice. As this is a clinical device, research availability for animal studies was limited, 

typically relegated to early pre-clinic hours. A table of the chosen CT parameters is 

provided below. 

 

 

 

 

 

 

 

              Table 1. The CT parameters for the low dose murine CT experiments.  

A relationship between the current (mA) and mouse lung dose (mGy) for the 

above CT settings was developed. Once we determined the relationship, quality 

assurance measurements were then performed and recorded to establish the baseline 

dosimetry for the study. The NEL chamber was used with a calibrated Inovision 

electrometer serial number #99353, with a correction factor of 1.000 C/C. Following the 

Energy 100 kVp 

Tube current Varies with desired dose (10 – 640 mA) 

Time 1 sec/revolution 

Slice thickness 1.25 mm 

Field-of-view 200 mm 

Image grid 512 x 512 pixels 

Pixel size 0.3906 mm 

Pitch 0.75:1 

Speed 3.75 mm/rotation 

Dose/fraction Varies with current (1.25 – 80 mGy) 
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CTDI formalism, a one-revolution scan was delivered according to the parameters in 

Table 1. The scanner was centered on the active volume of the chamber, and the total 

length of the bolus cylinder surrounding the ion chamber was 10 cm. Ion chamber 

readings were averaged over two measurements. The dose to air was calculated by the 

equation: 

       

€ 

Dair =Q∗CTP ∗Celec ∗Nk ∗
1

pitch              (31) 

As seen in Eq. 29, dividing by the pitch accounts for the slice (and dose) overlap that will 

exist in the multiple scan slice since the table is set to move less than a full collimated 

beam width per rotation. The temperature and pressure correction factor, CTP, exists to 

adjust for the variability of the volume of air molecules in the chamber. For more details 

on its formulation, see Eq. A2.1 in Appendix 2.   

 

Results & Discussion 

For a 400 mA delivery and an intended dose of 50 mGy, the dose to air was 

calculated as: 

   

€ 

0.8524 nC( )∗1.033∗1.000∗ 4.2075∗107 GyC
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For an 80 mA delivery and an intended dose of 10 mGy, the dose to air was calculated as: 
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These calculated values differ from the expected dose values by 1.2% and 1.3% 

respectively. These are within typical dose tolerances in the radiation therapy setting 

(3%), and well within accepted tolerances for diagnostic dosimetry, which tends to be 

less precise in comparison. CT daily output fluctuations can vary as high as 3%, and x-

ray tube wear over time can account for another 2% [11]. Even GE as the manufacturer 

only requires CT commissioning values to be within ±15%. For these reasons, and 

because only whole numbers of milliamperes can be entered into the CT console, it was 

decided to use the nominal dose values to establish the dose to current relationship for 

these experiments. That is, setting 80 mA = 10 mGy, and scaling all subsequent desired 

doses from this relationship. However, for the purposes of this dissertation, in the 

following sections when percent error for film and OSLD measurements is calculated, the 

more precise ratio of 0.1235 mGy/mA was used (even though the nominal whole 

numbers are still used for ease of display in the charts). These values are summarized in 

the table below. 

Current (mA) Nominal Dose (mGy) 
0.125 mGy/mA 

Actual Dose (mGy) 
0.1235 mGy/mA 

10 1.25 1.235 

40 5 4.94 

80 10 9.88 

240 30 29.64 

400 50 49.4 

640 80 79.04 

     
   Table 2. Dose as a function of tube current for our murine radiation protocols. 
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 It’s important to ensure that the constraints required to appropriately utilize the 

CTDI relationship between single and multi-slice profiles were being met. A film 

measurement was made for the one-revolution, 5 mm beam width and the resulting single 

slice beam profile was analyzed. The 2-D colormap of the film is shown below, with the 

long axis of the film aligned with the axis of rotation of the CT scanner. 

                                          
 
Figure 5. The spatial distribution for a one revolution, 5 mm beam width axial scan 
following our established CT parameters in Table 1.  
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A vertical (relative to the film orientation) profile for this single slice was obtained, 

thereby presenting real data for a D1(z) profile to analyze in the manner of Figure 1. This 

z-axis dose profile is shown below.  

 
Figure 6. A z-axis dose profile of our 5 mm beam width, showing the slice thickness, T, 
in red and the length of the collecting region of the ion chamber (24.1 mm) in purple.  
 

Figure 6 confirms that the use of Eq. 29 to estimate the multiple slice dose to the 

mouse lungs via a single slice ion chamber measurement was an acceptable choice. The 

ion chamber had an integrating length of 24.1 mm, which is shown above to be long 

enough to collect all of the significant dose. Furthermore, examining the total dose profile 

width allows us to conclude that the scatter tails of the first and last scans will not 
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significantly contribute to the point dose at the mouse lungs (the second requirement for 

CTDI use), as we performed whole-body scans and the mice lungs are located much 

more than the above maximum profile width (~1 cm) from either end of the mouse.  

As a final confirmation of our methodology, our measurements were verified by a 

board certified diagnostic physicist. Dr. Robert Dixon (a contributing author to many of 

the early CTDI publications) was in our department performing CT commissioning and 

was kind enough to compare our measurements with his chamber measurements (which 

were crossed referenced to a NIST traceable, 10 cm integrating pencil chamber), and our 

measurements were found to be in nearly perfect agreement.  

This full exploration of the ion chamber dosimetry for our mouse model allowed 

us to proceed with confidence through the rest of our experiments. As alternative relative 

dosimetry methods are investigated, they will rely on calibration curves, so it is essential 

to have a solid foundation before moving forward. Although the air-filled ionization 

chamber is particularly well suited to lung dosimetry, this methodology could still be 

applied to model the dose to other organs. It would simply require more thoughtful 

consideration of the geometry, and the use of attenuation coefficient ratios similar to Eq. 

21. The next two sections investigate how two other dosimetry methods can add to our 

understanding of dose in this mouse model.  
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FILM DOSIMETRY 

	
Introduction 

Film is another type of commonly used dosimeter used for radiation delivery 

quality assurance tests. It functions particularly well when investigating 2-D spatial 

distributions, but it can also be calibrated for use in dosimetry. The active layer is 

polymerized by radiation, undergoing a change in opacity (optical density), which can be 

related to absorbed dose through a calibration curve. GafChromicTM (Ashland Inc., 

Fiskeville, RI) film is a popular type of self-developing processorless film frequently 

used in radiotherapy quality assurance measurements. More recently, the company has 

released the XR-QA2 film intended as a quality assurance tool for diagnostic radiology. It 

is capable of measuring dose ranges from 1-200 mGy over energy ranges from ~20-200 

kVp [6]. It contains a 25 µm thick active layer, consisting of H, Li, C, N, and O so that it 

is radiologically similar to tissue. The active layer also contains Bi2O3 to boost the 

photoelectric effect at low energies [8].        

 

Figure 7. A diagram of the XR-QA2 film layers. The 25 µm active layer (purple) is 
attached to a reflective white 97 µm polyester backing via a 3 µm thick surface layer. On 
top of the sensitive layer there is a 15 µm thick pressure sensitive adhesive to which a 97 
µm protective yellow polyester is over-coated [12]. 

 

There is not a consensus in the literature regarding the range of dosimetric 

uncertainty in the XR-QA2 film, with reports generally ranging from ± 6-14%, but some 
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acknowledged outlier data of ± 20-30% [13-16, Ray Minasi, Ashland Inc. personal 

communication]. Response among different film batches has been shown to vary as much 

as 55% [14]. Thus, the gold standard for the dosimetry in our CT murine experiments 

remains the ion chamber measurements – investigation into film dosimetry is intended 

only as a second verification.  

 

Materials & Methods 

As with all film dosimetry, handling consistency is essential. A mark is placed in 

the upper right corner of each film sheet, and as film strips are cut, this mark is replicated 

in each top right corner to maintain consistency in orientation. After irradiation, all film 

was stored for 48 hours to allow the polymerization to stabilize. The Lot # used for these 

measurements was 02201501. 

The film was scanned using an Epson Expression® 10000XL flatbed color 

scanner (Seiko Epson, Nagano, Japan), in landscape mode with the short edge of the film 

parallel to the scan direction, placed in the center of the scanner so that any scanning 

linearity effects would be consistent.  Film strips were both irradiated and scanned in the 

same orientation. As a result of the white polyester backing, XR-QA2 is an opaque film, 

and must be scanned using reflective densitometry. Images were scanned at 72 DPI and 

saved as 48-bit RGB figures in tagged image file (TIF) format. All image analysis was 

performed with Doselab ProTM (Mobius Medical Systems, Houston, TX).  

Film was cut into 2 x 10 inch2 strips for calibration measurements. Irradiation was 

performed on a clinical GE Discovery ST 8-slice helical PET/CT scanner, using the same 
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scan parameters verified in the previous ion chamber dosimetry section. A calibration 

curve was constructed from irradiating film strips at dose points ranging from 0-80 mGy 

and fitting the curve with a 3rd order polynomial.  

 

Figure 8. A plot of the calibration curve used to calibrate the XR-QA2 film for dosimetry 
applications. 

 

Using this calibration curve, optical densities can be translated to dosimetric 

measurements. For the film-in-phantom dosimetry measurements, polyvinyl chloride 

tubing was used in order to mimic the cylindrical mouse phantom geometry utilized in 

the ion chamber dosimetry. Tubing with a ¾ inch inner diameter was bisected so that film 

strips of 1 x 5 inch2 could be inserted into the mid-plane. This was then wrapped with the 

same tissue equivalent bolus used in the ion chamber measurements. Although this 

resulted in a slightly larger diameter cylindrical film phantom compared to the ion 

chamber (1.74 cm increased diameter), it was a necessary compromise in order to use 1in 
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width film strips following recommendations from the manufacturer to minimize the 

sampling and artifact errors that arise from strips < 1 inch.  The film was irradiated 

oriented parallel to the CT table (i.e. coronal mid-plane), except when otherwise noted. 

 

 



	 39	

Results & Discussion 

Illustrative examples of the resulting 2-D colormaps are shown below in Figure 9. 
 

         

Figure 9. 2-D colormaps of the film-in-phantom dose distributions for 100 mGy and 50 
mGy. 
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  For quantitative data, regions of interest of 4.0 cm2 were selected in the middle of 

the film strips, approximately in the position where the mouse lungs would be located. A 

summary of the results of this quantitatve dosimetry are shown in the table below.  

 
Table 3. Film dose measurements shown in comparison to expected values. The reported 
error bars shown are the standard deviations. Data was sampled from a 4.0 cm2 ROI. 
Multiple central axis regions of interest were investigated to ensure that the regions 
chosen were a representative sample.  

 

The average error in the film measurements was 12.93%. While the reported 

percent errors for these measurements are higher than is typically desired for dosimetry 

tolerances, the magnitudes are in line with what has been reported in the literature for the 

XR-QA2 film [13-16]. Furthermore, the average error is heavily skewed by the 5 mGy 

film. Although the 5 mGy film does have a large percent error, it is important to 

recognize that this 29.18% error only represents a dose magnitude error of 1.44 mGy. 

Future work could investigate using smaller diameter tubing to better model our mouse 

geometry, however 1 inch wide film strips are already right at the minimum tolerance 

recommended by the manufacturer. In the comparison between the sagittal and coronal 

irradiation orientations, the 20 mGy film irradiations were found to have no statistical 

difference.  

Nominal Expected 
Dose (mGy) 

Film Measured Dose 
(mGy) Percent Error 

100 104.38 ± 2.92 5.65% 
50 57.11 ± 1.66 15.61% 
20 21.41 ± 0.69 8.37% 

20 (sagittal orientation) 21.33 ± 0.58 7.94% 
10 10.95 ± 0.27 10.87% 
5 6.38 ± 0.18 29.18% 
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ROI pixel sampling provides an average dose. Dose line profiles can also be 

obtained in order to better investigate spatial dose differences. Examples of horizontal 

and vertical line profiles analyzed from the 50 mGy film are shown below.  

 

 
 
Figure 10. Horizontal dose profile of the 50 mGy film at y = 1.55 cm. The mean central 
axis dose is 6.75% higher than the periphery.  
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Figure 11. Vertical profile of the 50 mGy film at x = 1.30 cm. The step function type 
behavior shown correspond to ~5% dose variations. 
 

The dose profile measurements shown in Figures 10 and 11 allow one to 

investigate the uniformity of this dose delivery. The horizontal profile shows a slight 

maximum on the central axis (~7%), which is to be expected – as the fan beam rotates 

around the phantom, the isocenter receives a consistent dose. The most interesting result 

is the “stripes” seen in the vertical profile. This was an area where the film measurements 

contributed additional information to the dose distribution. Whereas the ion chamber 

provides a “point” measurement (averaged over the cavity volume), the film provided 

more spatial information. The step function “stripes” appear consistently on all the film 
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measurements, and are on the order of ~1.5 mm. Coupled with a 3.75 mm/rotation CT 

speed and a pitch of 0.75, this is the right width to conclude that the stripes result from 

minor table attenuation (~5%), as the x-ray tube source spends half of its time under the 

table. This is in line with CTDI dosimetry protocols that are designed to be used hanging 

off the end of the table via an extender, acknowledging the attenuation effect of the table. 

While this non-uniform dose distribution might be seen as less than ideal from a 

biological radiation delivery standpoint, it nevertheless is the true distribution that results 

from using the CT as a radiation source. This research is intended to reproduce clinically 

relevant CT dose and thus the dose distribution should accurately reflect that.  

This film dosimetry served as a worthwhile second verification of our ion 

chamber dosimetry, while also providing an enhanced understanding of the spatial 

dosimetry in our model. Future work could investigate corrections for scanning and 

handling artifacts to possibly improve dose accuracy. Studies could also be performed to 

determine how dose error varies as a function of film size, and how small film could be 

cut until noise and sampling artifacts begin to dominate. Because of vendor 

recommended limits, it was decided that the recommended minimum-size film strips 

were too large to insert into a mouse carcass for in vivo dosimetry, but future studies 

using rats may more appropriately utilize this approach. As a result of these size 

limitations, it was decided that optically stimulated luminescent dosimeters potentially 

would be the better tool for in vivo experiments.  
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OPTICALLY STIMULATED LUMINESCENCE DOSIMETRY 

	
Introduction 
 

Optically stimulated luminescent dosimeters (OSLDs) are a relatively new entry 

into the field of in vivo dosimetry. The technology has been developed over the last 25 

years and they were widely adopted in radiation protection settings, but their use in 

radiation therapy has only grown in the last decade as more research has been done to 

characterize their response [17-20]. Luminescence has long been used as a dosimetry 

method, but it was previously limited to thermoluminescence (TLD). The physics behind 

both phenomena is the same, the only difference lies in whether light or heat is used to 

stimulate the luminescence. Luminescent dosimeters make use of solid-state crystals with 

carefully designed electron hole defects [20]. These crystals are doped to provide 

metastable states in the forbidden band that serve as electron traps in between the valence 

and conduction bands. When radiation interacts with the crystal, photons transfer their 

energy to the electrons, which become trapped in this metastable state. Upon stimulation 

with the correct light frequency (optically stimulated luminescence) or heat 

(thermoluminescence), the electrons fall back down to the ground state, and due to 

conservation of energy, emit characteristic light. These photons are then detected by a 

sensitive photomultiplier tube (PMT), and the number of photons is directly proportional 

to the absorbed radiation dose. An illustration of optically stimulated luminescence is 

shown below: 
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           Figure 12. A diagram of optically stimulated luminescence [redrawn from 1]. 

 

OSLDs provide many advantages as a dose measurement tool. They are small and 

unobtrusive, allowing for fast and accurate in vivo dose verification. In the radiation 

oncology clinic, they are often employed for a surface dose measurement above a 

patient’s pacemaker in order to ensure the dose tolerance of the device is not exceeded. 

They are also used as a second verification for point doses that the treatment planning 

software might have had difficulty calculating (for example, the surface dose from an 

electron beam nasal treatment). They are easy to process, and can be analyzed within 

minutes after irradiation, in great contrast to TLDs, which require significantly more time 

and effort to process. They can provide high sensitivity point measurements for both 

surface and depth dose, over a wide energy range covering both therapy and diagnostic 

uses.  

 

Materials & Methods 

This research utilized nanoDots (Landauer, Inc., Glenwood, IL), which were read 

using the calibrated InLight MicroStar OSL reader (Landauer, Inc., Glenwood, IL).  The 
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nanoDot disc is 5 mm in diameter, layered as a 0.15 mm thick protective polyester layer, 

a 0.15 mm thick sensitive layer, and a 0.05 mm thick protective backing of polyester. The 

sensitive layer is comprised of aluminum oxide doped with carbon (Al203:C). The 

average density of the composite nanoDot disc is 1.41 g/cm3 [18, 21]. The discs are then 

encased in a 10 x 10 x 2 mm light-tight plastic holder. Images of the nanoDot and InLight 

reader are shown below. 

              

Figure 13. – Images of the nanoDot OSLD, in the closed (left) and open (right) position. 
Note the dosimeter is never opened manually during regular operation, this orientation is 
shown only for informative purposes. The circle with crosshairs under the barcode 
indicates the asymmetric location of the disc (1 mm off-center) when the nanoDot is 
encased in the plastic housing. 
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Figure 14. The InLight dosimeter reader (top) and nanoDot loader (bottom). The reader 
uses LED light at a wavelength of 540 nm for 1 s of stimulation, which releases the 
stored energy in the nanoDots as luminescence at a wavelength of 420 nm [19].   

 

These commercial OSLDs have an advertised energy range from 5 keV to 20 

MeV, a dose operating range of 10 µGy to > 100 Gy, minimal angular dependence, and a 

dose accuracy (total uncertainty in a single measurement) of ±10% [21]. Especially as 

their use has migrated to therapy, much research has been devoted towards 

experimentally verifying these claims, and they have generally held true [17-20, 22-26]. 

The nanoDots demonstrate good linearity, accuracy, and reproducibility results with very 

minimal energy dependence (in the MV range) [17-19, 24]. Correction factors reported 

are typically < 5% [17-20, 22-26].  There is still not a consensus in the literature on 

angular dependence, with some authors reporting as high as 16% response difference, and 

others finding no or minimal angular dependence [18-19, 24-25]. For those that reported 

high angular dependence, they noted the effect is much more strongly pronounced for 

measurements in air vs. phantom, and that calibration by a rotating source can help to 

mitigate the effect [19, 24].  

While the nanoDots have shown minimal energy dependence at MV beam 

energies, the manufacturer provides significant details on the energy variation for kV 
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beams. The effective atomic number of the crystalline aluminum oxide is 11.2, which is 

substantially more than the effective Z of soft tissue (~7.4). At megavoltage beam 

energies, where the ~Z-independent Compton effect is the dominant interaction, this does 

not pose a problem. However, at diagnostic kilovoltage energies where the photoelectric 

effects plays a much larger role, Landauer warns that the nanoDots can over-respond by a 

factor of 3 – 4 [21]. A plot of this kilovoltage energy response for carbon doped 

aluminum oxide is shown below.  

 

Figure 15. The difference in energy response of Al2O3 between diagnostic x-rays and 
high-energy photons [21, used by permission]. 

 

This response is to be expected, as the photoelectric effect is proportional to the cube of 

the atomic number, so small differences in atomic number can have a large effect on 

absorbed dose. While calibration curves specific to the energy spectra and design of the 

experiment should always be constructed, it is absolutely essential that a unique 
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calibration be performed specific to the energy and filtration utilized in diagnostic x-ray 

experiments in order to obtain any meaningful data. 

A linear calibration curve was constructed using the same cylindrical bolus 

material utilized in both the ion chamber and film dosimetry measurements. NanoDots 

were placed inside the bolus cylinder, with the active region aligned parallel to the CT 

table. Irradiations were performed for doses of 5, 10, 20, 50, 75 and 100 mGy (plus an 

unirradiated control), using the ion chamber measurements for the absolute dose 

reference. This curve and associated calibration factor is generated within the microStar 

(Landauer, Inc., Glenwood, IL) software that accompanies the InLight reader. The 

software then computes the dose on the chip as: 

                                 

€ 

Dose =
PMT counts

calibration factor∗ sensitivity
                    (34) 

The sensitivity value refers to a manufacturer supplied correction factor that is specific to 

each individual nanoDot, as the manufacturing process of the OSLDs results in minor 

differences in the amount of aluminum oxide in each dosimeter. For the OSLD batch 

used in this work, sensitivities ranged from 0.89 – 0.97, and the software automatically 

inputs this factor once the 2-D barcode on the nanoDot is scanned.  

For the in vivo murine measurements, previously sacrificed mice were partially 

dissected. Their chest cavity was cut open, taking care to perform the minimum amount 

of incisions as possible in order to best maintain the natural anatomy of the mouse. The 

nanoDot was wrapped in a thin layer of plastic wrap to shield it from biological materials 

and inserted into the chest cavity of the mouse. Unless otherwise noted, the nanoDot was 
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placed parallel to the CT table, in a coronal orientation. The chest cavity was then folded 

up, and the mouse placed in its typical radiation position on its stomach. All of the 

procedures in this study were approved by our Institutional Animal Care and Use 

Committee. 

The majority of measurements were conducted on a single carcass, but there were 

three measurements taken on an alternate carcass to evaluate any dose differences 

resulting from natural anatomical variance. Measurements were performed using doses 

ranging from 1.25 – 80 mGy. Each dose point was repeated on three separate nanoDots to 

allow for a standard deviation calculation to be generated. Furthermore, to account for 

any reading inconsistencies, each nanoDot was measured by the InLight reader three 

times, and the average measurement was recorded. To test for angular dependence, two 

nanoDots were aligned in different orientations. Peripheral dose was also investigated.  
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Results & Discussion 

 

Table 4. OSLD measurements shown in comparison to expected values. The reported 
error bars shown for the measured dose are the standard deviations. 

 

The summary of the OSLD results is shown in the above table. All of the OSLD 

measurements were within the manufacturer tolerance of 10%, and excluding the 1.25 

mGy measurements, follow a trend of measuring less dose than expected based on the ion 

chamber phantom dosimetry. While the 1.25 mGy measurements are an outlier to this 

trend, it’s important to take into account the magnitude of this error, as it is one instance 

where reporting percent errors tends to skew the perception of the results. The 9.94% 

relative percent error appears high, but it results from a dose discrepancy of merely 125 

µGy. This is approaching the advertised dose operating range of the nanoDots, and future 

work could be done investigating the reliability of the OSLDs at such small doses. 

In general, these measurements serve as an excellent confirmation of the ion 

chamber dosimetry. While the ion chamber setup was designed to mimic the mouse 

Expected Dose 
(mGy) 

OSLD Measured 
Dose (mGy) Percent Error 

80 72.73 ± 0.93 -7.94% 
30 27.94 ± 0.92 -5.75% 

30 (alternate carcass) 27.15 ± 0.79 -8.41% 
5 4.68 ± 0.12 -5.19% 

1.25 1.36 ± 0.01 9.94% 

   
50 (lung cavity) 47.06 -4.73% 
50 (peripheral) 43.30 ± 1.33  

   
30 (sagittal orientation) 28.32 -4.45% 
30 (axial orientation) 27.29 -7.92% 
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geometry as best as possible, there is still no substitute for measuring the actual in vivo 

dose absorbed by a real mouse anatomy. The 2.7% difference between the 30 mGy dose 

delivered to two different mice was not statistically significant, giving confidence that 

these results are a reasonable approximation of the dose delivered to all the mice in this 

study. Still, mice have some natural variation in size and this will affect the attenuation 

for each individual mouse so one must be realistic with dose delivery tolerances when 

designing a study.  

There was no significant difference in the measured doses for delivery of 30 mGy 

to nanoDots in the coronal, sagittal, and axial orientations. This agrees with the literature, 

as the two suggestions to minimize angular dependence (rotating source calibration and 

avoiding pure air measurements) were adhered to. The peripheral dose measurements 

(relative to the lung cavity dose) were in agreement with the film horizontal profile 

measurements. The film measurements had a ~7% higher central dose, while the 50 mGy 

lung cavity nanoDots were 8% hotter than the peripheral (skin) dose to the mouse.  

While the OSLDs largely demonstrated excellent verification of our ion chamber 

dosimetry, it is evident that nearly all of the nanoDot measurements consistently trend 

under the expected dose values. This could perhaps be explained by the physical 

differences between the ion chamber setup and the actual in vivo mouse anatomy. In 

addition to tissue and air, the in vivo mouse contains bone surrounding the lung cavity 

(ribs and spine). Although it is a relatively small amount of bone, the attenuation at these 

kilovoltage energies as a result of the photoelectric effect is proportional to the atomic 

number cubed. As bone has an effective atomic number of 13.8 compared to 7.4 for the 

lungs, it would not require much bone to have a significant effect.  
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Below is a rough calculation (using Eq. 11), which estimates the increased 

attenuation from 0.5 mm of soft tissue being replaced by bone. Values for the mass 

energy-absorption coefficients, 

€ 

µen

ρ
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⎝ 
⎜ 

⎞ 

⎠ 
⎟ , were obtained from NIST data tables at energies 

of 30 kV, based off the approximation that the 100 kVp CT beam will have an average 

energy that is one-third of the maximum energy [27].  
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€ 

Δ Itissue
bone = − 0.0891∗100 = − 8.91%         (38) 

Thus, replacing 0.5 mm of soft tissue with bone would result in an increased 

attenuation of 8.91% for 30 kV photons. This is likely an overestimate of the true 

situation, since a 100 kVp beam would have some photons of greater energy than 30 kV 

that would not as strongly over-attenuate in the bone. The mean percent error in Table 4 

(excluding the angular dependence measurements and 1.25 mGy outlier) is -6.41%. This 

is at least on the same order as this rough calculation, and could provide a reasonable 

explanation. If the bone thickness was 0.35 mm (ribs are not a uniform sheet of bone so 
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this parameter will have some variation), the reduced attenuation calculates as -6.34%, 

even closer to what was observed in the OSLDs.  

The optically stimulated luminescent dosimeters provided an excellent method for 

in vivo dose verification. While the gold standard in dosimetry for the experiments 

outlined in the next chapter will always rely on the ion chamber, dosimetry of radiation at 

kilovoltage energies delivered from a rotating source with a moving table can be 

challenging. Any alternative measurements that can provide increased confidence in the 

results have significant benefit to our experimental work. If the correlation between 

surface dose and the lung dose was more rigorously developed, the nanoDots could also 

be used as a quick and efficient dose monitor throughout the experiment, to ensure (and 

provide a quantitative record) that the dose delivery remained consistent over the course 

of the weeks or months it takes to irradiate all the animals in the experiment.  
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III. CHAPTER TWO 

RADIATION DOSE RESPONSE FROM LOW DOSE X-RAY 

COMPUTED TOMOGRAPHY IN A MURINE MODEL  

	

The primary interest of our research group at Wake Forest focuses on the possible 

radiation risks from low doses of imaging radiation, specifically on lung tumorigenesis. 

Improvements in the treatment of lung cancer have lagged behind some of the progress 

made for other solid tumors in the last 30 years. A possible avenue for improvement that 

has been identified is early detection screening, not unlike the improvements seen in 

breast cancer survival rates stemming from mammography. However, the possible 

benefits of such a program integrally depend on quantifying the radiation risks. Those 

risks are further complicated by the patient cohort, as many of those at high risk for lung 

cancer due to cigarette smoking could potentially show higher radiosensitivity as a result 

of the preexisting cigarette damage to their lungs.  

Our research group seeks to quantify these risks using sensitive lung tumor mouse 

models. The results have utility far beyond a cancer screening program. Medical 

diagnostic imaging has dramatically increased over the past few decades. While it 

provides a remarkable tool in the treatment of disease, it is important to understand all of 

the benefits and risks of ionizing imaging radiation so that it can be utilized most 

effectively. As carcinogenesis can manifest over large time scales, epidemiological 

studies are at a disadvantage to provide recommendations for current clinical practices. In 
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vivo animal research is one way to investigate these radiation risks now, to provide 

clinically relevant data before longitudinal studies can be produced.  

I gratefully acknowledge that these murine model radiation experiments are the 

result of collaborations with many individuals and departments, and the scope of the 

project is larger than some of the other work presented in this dissertation. As such, I 

have tailored the chapter to focus on a specific dose response study, for which I was 

integrally involved at all stages – experimental design, data collection and analysis, and 

presentation of the results. Joseph Moore and I were responsible for the colony 

management, irradiation, and tumor analysis of the 260+ mice in this study. This work 

relies on the foundation of the dosimetry presented in Chapter One, and it is included as a 

chapter to elucidate how that work is applied to a clinical medical physics environment.  
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Introduction 

 The amount of radiation exposure to the general public has been steadily 

increasing for the last few decades. The majority of this increase is owed to the 

proliferation of medical procedures that utilize ionizing radiation. In the United States 

from the 1980s to 2006, the average effective dose per individual rose from 3.6 mSv to 

6.2 mSv, with the contribution of medical procedures to this dose rising from 15% to 

48% [28]. Among these medical procedures, the frequency of computed tomography has 

increased more than 20-fold [29].  

This sharp spike in radiation use has raised concerns about the safety of ionizing 

radiation, especially with regard to imaging, where the dose is often overlooked or 

considered negligible [30, 31]. Recent studies using small relative risks multiplied by 

large population numbers have estimated that medical CT exposures may produce as 

many as 29,000 excess tumors annually in the United States [32, 33]. However, the 

methodology and validity of these estimations has been heavily debated [34, 35]. There is 

a demonstrable need to better characterize the risks and benefits of low dose radiation.  

Currently, radiation risk models are based on epidemiological studies, primarily 

from the Japanese atomic bomb data [36, 37]. However, the application of this data to 

low dose radiation risks is not ideal. Most of the data is generated from high-energy, 

high/moderate dose (>500 mGy), single exposure that is then linearly extrapolated to the 

low-energy, low dose, multiple exposures that are encountered in a medical setting. This 

extrapolation is done conservatively and not with unreasonable assumptions, but this 

could still underestimate the carcinogenic risk for cancer prone populations, such as 

current and former cigarette smokers or carriers of oncogenes such as BRCA1/2. 
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To help fill this void, our research group has focused on the carcinogenic effects 

of low dose CT radiation to cancer-susceptible populations. CT screening for lung cancer 

raises a particularly interesting cost-benefit scenario. At present, ~80% of lung tumors are 

diagnosed after the disease has already progressed to regional or distant sites for which 

the five year survival probability is less than 10%.  Yet, if the patient is diagnosed at an 

early-stage with a localized lung tumor, the five-year survival jumps to 54% [38]. CT has 

the capability to aid in this early detection; the National Lung Cancer Screening Trial 

reported that annual CT scans of current and former smokers could reduce lung cancer 

mortality by 20% compared to standard planar chest x-rays [39]. However, at ~10 mSv, a 

CT scan delivers about two orders of magnitude greater dose compared to a planar x-ray 

[40]. Current and formers smokers are a cancer-susceptible population and a CT 

screening program could ultimately inflict more harm than benefit if the increased 

radiation exposure leads to the initiation or promotion of tumorigenic cells. Further 

research is essential for the establishment of appropriate risk guidelines.  

 To study the effects of low dose CT radiation, our research group has utilized 

various cancer-susceptible mouse models, intended to mimic current and former smokers 

with a wide spectrum of human carcinogenic mutations. The DOX model is based on a 

human Ki-ras mutation, whereas the NNK model utilizes an injection of a chemical 

carcinogen. While the carcinogenesis in the mouse models is generated through different 

pathways, the clinical manifestation in all of them is similar. These mice develop a 

number of lung tumors purely as a function of the model.  Then, using a clinical CT 

scanner, we irradiated these mice with fractionated low doses of radiation and measured 



	 59	

the excess carcinogenic effects resulting from the radiation. Some of these results are 

summarized in Figure 1 below.  

 

Figure 1. A. Whole-body CT exposures increase the tumor formation only in mice 
expressing the mutant Ki-rasG12C gene (DOX model). There was no statistical difference 
between the doses (delivered in 4 fractions, totaling 80-160 mGy), and so the radiation 
dose groups were all combined into an ionizing radiation (IR) group. B. The combined IR 
group of mice expressing the mutant Ki-rasG12C gene receiving doses of 80-160 mGy 
showed a 43% increase in tumor formation (p < 0.05). C. The radiation-induced excess 
tumor formation in a chemical carcinogenesis mouse model of mice exposed to 
fractionated CT doses totally 40-200 mGy (NNK model). Again, this response was dose-
independent, and so the dose groups were combined. D. Mice in the chemical 
carcinogenesis model exposed to radiation doses of 40-200 mGy developed an excess 
mean tumor formation of 93% compared to unirradiated mice in the same model (p < 
0.0001). In both the cancer-prone NNK and DOX models, irradiated females had more 
tumors than irradiated males (data not shown). 
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As seen in Figure 1, small doses of CT radiation have shown to significantly 

increase tumor formation in our mouse models. However, a crucial component of our 

research that must be emphasized is that the radiation induced excess tumor formation 

observed in our mouse models is only present for the cancer-prone mice. These are mice 

that develop a baseline quantity of tumors as a result of the introduction of genetic 

mutations or chemical carcinogens, and the addition of small doses of CT radiation 

results in an excess formation of tumors. The control (healthy) mice in our studies, which 

express no cancer susceptibility genes, show no response to these small levels of 

radiation.  

Both of these studies demonstrated a dose-independent radiation response, which 

is incongruous with the currently accepted Linear No-Threshold (LNT) model of cancer 

risk as a function of radiation dose. Furthermore, both studies in Figure 1 utilized a 

fractionated exposure schedule intended to approximate what was used in the National 

Lung Cancer Screening Trial [39]. However, most diagnostic procedures result in the 

patient being exposed to single doses. Therefore, an experiment was designed to look at 

single exposure doses of CT radiation to determine if i] a radiation dose response exists 

in our mouse models for the dose ranges of radiation commonly seen in CT scans and ii] 

a CT single dose threshold exists below which the carcinogenic risk in our mouse model 

is reduced or eliminated.  
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Materials & Methods 

All procedures in this study were approved by the Institutional Animal Care and 

Use Committee. This dose response study utilized the previously validated bitransgenic 

CCSP-rtTA/Ki-rasG12C mutation mouse model [41]. These mice were bred in-house and 

PCR tested to verify the presence of both transgenes. The bitransgenic mouse expresses 

the human mutant Ki-rasG12C mutation in a doxycycline-inducible and lung specific 

manner. DOX (500 µg/mL) is administered in the drinking water starting at eight weeks 

of age and continues throughout the duration of the study period. The DOX serves as the 

switch that turns on the mutation. This results primarily in slow growing adenomas, 

which represent the earliest stages of lung tumor development. The lung morphology of 

CCSP-rtTA/Ki-rasG12C mice that do not receive DOX (and thus do not express the 

transgene mutation) is normal.  

The bitransgenic male and female mice were assigned randomly to each dose 

group over a 14 month period. This was a result of i] the large number of mice in this 

study, ii] the mice are not availably commercially, and iii] only ~25% of each 

bitransgenic litter would have both transgenes (both genes are required in order for the 

mutation to be lung specific and DOX-inducible). To account for this extended study 

enrollment period, date of entry was investigated as a statistical variable. 

The mice were whole-body irradiated on our clinical GE Discovery ST-8 helical 

CT scanner following the protocol developed in Chapter One. Approximately 16-18 mice 

each of male and female mice were irradiated at 12 weeks of age with single fraction 

doses of 1.25, 5, 10, 30, 50, 65, and 80 mGy. During irradiations, mice were lightly 
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anesthetized with a mixture of 90 mg/kg ketamine and 10 mg/kg xylazine; zero dose 

control mice were also anesthetized. An image of the mice in the CT scanner is shown 

below.  

 

Figure 2. An image of the DOX mice set up on the clinical CT scanner. Mice were 
typically irradiated in rows (inset), but if an odd mouse was due for irradiations (due to 
breeding limitations) it was irradiated next to the cylindrical bolus phantom that was 
utilized for the dosimetry.  

 

At 9 months post-irradiation, mice were euthanized, the lungs excised and fixed, and the 

tumors were counted and sized with electronic calipers.  
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The statistical analysis was performed in collaboration with the Biostatistical 

Sciences core of the Comprehensive Cancer Center using SAS Version 9.3 (SAS, Cary, 

NC). A series of analysis of covariance (ANCOVA) models were fit with the tumor 

number considered as the outcome variable and gender, dose, and date of entry 

considered as the predicted in these models. In these models, gender and date were 

entered as class variables (date separated into 5 time periods), and dose was entered as a 

continuous measure. The models were tested to determine if there was any dose by 

gender or dose by date interactions. If the interactions were found to be non-significant, 

they were removed from the mode. Using these final fitted models, a predictive equation 

for determining the lung tumor burden based on gender and dose was estimated. 

Interactions were considered statistically significant at p < 0.15, main effects at p < 0.05.  

 

Results & Discussion 

 There was no significant interaction (p > 0.15) between the date of entry into the 

study and any of the measured outcomes for both genders. Lung tumor formation for the 

irradiated bitransgenic mice that did not express the human mutant Ki-rasG12C gene (no 

DOX to turn the switch on) was identical to unirradiated “no DOX” mice (~0.1 lung 

tumors/mouse). This again emphasizes the point that this radiation response to low doses 

of CT radiation is only observed in cancer-prone mice.  

 Excess lung tumor formation was consistent with previous fractionated study 

results. After exposure to single CT doses of 1.25-80 mGy, lung tumor formation 

increased  > 2-fold in cancer prone male and female DOX mice in comparison to 
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unirradiated DOX mice (p < 0.05, data not shown). However, this effect was again shown 

to be significant and dose-independent down to single doses as low as 1.25 mGy. 

The statistical analysis showed that the excess lung tumor formation was gender-

dependent, with the cancer-prone irradiated DOX female mice demonstrating 20% more 

tumor formation in comparison to irradiated DOX males. However, lung tumor formation 

in the unirradiated, cancer-prone DOX male mice (22.9 ± 2.2) was statistically identical 

to the unirradiated DOX females (21.5 ± 2.7) (p>0.3), indicating that the tumor formation 

in the cancer susceptible DOX mice was not gender-dependent prior to exposure to CT, 

i.e. in this model, the gender dependence is purely a radiation effect.  

This dose-independent, gender-dependent response can be described by the 

estimated predictive equation, with the number of lung tumors/irradiated mouse modeled 

as: 

           (39) 

 

where X is the dose in mGy and δ is the Kronecker delta (having a value of 1 if the 

condition is met or 0 otherwise). The slope for the dose variable, -0.0825, was not 

statistically different from zero (p > 0.05), indicating the lack of a dose response. This 

data is also shown as Figure 3 below. 
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Figure 3. The average number of tumors/mouse for irradiated DOX mice, showing the 
gender-dependent radiation response. Although the slope visually appears to trend 
downward, the -0.082 tumors/mGy slope is not statistically different from zero, 
indicating a dose-independent response.  

 

When our group began this research, there were very few epidemiological studies 

to support the idea of low dose radiation risk. A common issue with any animal work is 

the translatability to humans; clinical confirmation of experimental results can have a 

significant impact. In recent years more data has been emerging, and our results have 

been supported by a few published epidemiological studies.  

A European study of females with BRCA1/2 mutations showed an increased risk 

of breast cancer following exposure to diagnostic doses of ionizing radiation [42]. Any 

exposure, even a single radiograph, before the age of 30 was associated with an increased 

hazard ratio of 1.90 (mean dose of 14 mGy with a range of 0.5-613 mGy). Interestingly, 

the study found no increased cancer risk for exposure between the ages of 30-39. Our 
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group has expressed interest in pediatric imaging research, but age is a difficult factor to 

studying using murine models due to their short lifespan. The group also found dose 

responses for certain cohorts (i.e. for BRCA1 but not BRCA2), but not for the study as a 

whole, which suggests the dose response we investigated in this chapter might be 

complicated and require careful study design with a variety of mutations. Lastly, a history 

of mammography before the age of 30 was associated with an increased risk for breast 

cancer (hazard ratio of 1.43), which underscores the point that early detection screening 

has the possibility for harm if the radiation risks are not properly quantified.  

There have also been a few studies that support the increased female 

radiosensitivity seen in our research. In a cohort of pediatric osteosarcoma patients who 

underwent radionuclide SPECT imaging (201Tl) as part of their treatment protocol, 

females had a greater estimated excess cancer incidence and estimated excess cancer 

mortality compared to males, with the enhanced female sensitivity decreasing with 

increasing age of exposure [43]. In another study of adult survivors of childhood acute 

lymphoblastic leukemia, females had a higher incidence of radiation induced late-

occurring neurologic sequelae [44]. 

All of these results demonstrate that importance and timely nature of low dose 

radiation research. Our research has pointed towards individual cancer susceptibility 

playing a dominant role in regards to radiation promotion of carcinogenesis. As the 

capabilities for genetic testing of cancer susceptibility increases, future epidemiological 

studies will hopefully further stratify cohorts by their oncogenes to determine if effects of 

low dose radiation on cancer prone individuals are diluted by cohorts which include large 

numbers of non-cancer-prone individuals. With regards to the clinical applicability of our 
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research, the lack of a threshold dose indicates that simply reducing the radiation dose, 

which is often the clinical recommendation, may not significantly reduce the 

carcinogenesis risk for cancer susceptible patients. In these cases, it may be prudent to 

use a non-ionizing imaging modality, such as MRI or ultrasound.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



	 68	

IV. CHAPTER THREE 

A GATED-7T MRI TECHNIQUE FOR TRACKING LUNG TUMOR 

DEVELOPMENT AND PROGRESSION IN MICE AFTER 

EXPOSURE TO LOW DOSES OF IONIZING RADIATION 

 

Published Paper Introduction 

The primary endpoints of our group’s low dose mouse carcinogenesis studies 

were final tumor number and size, which were obtained with micro-calipers after the 

mouse was sacrificed and the lungs excised. However, there is also scientific benefit to 

being able to track the tumor growth rate over time. Typically, this would be done most 

time and cost efficiently through the use of CT, or multiple groups sacrificed at the 

desired time points. However, since CT is the method of radiation delivery in our mouse 

experiments, any additional CT used for imaging purposes would complicate and alter 

the intended experiment. There was therefore a need for a non-ionizing in vivo imaging 

method. A considerable amount of time was spent working with the Center for 

Biomolecular Imaging to optimize and image mice using our facility’s 7T small bore 

MRI.  

As I am the second author on this publication, it is essential that I outline my 

exact role in the research. John Olson developed the MRI scan protocol and was the 

primary individual running the MRI unit, with occasional assistance from Heather 

Sawyer. I managed the mice in the experiment, transporting them from their housing 

facility to the imaging lab, and prepared and anesthetized them for the MRI unit. I 
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assisted John throughout each scanning procedure, including the attachment of all the 

gating leads, helping to maximize the efficiency of the protocol, and provided input on 

the scanning decisions. Most importantly, I was entirely responsible for the analysis of all 

the MR images, and I generated all the figures included in the paper. I was integrally 

involved with the data collection and manuscript publication, and my contributions form 

the basis of the results and discussion. Since the development and optimization of the 

specific MRI scan pulses were solely the work of John Olson, I have moved this section, 

originally found under “Materials & Methods: 7T MRI Procedure” into Appendix A1 at 

the conclusion of the dissertation. Any stylistic variations result from the demands of the 

Radiation Research journal. 
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ABSTRACT 

 

A gated-7T magnetic resonance imaging (MRI) application is described that can 

accurately and efficiently measure the size of in vivo mouse lung tumors from ~0.1 mm3 

to >4 mm3. This MRI approach fills a void in radiation research because the technique 

can be used to noninvasively measure the growth rate of lung tumors in large numbers of 

mice that have been irradiated with low doses (<50 mGy) without the additional radiation 

exposure associated with planar x-ray, CT, or PET imaging. Using, i] a Bruker 7T micro-

MRI scanner equipped with a 60 mm inner diameter (I.D.) gradient insert capable of 

generating a maximum gradient of 1000 mT/m, ii] a 35 mm I.D. quadrature 

radiofrequency volume coil, and iii] an electrocardiogram and respiratory gated Fast Low 

Angle Shot (FLASH) pulse sequence, high quality, high resolution, reproducible images 

of the mouse thorax were obtained in ~20 min with an in-plane image resolution of 98 

µm and a 0.5 mm slice thickness. Tumor diameter measured by MRI was highly 

correlated (R2 = 0.97) with the tumor diameter measured by electronic calipers. Data 

generated with an initiation/promotion mouse model of lung carcinogenesis and this MRI 

technique demonstrated that mice exposed to 4 weekly fractions of 10, 30, or 50 mGy of 

CT radiation had the same lung tumor growth rate as that measured in sham-irradiated 

mice. In summary, this high-field, double-gated MRI approach is an efficient way of 

quantitatively tracking lung tumor development and progression after exposure to low 

doses of ionizing radiation. 

Keywords: 7T MRI, mouse model, small animal imaging, lung tumor, cardio-pulmonary 

gating, carcinogenesis, low dose radiation 
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INTRODUCTION 

 

Lung cancer is responsible for more deaths than any other form of cancer (1,2). 

This provides a strong impetus to study lung cancer induction and progression. 

Noninvasive imaging, including planar x-ray techniques, x-ray computed tomography 

(CT), and positron emission tomography (PET), are routinely used to diagnose and stage 

lung cancer, and to plan and evaluate the efficacy of lung cancer treatments (3-9). 

However, all of these imaging techniques involve exposure to ionizing radiation, which 

confounds the interpretation of small animal preclinical studies on low dose radiation-

induced carcinogenesis and normal tissue late effects. Ultrasound (10,11) and magnetic 

resonance imaging (MRI) (12) are two non-ionizing techniques that have the potential to 

solve this problem.  However, the utility of ultrasound is limited at this time because it 

can only reliably detect tumors located at the lung and chest wall interface. In contrast, 

MRI combined with 3-dimensional image analysis has the potential to obtain quantitative 

information on tumor number and size throughout the entire lung. Thus, the development 

of a high throughput MRI technique that can serially collect quantitative information on 

lung tumor induction and progression after exposing small animals to mGy doses of 

ionizing radiation has the potential to make a major contribution to our understanding of 

low dose radiation effects in the lung.  

Mice are frequently used for preclinical cancer research studies because they 

reproduce efficiently, grow quickly, and can be genetically modified. Transgenic mice 

have been generated that allow one to design experiments that test specific hypotheses 

about pathways and gene involvement in lung tumor development and their response to 
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treatment (13,14). Mouse lung tumors have been successfully imaged in vivo using high-

field MRI (15-24). However, there is only one report where an MRI technique has been 

used to serially track lung tumor development and response to treatment in mice. In that 

study, the starting size for the growth curves was limited to tumors with diameters ≥1 mm 

and a volume of ~0.5 mm3 (20).  

The 7T MRI Lab in the Center for Biomolecular Imaging at the Wake Forest 

School of Medicine recently acquired a high power gradient coil insert specifically for 

imaging mice. This new gradient coil was used initially to routinely perform 

electrocardiogram (ECG)- and respiratory-gated cardiac and atherosclerosis imaging in 

mice. However, examination of the cardiac MRI images suggested that a similar imaging 

protocol might provide the high spatial resolution required to identify and quantitatively 

track the size of in vivo murine lung tumors over a prolonged period of time. The best 

published in vivo MRI technique for measuring lung tumors had a 0.55 mm slice 

thickness and a 155 µm in-plane spatial resolution that measured in vivo mouse lung 

tumors with a minimum diameter of ~0.5 mm and an estimated volume of ≥ 0.3 mm3 in 

~20 min; in vivo growth rates were determined over < 1 tumor volume doubling time 

(20). Thus, the goal of this study was to present an MRI technique with a resolution that 

could accurately measure in vivo mouse lung tumors with a diameter < 0.5 mm and a 

volume ≤ 0.3 mm3 in ~20 min so that in vivo lung tumor growth rates could be generated 

over ≥ 2 volume doubling times after exposure to low doses (≤ 50 mGy) of ionizing 

radiation. To accomplish this goal, we selected 3 mouse models of lung cancer 

development in current and former smokers (25-28) that are presently being used to 
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evaluate the carcinogenic risk from low dose CT exposures where an accurate estimate of 

the growth rate is important for interpretation of the data (29). 
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MATERIALS & METHODS 

 

Mouse Models & Treatment Protocols 

All of the procedures in this study were approved by our Institutional Animal 

Care and Use Committee. A bitransgenic mouse that conditionally expresses a mutant 

human Ki-rasG12C gene in a doxycycline (DOX) inducible and lung specific manner, and 

a complete lung carcinogenesis model were used to compare the size of lung tumors 

measured in vivo by the MRI technique with the size measured by electronic calipers 

after excision of the lungs. The bitransgenic mouse model represents the earliest stages of 

lung cancer development where hyperplastic foci and very small, benign adenomas are 

measurable 3-9 months after initiation of the DOX treatment (25). The complete 

carcinogenesis mouse model utilizes a tobacco-specific carcinogen to induce lung tumors 

that recapitulate all of the stages of lung adenocarcinoma development (26).  

For experiments with the bitransgenic model, 8 week-old mice were continuously 

administered 500 µg/mL of DOX in their drinking water. One week after initiating the 

DOX treatment, groups of mice were either sham-irradiated or whole-body irradiated 

with 5, 15, or 25 mGy/week for 4 weeks using our clinical CT scanner. For experiments 

with the complete carcinogenesis model, 8 week-old AJ mice were injected ip with 100 

mg/kg of the nicotine-derived nitrosamine ketone, 4-N-methyl-N-nitrosomino-1-(3-

pyridyl)-1-butanone (NNK), dissolved in phosphate-buffered saline (5 mg/ml; 0.5 ml per 

25 gm mouse). One week later, the NNK mice were either sham-irradiated or whole-body 

irradiated with 10, 30, or 50 mGy/week for 4 weeks using our clinical CT scanner.  At 9 

months after the last radiation fraction, the largest diameter of several tumors identified 
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by MRI in both the bitransgenic and NNK mice was measured in vivo using our MRI 

technique and ex-vivo using electronic calipers.  

An initiation/promotion lung carcinogenesis mouse model that used 3-

methylcholanthrene (MC) as the initiating agent and butylated hydroxytoluene (BHT) as 

the promoter (27) was employed to generate in vivo lung tumor growth curves for mice 

that were either sham-irradiated or irradiated with low doses of CT radiation. Eight week-

old Balb/c mice were injected ip with 15 mg/kg of the genotoxic chemical carcinogen, 

MC, dissolved in corn oil (0.75 mg/ml; 0.5 ml per 25 gm mouse). Starting 1 week later, 

150 mg/kg of BHT dissolved in corn oil (7.5 mg/ml; 0.5 ml per 25 gm mouse) was 

injected ip each week for 6 weeks to provide a promotional stimulus.  This mouse model 

also recapitulates all of the stages of lung adenocarcinoma development in current and 

former smokers (28). Starting the week of the 3rd BHT injection, mice were either sham-

irradiated or whole-body irradiated with 10, 30, or 50 mGy/week for 4 weeks using our 

clinical CT scanner. At 3 months after the last radiation fraction, tumors with a minimum 

diameter of ~0.2 mm were identified and their tumor volume determined using our MRI 

technique. These identical tumors were then remeasured by MRI at 6 and 9 months 

postirradiation, and growth curves constructed from the tumor volume measurements.  

  

7T MRI Procedure 

MR imaging experiments were performed using a Bruker Biospec 70/30 7.0 Tesla 

horizontal bore microMR scanner (Bruker Biospin, Billerica, MA). The magnet was 

fitted with a 60 mm inner diameter (I.D.) BGA-6S gradient insert (Bruker Biospin, 

Billerica, MA) capable of generating a maximum magnetic field gradient of 1000 mT/m. 
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A 35 mm I.D. quadrature volume radiofrequency (RF) coil tuned to 300.2 MHz was used 

for MR signal transmission and reception. 

Mice were anesthetized (~2 min) initially in a chamber using a mixture of oxygen 

(3 L/min) and isofluorane (3%). Once the animal was fully anesthetized, optical lubricant 

was placed on each eye to prevent drying. The mouse was then moved to the MRI 

magnet room and placed in a supine position on a plastic bed fitted with a nose cone that 

continuously supplied oxygen (1.0 L/min) and isofluorane (1.5%) during the scan. 

Neonatal ECG leads (3M, St. Paul, MN) were attached to the front paws to monitor the 

heart rate for cardiac gating. A respiration pillow (SAII Instruments, Stony Brook, NY) 

was taped over the mouse’s abdomen to monitor the breathing rate for respiratory gating. 

A temperature probe was placed under the mouse to monitor the skin temperature. The 

mouse was heated to a skin temperature of 32° C in order to maintain a core temperature 

of approximately 37° C by blowing thermostatically controlled warm air into the 

magnet’s bore. The anesthesia was adjusted to maintain a constant breathing rate so there 

is little variability in the MR characteristics, imaging time, and imaging quality during 

and between runs. The ECG leads, respiration pillow, and temperature probe were all 

connected with interface modules to a computer that runs the PC-SAM small animal 

monitoring and gating software (Stony Brook, NY). The plastic bed was placed in the RF 

coil so that the mouse’s thoracic cavity was positioned both in the center of the 

homogeneous RF field and at the isocenter of the magnet. Each channel of the quadrature 

coil was tuned and matched to 300.2 MHz. Total set-up time was ~4 min. 
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 This paragraph in the published version of the paper contains the details of the 

MRI pulses that were utilized. Since this was solely under the purview of John Olson 

without contributions from myself, it has been removed and placed in Appendix A1 at the 

conclusion of the dissertation.  

When the high resolution scan was completed, all monitoring electrodes and 

probes were disconnected, and the mouse was removed from the 7T scanner and placed 

on a warming pad (~1 min) to recover before being returned to its cage.  

 

Image Analysis 

The resulting 7T MR images were quantitatively analyzed using the TeraRecon 

(Foster City, CA) and MIPAV (Medical Image Processing, Analysis and Visualization, 

http://mipav.cit.nih.gov/) image analysis packages (Fig. 1). These image analysis systems 

allow for tumor identification, localization, and measurement in 3-dimensions (3-D). To 

determine the tumor volume, each tumor identified in a 0.5 mm slice was manually 

contoured (Fig. 2). Then the computer program determined the volume occupied by the 

tumor from the area of the pixels within each contour multiplied by the slice thickness. If 

the tumor was contoured in 2 or more slices, the tumor volume was determined in each 

slice as described above, and the total tumor volume determined by summing the 

volumes from each slice. This method allows one to more accurately measure the volume 

of irregularly shaped tumors (Fig. 2).  
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Figure 1. A representative double-gated 7T MRI image of a bitransgenic mouse thorax 
illustrating our sub-millimeter spatial resolution. Although the smallest tumor in this 
image has a measured diameter of 0.33 mm, compact tumors having a diameter of ~0.2 
mm could be identified, tracked, and their volume determined over the period from 3-9 
months postirradiation. 
 

 

 



	 80	

 
 
Figure 2. Contoured tumors from a MC+BHT mouse 9 months after 4 fractions of 30 
mGy. Tumor volume was measured from the MR images or calculated from the major 
and minor diameters using the equation 0.5(major axis)(minor axis)2 or the equation for 
the volume of an ellipsoid with all 3 dimensions obtained from the images. Tumor 1: 
MRI volume = 1.13 mm3; 0.5bc2 = 0.64 mm3; ellipsoid = 0.69 mm3. Tumor 2: MRI 
volume = 2.09 mm3; 0.5bc2 = 1.44 mm3; ellipsoid = 1.67 mm3. 
 

Data Analysis 

The diameters of lung tumors in bitransgenic and NNK mice measured in vivo by 

MRI were plotted as a function of the diameter measured ex vivo using electronic 

calipers. These data were subjected to a least squares linear regression analysis to 

determine if a 1:1 relationship existed between the 2 measurements. In vivo tumor 

volume doubling times were determined for the sham-irradiated and irradiated groups of 

MC + BHT mice using a regression analysis of the loge transform of the tumor volumes 

determined by MRI as a function of the postirradiation time. 
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RESULTS 

 

Our double-gated FLASH sequence with coronal slice plane orientation was 

capable of producing MRI images with a 98 µm in-plane resolution and a slice thickness 

of 0.5 mm in ~20 min/mouse. The 98 µm in-plane spatial resolution represents a 37% 

improvement over the best previously published in vivo murine lung tumor MRI 

resolution of 155 µm (20). The resulting voxel size was ~0.0048 mm3 compared to the 

previous best voxel size of ~0.013 mm3. Thus, our MRI technique has ~2.7 times as 

many voxels/unit volume as the previous best MRI technique. This allows one to 

identify, track, and quantify lung tumors that are ≤ 0.5 mm in diameter and are in close 

proximity to one another. Depending on the location, shape and density, tumors as small 

as ~0.2 mm in diameter (Fig. 3) or having a volume of ~0.1 mm3 can be identified, 

tracked, and quantitatively measured (Fig. 3, Table 1). However, diffuse tumors with a 

diameter of < 0.3 mm at 3 months postirradiation frequently require the images obtained 

at 6 and 9 months to locate and estimate the tumor volume. 
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Figure 3. MR lung images from MC+BHT mice demonstrating the capability to 
longitudinally assess in vivo tumor growth. (a) unirradiated control; (b) irradiated with 4 
fraction of 30 mGy; (c) irradiated with 4 fractions of 50 mGy. 
 

When the diameters of individual lung tumors determined in vivo with the MRI 

technique were compared to the diameters of the same tumors measured ex vivo after 

excising the lungs, the data were fitted to a line that was statistically identical to y = x 

with a correlation coefficient (R2) of 0.97 independent of tumor model and growth rate 

(Fig. 4).  

 
 
Figure 4. A comparison of lung tumor diameters at 9 months postirradiation measured in 
vivo using our double-gated 7T MRI technique and ex vivo using electronic calipers after 
excising the lungs. The data are for tumors from the bitransgenic (closed diamonds) and 
NNK (open triangles) mouse models. 
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Using our MRI technique, the average growth rates of lung tumors were 

determined in sham-irradiated MC + BHT mice or MC + BHT mice subjected to 4 

weekly fractions of 10, 30, or 50 mGy doses of whole-body CT radiation. The average 

tumor volume for these groups ranged from < 0.2 mm3 to > 4.0 mm3 over a 3-9 month 

postirradiation period (Table 1). The variability of the individual tumor volume 

measurements is reported in Table 1 as standard errors, which were typically 20-30% of 

the corresponding means. The average tumor volume doubling times ranged from 1.5-1.8 

months with correlation coefficients of 0.84-0.97. These doubling times were not 

statistically different (p > 0.05) between the sham-irradiated and irradiated mice. The 

growth rate variability obtained from a regression analysis of the tumor volume data 

ranged from 9-18% of the tumor volume doubling time. The range of growth rates for 

individual tumors was as large as a factor of 2. However, a range of this magnitude 

included potential outliers. If an outlier exclusion test such as Chauvenet’s criterion (30) 

was applied to the data, only 2 of the 50 tumors that were evaluable could be excluded. 

Because exclusion of these 2 tumors did not change the interpretation of these data, they 

were included in the analyses shown in Table 1. These data indicate that small 

fractionated doses of CT radiation do not affect the in vivo tumor growth rate in this 

initiation/promotion lung carcinogenesis model.   
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Table I: Tumor Size and Growth as a Function of Postirradiation Time and Dose 
 
Radiation 

Dose 
3 month 
[mm3] † 

6 month 
[mm3] † 

9 month 
[mm3] † 

Growth Rate* 
[ln(mm3)/mont

h] † 

Growth 
Curve 

R2 

Volume 
Doubling Time 

(months) 
Sham 

(n=14, 5) # 
0.18 

(0.05) 
0.80 

(0.16) 
3.29 

(1.07) 
0.46 

(0.04) 
0.97 

 
1.5 

10 mGy x 
4 (n=8, 4) # 

0.31 
(0.07) 

1.74 
(0.57) 

3.88 
(1.15) 

0.39 
(0.07) 

0.84 
 

1.8 

30 mGy x 
4 (n=14, 4) 

# 

0.36 
(0.21) 

1.01 
(0.37) 

4.03 
(1.83) 

0.41 
(0.05) 

0.97 
 

1.7 

50 mGy x 
4 (n=14, 4) 

# 

0.30 
(0.10) 

1.29 
(0.44) 

2.70 
(0.70) 

0.41 
(0.05) 

0.93 
 

1.7 

 

# Number of tumors, number of mice. 
† Values in parentheses are standard errors of the means. 
* The tumor growth rate was determined from a linear regression analysis of the loge 
transform of the individual tumor sizes as a function of time after the last fraction of 
irradiation. 
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DISCUSSION 
 

We have been studying the carcinogenic effects of low dose CT scans using 

mouse models of current and former smokers (29). Any radiation-induced tumors in these 

experiments could be due to either initiation or promotion mechanisms. Distinguishing 

between these mechanisms requires information on the in vivo growth rate and the final 

size of the tumors in irradiated and unirradiated mice. The final tumor size can be 

estimated efficiently by euthanizing the mice, excising the lungs, and measuring the 

tumor size with electronic calipers at the end of the experiment. However, the in vivo 

growth rate must be estimated either by, i] euthanizing irradiated and unirradiated mice at 

various time points and measuring the tumor size in their excised lungs or ii] a 

noninvasive imaging technique. The former method requires many mice and provides 

information only on the population growth rate. The latter method requires only relatively 

few mice and provides information on both the population and individual tumor growth 

rates. Thus, a noninvasive method for measuring the size of lung tumors in vivo is critical 

for determining both the population and individual tumor growth rates in low dose 

carcinogenesis studies.  

A cost effective, noninvasive method for measuring the size of mouse lung 

tumors must have a high throughput. CT has the highest throughput of all the noninvasive 

imaging techniques that have 3-D reconstruction capability for measuring the volumes of 

irregular shaped tumors. However, the total CT imaging lung dose required to construct 

an in vivo tumor volume growth curve greatly exceeds the experimental dose in low dose 

(≤ 50 mGy) carcinogenesis studies, thereby confounding interpretation of the low dose 

data (29). MRI is the most promising of all the noninvasive imaging techniques that do 
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not use ionizing radiation and have 3-D reconstruction capability for tumor volume 

measurements. The limitations of MRI for these studies involve the in-plane resolution, 

slice thickness, image quality, imaging time, and 3-D reconstruction/quantification 

software.   

In this study, we demonstrate a cardiac and respiratory-gated 7T MRI protocol to 

minimize these limitations and track in vivo lung tumor growth in lung carcinogenesis 

mouse models after exposure to fractionated doses of CT radiation ≤ 50 mGy. To 

accomplish this, 3 pulse sequences were tested. The 3 sequences tested were: i] a Rapid 

Acquisition with Relaxation Enhancement (RARE) pulse sequence with echo trains of 8 

and 4 echoes, ii] a Fast Imaging with Steady State Precession (FISP) sequence, and iii] a 

Fast Low Angle Shot (FLASH) pulse sequence. We started with these three sequences 

because they were already in use by our 7T Lab for murine cardiac imaging. The RARE 

sequence yielded high resolution images that could be used to measure tumors, but it had 

long acquisition times (~30 min) that made it impractical for projects requiring a large 

number of scans. The FISP (~8 min) and FLASH (~12 min) sequences were significantly 

faster than the RARE sequence. Ultimately, the FLASH sequence was selected over the 

quicker FISP sequence because FISP susceptibility artifacts decreased the ability to 

distinguish tumor from the surrounding normal tissue (31, 32). 

Most of the published MRI techniques for imaging mouse lung tumors acquire 

images with an axial slice plane orientation (21-24). For a mouse lying in a supine 

position and image slices of the same thickness, the axial slice plane orientation requires 

the greatest number of slices (~60) to cover the entire lung cavity. We selected a coronal 

slice orientation to cover the entire lung cavity with the fewest number of slices (~30) to 
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substantially reduce the acquisition time. The selection of coronal slice plane orientation 

to reduce acquisition time is not unprecedented. Schuster et al (18), Garbow et al (19), 

and Degrassi et al (20) all acquired MR images of mouse lung tumors using coronal 

slices to reduce the total slice number and acquisition time, but their in-plane resolution 

and slice thickness limited their ability to quantitatively measure tumors to those with a 

diameter of ~0.5 mm and a volume of ~0.5 mm3. Our protocol can quantitatively measure 

lung tumors with a diameter of ~0.2 mm and a volume of ~0.1 mm3 (Fig. 1, Table 1). 

This is important because the lung tumors in most mouse models grow rapidly, producing 

a tumor burden that requires euthanizing the mice in a short time period. For example, 

starting with lung tumors that had a diameter of ~1 mm and a volume of ~0.5 mm3, 

Degrassi et al (20) only followed tumor growth for < 1 volume doubling time over < 50 

days post-treatment. With our protocol, we quantitatively followed slow growing lung 

tumors for > 3 volume doubling times over 9 months postirradiation (Table I).   

Our 7T MRI protocol is also cost effective. With two people working, it is 

possible to scan 12 mice in 4 hours (3 mice/h). As one person takes a mouse from the 

scanner and removes the ECG leads and the respiration pillow, the second person begins 

anesthetizing the next animal. Overlapping the end of the previous mouse’s scan with the 

beginning of the next mouse’s scan prevents the total prep and scan time from exceeding 

20 min/mouse. If we were to sacrifice mice at each of the time points to generate growth 

curves, we would need at least 3 times as many mice at a cost that would be far greater, 

especially for studies with transgenic mice.  

Finally, the TeraRecon and MIPAV image analysis software described in the 

Image Analysis section permits one to estimate the volumes of irregularly shaped tumors 
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more accurately than can be obtained by measuring 2 diameters in MRI, CT, or PET 

images and calculating the tumor volume by assuming a spherical or ellipsoidal shape. 

Rarely do the tumors in our 3 lung carcinogenesis models have a shape that approximates 

a true sphere or an ellipsoid (Figs. 1-3). It is even more difficult to get an accurate 

estimation of lung tumor volumes from measurements with electronic calipers. Of 

necessity, these measurements are restricted to tumors near the lung surface and usually 

only 2 dimensions can be obtained. The difference between the contoured MRI volume 

and that calculated using an equation often employed by cancer biologists to obtain tumor 

volume or the equation for an ellipsoid can be as large as 40% (Fig. 2). In general, we 

found that tumors tended to be non-spherical at 9 months postirradiation. Thus, the 

examples in Fig. 2 are both illustrative and representative of tumor shape for this model. 

In summary, a double-gated 7T MRI technique is described that is capable of 

generating high quality lung images with an in-plane resolution of 98 µm and a slice 

thickness of 0.5 mm in ~20 min/mouse. This technique, along with the analysis software, 

permits the identification, tracking, and quantification of lung tumors in vivo with a 

diameter of ~0.2 mm and a volume of ~0.1 mm3, approximately an 80% reduction in 

tumor size over the best previously published technique (20). Using this technique, we 

were able to measure accurately (R2 = 0.84-0.97) in vivo lung tumor growth rates over > 

3 tumor volume doubling times and 9 months after irradiation with mGy doses of 

ionizing radiation (Table 1). Consequently, this high-field, double-gated MRI technique 

appears to be an efficient way of quantitatively tracking lung tumor development and 

progression after exposure to low doses of ionizing radiation. 
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V. CHAPTER FOUR 

A TECHNIQUE FOR MURINE IRRADIATION IN A CONTROLLED 

GAS ENVIRONMENT 

 

Published Paper Introduction 

This research stemmed from a NASA supplemental research grant, with a goal of 

studying radiation effects in a hyperoxic environment. The project was particularly 

exciting to our research group because it provided an opportunity to acquire data with our 

in vivo lung carcinogenesis mouse models on our high-energy, clinical linear accelerator. 

Until this project, all of our previous work had used low-energy, computed tomography 

as the radiation source. As such, it’s worthwhile to highlight a few key differences in the 

physics of megavoltage beams.  

A schematic of a typical linear accelerator (linac) is shown in the diagram below. 
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Figure 1A. A schematic of a typical isocentric linear accelerator configuration [45, used 
with permission – IAEA retains the copyright]. 

 

Similar to the diagnostic x-ray tube, an electron gun is still used to provide electrons. 

However, after the electrons are emitted from the cathode via thermionic emission, they 

are injected into the (evacuated) accelerating waveguide where a RF power source (a 

klystron or a magnetron) generates pulsed high frequency microwaves. These pulsed RF 

waves are synchronized with the electron injection to accelerate the electrons to 

megavoltage energies. At the end of the accelerating waveguide, the electron beam is 

steered by bending magnets (typically through a 270° turn), where the electrons then 

collide with a high-density transmission target (still usually tungsten as in the diagnostic 

case) and produce bremsstrahlung radiation. A transmission target is used because the 

direction of x-ray emission from bremsstrahlung becomes increasingly forward as the 

kinetic energy of the electrons increases [4]. From here, the polyenergetic photon beam 
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passes through a series of collimators, filters, and ionization chambers as it is shaped for 

patient dose delivery at the isocenter.  

The efficiency of the bremsstrahlung process is proportional to the tube voltage, 

so, in comparison to the diagnostic energy range, not as much of the kinetic energy of the 

electrons is lost to heat [3]. Characteristic x-ray contribution to the spectra, which 

accounts for 20% of the x-rays at kV energies, is negligible at MV energies [3]. As was 

depicted in Figure 4 of Chapter One, the Compton effect is the predominant photon 

interaction for the megavoltage energies used in linear accelerators. As Eq. 6 described, 

the interaction probability for the Compton effect, 

€ 

σ
ρ

, is proportional to electron density 

which is relatively constant. This results in a much more homogeneous dose distribution 

for megavoltage beams in comparison to kilovoltage distributions.  

Another major difference in the physics of megavoltage beams is a concept called 

dose buildup. For kilovoltage beams, the maximum dose is at or very near the surface. 

However, photon interactions from megavoltage beams result in secondary electrons that 

travel primarily in the forward direction. Thus, dose is deposited downstream from the 

initial interaction point. Points at or near the surface do not have as many upstream 

interactions points contributing to the dose, so the dose requires a distance, dmax, (equal to 

the average secondary electron range) to build up to its maximum value. This concept is 

most easily illustrated by the figure below. 
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Figure 1B. The buildup effect [1, used with permission]. At point A, photons begin 
interacting at the surface of the medium, resulting in the creation of electron tracks with a 
finite range. This continues to happen as the photons interact at each successive depth, 
and the dose at a point B is the summation of overlapping electron tracks created in 
upstream layers. Eventually, at the depth of the average electron range for a given energy 
(point D), electronic equilibrium is achieved, as the summed electron tracks are equal to 
those being lost, and the maximum dose is deposited. Photon attenuation is occurring 
simultaneously with this process and competes with the buildup effect, however the 
buildup occurs more rapidly than attenuation, resulting in a net gain of dose.  

 

The buildup effect is a function of incident photon energy, as this determines the 

range of the secondary electrons. As a result of this effect, surface dose from 

megavoltage beams can be difficult to measure, and so measurements are often 

performed at a depth of dmax or greater. For a 6 MV linac, dmax is nominally 1.5 cm and 

for a 10 MV linac, dmax is nominally 2.5 cm. Clinical beam energy is characterized by 

their percent depth dose (PDD) curves, so a measurement can be obtained at any depth 
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ary electrons. At higher photon energies, dm is larger because
the average secondary electron range is greater. Beyond dm,
photon attenuation results in transient electronic equilibrium
(i.e., energy in is slightly greater than energy out) and a
decrease in dose with depth (shown as the dotted line; the dif-
ference is exaggerated).

DOSE RELATIONSHIPS FOR EXTERNAL BEAMS

Three mathematical functions are used to describe the dose
characteristics for external radiation beams: percent depth
dose (PDD), tissue-air ratio (TAR), and tissue-phantom ratio
(TPR).12,13 These dose functions relate the dose at any point to
the dose at a reference point. The irradiation geometry shown
in Figure 6-32 illustrates the measurement conditions for the
following discussions.19

Percent Depth Dose
PDD is the ratio of the dose at depth, Dd, to the maximum
dose, Dm, measured along the central axis of the beam and
expressed as a percent. Points X and Y are the locations at
depth, Dd and Dm, respectively, in Figure 6-32B. PDD is
dependent on the depth, d, reference depth, dm (the point of
maximum dose), beam quality (or energy), E, source-to-
surface distance, SSD, and field size at the surface, w. 
Mathematically,

Eq. 28PDD d d E SSD w D
D

D
Dm

d

m

X

Y
, , , , % %( ) = × = ×100 100

PDD is often expressed as a fraction rather than as a percent.
PDD was the dose function first measured for diagnostic and
therapy radiation beams because of the simplicity of meas-
urement, and it remains a basic dose measurement for beam
characterization. Inherent in a PDD measurement are the
effects of attenuation by the material and the inverse square
effect as the distance from the source is changed. PDD is used
for photon and electron beams and is often used in tabular
form for monitor unit calculations.

Tissue-Air Ratio
Given a fixed irradiation point in space, the ratio of the dose
in phantom, DX, to the dose in air, DX′, at the same point is
called the TAR (see Fig.6-32A and B). TAR indicates how dose
in air is affected when the air is replaced by tissue. The field
size at the point and source-to-point distance are constant; the
only variable is the depth in phantom:

Eq. 29

TAR is essentially independent of SSD because scatter con-
tributions are almost constant for fixed field sizes, regardless
of SSD. This independence enables the use of the TAR over a
wide range of clinically used SSDs without correction. TAR is
used for photon beams only and is not valid for electron
beams.

A special case of the TAR, called the backscatter factor (BSF),
exists when the point of interest is the depth of maximum dose
(when d = dm). In this case, the TAR has a maximum value,
and

Eq. 30

The BSF takes its name for historical reasons, from a time
when low-energy photons were used and the point of
maximum dose was on the surface. Any dose scattered to the
surface from the phantom or patient was truly backscattered
dose.
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Figure 6-31 Radiation dose buildup. With secondary electrons pri-
marily in the downstream direction, successive electron tracts overlap
to produce a rapidly increasing region of dose, called buildup. A
maximum dose, Dm, is reached at a depth called dm, indicates the
average secondary electron range, and is the point at which electronic
equilibrium is obtained. Because photon attenuation occurs, the
number of interactions (dotted line) and resulting secondary electrons
decreases with the depth from the surface. Attenuation competes with
the buildup process, but because buildup occurs more rapidly than
attenuation, a net gain of dose results.

d′′

X′′
X

SSD"SSDSPD

Y′ Y

X′ Air WaterWater

w w

S S S

dm

wd wd
wd

d

Figure 6-32 Reference irradiation geometries used for measurement
of percent depth dose, tissue-air ratio, and tissue-phantom ratio.
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a Patient Irradiated by Beams of X and Gamma Rays in Radiotherapy
Procedures. Washington, DC, International Commission on Radiation
Units and Measurements, 1976.)
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and multiplied by the percentage to obtain the dose at a different depth. Clinical PDD 

curves from Wake Forest are shown in the figure below.  

                 

Figure 1C. Percent depth dose curves from clinical data at Wake Forest showing the 
measured buildup effect and attenuation [1, used with permission].  

 

In the following two published paper chapters, OSLDs were used to verify 

dosimetry on a clinical linac. This required a calibration curve to be constructed for the 

megavoltage energy range. The linear accelerators are calibrated annually (and verified 

monthly) to deliver 1 cGy/MU of dose to the central axis location at a depth of dmax under 

a standard geometry (MU is a machine setting related to the ionization chambers in the 

linac that allows one to deliver a desired dose) [46]. Therefore, to generate measurements 

for the calibration curve, OSLDs were set up in this standard geometry so that they could 

be irradiated with known doses of 1, 5 50, 150, and 300 cGy.  A diagram of this setup is 

shown below.  
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photons) is more forwardly directed. The dm value is
directly related to the average energy of secondary electrons
produced in photoelectric and Compton interactions; dm

increases with energy.
• Dm is defined as a point, but as energy increases the PDD

curve becomes very broad because of a broader spectrum

for the scattered electrons. Strictly speaking, Dm is the one
point where electronic equilibrium occurs.

• An effective attenuation coefficient can be found that
describes the exponential fall-off in dose with depth.

• HVL, measured in lead at megavoltage energies, increases
as peak energy is increased until about 6MV, and it then
falls slightly (see Table 6-11). HVL decreases because an
increased amount of pair production increases the attenua-
tion coefficient for photon energies above 6 MV (see Fig. 
6-16). In tissue or water the attenuation coefficient decreases
monotonically and the minimum is reached at very high
energies, to the far right in Figure 6-16.

• Linear accelerator photon beams have an effective photon
energy of approximately one third of the accelerating poten-
tial. For example, an 18-MV photon beam (polyenergetic,
bremsstrahlung spectrum) has an effective monoenergetic
value of 6-MeV photons.

• The central axis portion of a megavoltage beam from a
linear accelerator is “harder” than the off-axis region
because of the use of a flattening filter that is thicker in the
central ray than off-axis (see Fig. 6-5). Because the flatten-
ing filter is designed to produce a flat field at a depth of 10
cm, not dm, and the off-axis beam is softer than the central
axis, a greater beam intensity off-axis is allowed at the depth
of dm to compensate for the increased attenuation of the off-
axis beam component. This greater intensity is exhibited as
“horns” in the isodose distribution for off-axis regions near
dm (see Fig. 6-37A). This effect is greater for lower energy
megavoltage photons than for higher energies.

Effect of Field Size
Field size determines the amount of scatter present in the
beam, with the following observations:
• PDD increases as the field size is increased. The effect

results from a differential increase in scatter such that points
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Figure 1D. The geometry used for OSLD linear accelerator calibration. The water-
equivalent block is a solid material with radiological properties similar to water. The 
same is true for the water-equivalent bolus, but it is flexible and thus fills in the air gaps 
around the nanoDot. The layers of material are shown separated just for illustration; 
during irradiations they are all stacked flush on top of each other.  

 

The nanoDots were irradiated with a 6 MV beam, using this geometry with a 

10x10 cm2 field and 100 cm source-to-surface (SSD) distance. Three nanoDots were 

irradiated for each dose point, and the dosimeters were read three times by the InLight 

reader to average out any mechanical variations from the positioning of the dosimeter in 

the reader.  This calibration was not only essential for research endeavors, but it also 

allowed the nanoDot dosimetry system to be brought into clinical use.  

This OSLD megavoltage calibration and the knowledge of megavoltage photon 

interactions served as the essential background to allow our research group to shift focus 
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from CT to the linear accelerator experiments presented in the following three chapters, 

starting with the published manuscript in Chapter Four. Stylistic variations result from 

the demands of the Biomedical Sciences Instrumentation journal. 
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ABSTRACT 

 

NASA’s extra-vehicular activities (EVAs) involve exposure to high-energy 

photons while breathing 100% oxygen. Using previously verified mouse models, our lab 

is studying whether low dose irradiation under these hyperoxic conditions could lead to 

an increase in carcinogenic potential. To simulate the environment astronauts encounter 

during an EVA, enclosed chambers were constructed that allowed for mouse movement, 

controlled gas conditions, and uniform radiation dose delivery. Custom-built gas 

chambers with input/output gas valves and dividers that allowed for uniform gas flow 

were used to keep 6 unanesthetized mice separated while they were irradiated. The 

chambers were supplied with 100% oxygen or air using ball valves linked together with 

T-splitters. A calibrated ion chamber was used to verify the radiation dose distribution 

across an entire chamber. Mice were put in the appropriate gas environments for 0.5 h, 

were then irradiated with a 10 or 18 MV photon beam from a medical linear accelerator, 

and then remained in their assigned gas environment 2 h post-irradiation. We irradiated 

200 mice (5 different doses between 0-1000 mGy) under normoxic or 100% oxygen 

conditions. After 9 months, these mice will be euthanized, have their lungs excised, and 

lung tumors will be counted and sized to determine whether hyperoxia gives an increased 

carcinogenic effect.  

 

Keywords: lung, carcinogenesis, radiation, hyperoxia, NASA, spacewalk, oxygen 

chamber, mouse model 

 



	 105	

INTRODUCTION 

 

Our research group is currently studying the effects of low dose radiation using 

sensitive lung carcinogenesis mouse models. It has been estimated that approximately 

29,000 excess tumors result from exposure to CT radiation in the U.S. each year [1, 2]. 

However, these approximations are based on many assumptions to predict the 

carcinogenic risk of low-energy, low-dose levels of radiation exposure administered by 

CT. A primary objective of our group is to investigate this void by directly measuring the 

carcinogenic potential of low-energy, low-dose exposures by using a clinical CT scanner 

and a validated in vivo mouse model developed at our institution. Our studies may also 

challenge the accuracy of the widely accepted Linear No-Threshold radiation response 

model as one of our initial studies showed that there was not a dose response when 

multiple CT exposures were given to our mouse model to a total of 80-160 mGy. The 

same study also showed that there appears to be an increase in the carcinogenic risk for 

individuals that express cancer susceptibility genes [3]. 

In previous studies, we used a transgenic mouse model developed in our 

laboratory that contains a mutant form of the human Ki-ras gene [4]. Ki-ras mutations 

have been implicated as one of the key genetic alterations that drive tumorigenesis in 

approximately 30% of human lung adenocarcinomas [5-8]. Adenocarcinoma is a 

common form of non-small cell lung cancer and its incidence has been increasing [9,10]. 

The bitransgenic CCSP/Ki-ras mice used in these experiments were generated on an 

FVB/N background and expressed the Ki-rasG12C gene only in the lungs when given 

doxycycline (DOX) in their drinking water. DOX treated mice exhibit, i] small, 
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hyperplastic foci in their lungs after 12 days, ii] extensive epithelial hyperplasia of the 

alveolar region of the lungs after 5 weeks, iii] a few lung adenomas <1 mm in size by 3 

months, and iv] these adenomas increase to a maximum number of 15-20 adenomas/lung 

by 6-9 months [4]. These adenomas rarely progress to adenocarcinoma, making it 

possible to evaluate the effects of radiation exposures on this transition. We have shown 

that exposure of DOX-treated mice to lung tumor promoters will result in increased 

tumor multiplicity and the development of adenocarcinomas [11, 12]. 

As part of a supplemental grant, we are also exploring how the added variable of 

hyperoxia in combination with radiation affects carcinogenesis. NASA routinely 

conducts extra-vehicular activities (EVAs) on their space missions. During these EVAs, 

astronauts are supplied with 100% oxygen for respiration. Furthermore, without the 

added shielding that the spaceship provides, the astronauts are subject to greater high-

energy radiation exposure during these spacewalks. Oxygen is a known radiosensitizer – 

oxygenated cells are more susceptible to radiation effects than hypoxic cells [13]. 

Additionally, above normal oxygen concentrations may lead to oxidative stress, which in 

combination with radiation exposure may contribute to tumorigenesis through both DNA 

damage and alterations in gene expression [14]. This provides the motivation to 

investigate the effects of breathing 100% oxygen under radiation conditions that attempt 

to mimic those encountered during an EVA.  
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MATERIALS & METHODS 

 

Chamber Construction 

 Our typical rodent irradiation protocols involve anesthetizing rodents for the 

irradiation procedure. However, because our goal was to model astronauts performing 

spacewalks, this was not acceptable. A restraining device had to be constructed that 

allowed for rodent movement while still ensuring a uniform dose delivery in an efficient 

manner. Plexiglas was chosen because of its relatively low cost and easy handling. 

Chloroform can be used as an adhesive to bond Plexiglas. By melting a small amount of 

Plexiglas into a container of chloroform, an adhesive paste is created that, once applied 

and left to dry for ~ 1 hour, will sufficiently bind sheets of Plexiglas together. In this 

manner, ¼ inch thick Plexiglas was used to construct a 30 x 30 cm2 box with 

accompanying lid. The inside height of the box was 1 ½ inches. This allowed the mice 

the freedom for planar movement while still preventing them from standing up and 

complicating the dosimetry. The platform that the mice stood on was elevated from the 

floor, i.e., there was an air gap of 1 3/8 inches, which was desired in order to minimize 

backscatter exposure to the mice. The dimensions of the box were designed in 

cooperation with our institution’s animal care and use committee to ensure compliance 

with acceptable mice housing guidelines. Dividers with holes were used to keep six mice 

separate while still allowing for steady and uniform air flow through the chamber. Gas 

valves were fitted into holes at opposite ends of the box to allow for gas entry and exit. 

To feed the chambers with oxygen or breathing air, 3/8 inch ball valves were linked 

together with T-splitters. This improved efficiency because we could incubate multiple 
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chambers simultaneously from the same gas canister. Once the multi-valve system was 

constructed, air flow was qualitatively verified across all four boxes. The lid of the box 

was sealed with a layer of petroleum jelly to help ensure that the direction of air flow was 

purely through the entry and exit valves. Once a steady stream of oxygen was verified 

exiting the box, then (after incubation for a period of time to reach a steady state) it was 

assumed the initial gas concentration in the box was entirely displaced by the oxygen (or 

breathing air) that was being pumped in.  
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Figure 1. Top: A photograph of six mice in the completed chamber, placed on top of a 
solid water block. The top lid is removable, and the dividers (with holes for air flow) can 
be configured to meet different geometric needs. Bottom: A photograph of four boxes all 
connected in parallel to the ball valve setup. Each chamber has an independent handle to 
individually regulate the flow into each chamber. 
 

 

Mouse Model 

 All procedures in this study were approved by the institutional animal care and 

use committee. A bitransgenic mouse model was used that is intended to mimic 

asymptomatic and ex-smokers at risk for lung cancer. Our mouse model was developed 

by our lab to conditionally express a mutant human Ki-rasG12C gene in a doxycycline 

(DOX) inducible and lung specific manner [4]. A week prior to irradiation, DOX is 

administered to the mice through their drinking water in order to induce the mutant Ki-

ras expression. DOX delivery then continues until euthanasia, which is scheduled for 9 
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months post-irradiation. This process results in the formation of small, benign, early-

stage legions intended to model humans with genetic damage to their lung epithelial cells. 

All mice were maintained on an AIN-76 diet and drinking water, either with or without 

500 mg/mL of DOX. The lung morphology of CCSP/Ki-ras mice that do not receive 

DOX in their drinking water is normal.  

 

Radiation Delivery 

 A calibrated medical linear accelerator was used to deliver high-energy photon 

radiation. An 18 MV photon beam was initially used until facility changes required the 

use of a 10 MV beam as the highest possible energy choice. The high-energy beam was 

chosen to best simulate space radiation, which includes a moderate component of particle 

production [15]. A calibrated ion chamber (wrapped in appropriately thick bolus material 

to simulate the volume of a mouse) was utilized to verify a uniform dose distribution 

across the entire box. This is essential since the mice are divided into different 

compartments within the box (Figure 2). The box was placed under 10 cm of solid water 

material relative to the radiation source to allow for the desired radiation dose buildup 

(equilibrium) and to achieve a flat dose profile, as well as on top of 5 cm of solid water to 

minimize any backscatter contribution to the dose due to a metal plate on the floor where 

the box was positioned (Figure 3). 
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Figure 2. A calibrated ion chamber was used to verify the dosimetry on the central axis 
(Top, Bottom) and at the corner (Middle). 
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Figure 3. Top: The solid water block configuration. Bottom: The setup for the dosimetry 
using a clinical linear accelerator. 
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Once the dose distribution was verified, we began the process of irradiating 200 

total mice at doses of 0, 80, 300, 600, and 1000 mGy, with either 100% oxygen or normal 

breathing air. Mice were placed in their individual compartments within the box, and the 

lid was sealed with a layer of petroleum jelly. The boxes were then incubated with the 

appropriate gas environment for 30 minutes prior to irradiation to ensure a uniform gas 

distribution. They were then transferred to the clinical linear accelerator room, where 

they were hooked up to the in-room oxygen supply and arranged with the correct 

geometry to match the dosimetry calculations. After irradiation with the applicable dose, 

the box was re-connected to the appropriate gas canister for 2 hours so that the gaseous 

environment was maintained during cell repair. After 9 months, the mice will be 

sacrificed, their lungs excised, and tumors will be counted and sized with digital calipers.  
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RESULTS & DISCUSSION 

 

 A calibrated ion chamber wrapped in tissue-equivalent bolus material to 

approximate a mouse phantom was used to determine our central axis dose calibration 

factor and to verify off-axis dose uniformity. A slight variation in dose across the 

radiation field is to be expected from the “horn effect”. Since the beam profile flattens out 

at depth, 10 cm of solid water was placed on top of the chamber. The dose was measured 

at several locations within the gas chamber to verify that the dose uniformity was within 

an acceptable tolerance of <5% variation. This ensures that all the mice receive 

approximately the same dose of radiation (Figure 4). These experiments were all 

conducted with the gas chamber on the floor below the radiation source, i.e., the furthest 

possible distance from the source. This irradiation geometry allowed for a more uniform 

dose delivery to all six mice, while also providing for a low dose rate to mimic the 

radiation dose rate in space. Using a low dose rate also helps to minimize the linear 

accelerator’s “end effect” (Table 1).  
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Figure 4. Top:  Illustration showing the locations where ion chamber measurement were 
made in the gas chambers to verify dose uniformity.  Bottom: A table showing the 
resulting dosimetry characteristics for our controlled-environment gas chambers. Monitor 
Units (MU) are the settings on a medical linear accelerator used to deliver a desired dose. 
Our linear accelerators are calibrated to deliver 1 cGy/MU to the isocenter at the depth of 
maximum dose for a 10x10 cm2 field in water with a radiation source to surface distance 
equal to 100 cm. From this and knowledge of a given geometry, dosimetry at any depth 
and location can be calculated. The table above also shows how the dose rate varies at 
different positions within the chamber. Note that the uniformity variation is ≤ 3% which 
is within our acceptable tolerance of 5%. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Calculated Dosimetry Data 

Position Dose Rate 

(mGy/MU) 

Deviation from CAX 

Central Axis (+) 2.05 ----- 

Position 1 2.01 1.95% 

Position 2 1.99 2.93% 

Position 3 2.07 0.98% 

Position 4 2.08 1.46% 
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Table 1: Irradiation Parameters 
 

 The linked ball valve system greatly improved the efficiency of running the 

experiment, as it permitted us to incubate up to four chambers simultaneously on the 

same gas tank. The flow rate of the oxygen or breathing air was set to ~10 L/min, and the 

levers for each valve were adjusted so that there was a noticeable flow of gas leaving 

each exit port. Since the gas chambers are sealed besides this exit port, the flowing gas 

follows the path of least resistance and quickly saturates the chamber to nearly 100% 

concentration (>95%). All the chambers were flushed for 10 min with the appropriate gas 

to ensure that all of the initial gas was equilibrated for each exposure. Then the mice were 

quickly loaded  (< 1 min) into their individual compartments, and the lids were sealed on 

with a layer of petroleum jelly. Following a 30 min incubation period, one of the boxes 

would be disconnected from the main tank, (while the other three remained attached), and 

quickly moved (~ 3 min) while sealed to the linear accelerator room where the tube was 

reattached to the in-room gas supply. After irradiation, the chamber would be transported 

back to the lab and reattached to the main tank, where it would remain in the gas 

Linac Parameters 

Beam Energy 18 MV or 10 MV  

Field Size 20 x 20 cm2 (at isocenter) 

Buildup Region 10 cm solid water 

Backscatter Region 5 cm solid water (underneath) 

Dose 0, 80, 300, 600, or 1000 mGy 

Dose Rate 410 mGy/min  
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environment for 2 h to ensure that the desired gas conditions would be present throughout 

the time needed for sufficient cellular repair after irradiation. In assembly line fashion, 

the remaining chambers would undergo the same process. The ability to separately 

disconnect individual boxes while maintaining the gas environment for the remaining 

chambers, all while utilizing the same gas tank, maximized our efficiency.  

The methods described above allowed for a controlled and uniform dose delivery 

to unanesthetized mice under normoxic and hyperoxic conditions. For each mouse, the 

resulting number of lung tumors and their sizes will be analyzed to examine if there is i) a 

radiation dose dependent response and ii) if an increase in the carcinogenic potential 

exists due to hyperoxic breathing conditions.  
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CONCLUSION 

 

A practical device was developed to control murine breathing conditions during 

radiation experiments. This box could be easily constructed at any facility and adapted to 

individual needs and specifications. At our own facility, the dimensions of the boxes 

were easily modified to accommodate a similar project conducted with rats. A key 

advantage is that the mice are not anesthetized during irradiation. This produces a more 

natural, translatable environment for radiation studies that strive to mimic an EVA, while 

also removing the complications of an additional variable from the anesthesia.  
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VI. CHAPTER FIVE 

A REPRODUCIBLE RADIATION DELIVERY METHOD FOR 

UNANESTHETIZED RODENTS DURING PERIODS OF HIND LIMB 

UNLOADING 

 

Published Paper Introduction 

Both CT and linear accelerators are primarily clinical machines. However, 

because of their availability and ubiquity in academic medical centers, they are have 

become increasingly utilized for research involving animal irradiations. My role in the 

clinic is uniquely positioned between clinical experience and research, and I was 

sometimes able to serve as a bridge for research groups from other departments who 

desired to irradiate animals using our clinical linear accelerators. Thus, some of my 

efforts were spent performing dosimetry calculations for studies not directly related to my 

carcinogenesis interests. In general, this helps to bring more research into the realm of 

clinical applicability, and can assist in increasing the translatability of animal studies. 

This project built on my dosimetry experience from the previous NASA study (Chapter 

Four). However, it utilized rats instead of mice, and they were irradiated using a different 

geometric setup. As to not alter the layout of the published paper, an example calculation 

showing the details of the type of dosimetry done for this chapter (and Chapter Four) has 

been included in appendix A2 at the end of the dissertation. Stylistic variations result 

from the demands of the Life Sciences in Space Research journal. 
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ABSTRACT 

 

Exposure to the spaceflight environment has long been known to be a health 

challenge concerning many body systems. Both microgravity and/or ionizing radiation 

can cause acute and chronic effects in multiple body systems. The hind limb unloaded 

(HLU) rodent model is a ground-based analogue for microgravity that can be used to 

simulate and study the combined biologic effects of reduced loading with spaceflight 

radiation exposure. However, studies delivering radiation to rodents during periods of 

HLU are rare. Herein we report the development of an irradiation protocol using a 

clinical linear accelerator that can be used with tail suspended, unanesthetized rats that is 

capable of being performed at most academic medical centers. A 40.6 cm x 40.6 cm x 

50.8 cm rectangular chamber was constructed out of polymethyl methacrylate (PMMA) 

sheets (0.64 cm thickness). Perforated aluminum strips permitted the suspension dowel to 

be placed at varying heights depending on the rodent size. Five cm of water-equivalent 

material were placed outside of two PMMA inserts on either side of the rodent that 

permitted the desired radiation dose buildup (electronic equilibrium) and helped to 

achieve a flatter dose profile. Radiation was delivered using a medical linear accelerator 

at an accelerating potential of 10 MV. A calibrated PTW Farmer ionization chamber, 

wrapped in appropriately thick tissue-equivalent bolus material to simulate the volume of 

the rodent, was used to verify a uniform dose distribution at various regions of the 

chamber. The dosimetry measurements confirmed variances typically within 3%, with 

maximum variance <10% indicated through optically stimulated luminescent dosimeter 

(OSLD) measurements, thus delivering reliable spaceflight-relevant total body doses and 
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ensuring a uniform dose regardless of its location within the chamber. Due to the relative 

abundance of LINAC’s at academic medical centers and the reliability of their dosimetry 

properties, this method may find great utility in the implementation of future ground-

based studies that examine the combined spaceflight challenges of reduced loading and 

radiation while using the HLU rodent model. 

 

Keywords: Hind limb unloading, radiation, dosimetry, spaceflight.  
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INTRODUCTION 

 

 Exposure to the spaceflight environment has long been a known health challenge 

concerning many body systems [1]. For instance, the damaging effects of microgravity on 

muscle and bone with reduced loading are well documented [2-8]. The mission-critical 

and post-mission effects of microgravity on many organ systems are urgent concerns as 

NASA directs more resources towards extended stays aboard the International Space 

Station and exploration beyond low-Earth orbit. Likewise, radiation present in the 

spaceflight environment represents a substantial health challenge for many organ 

systems, including bone, muscle, and joints [9-14]. The hind limb unloading (HLU) 

rodent model was developed as a ground-based analogue for the microgravity of 

spaceflight to be used as a platform for studying unloading effects on various systems 

[15-17]. The HLU model is a standard approach in part because it also can induce other 

physiologic effects observed during spaceflight, such as a cephalic fluid shift [18].Thus, 

ground-based rodent studies (particularly those with a musculoskeletal focus) have 

necessarily combined HLU with radiation exposure to assess combined biologic effects 

[19-23]. 

Ideally, studies that examine the combined effects of reduced weight bearing and 

radiation deliver that radiation at some point during the period of HLU in order to better 

model spaceflight conditions [20, 24]. To date, most of these studies have been 

performed using resources at the NASA Space Radiation Laboratory (NSRL, at 

Brookhaven National Laboratory), where galactic cosmic ray (GCR) exposures are 

simulated using heavy charged particle (HZE) radiation. For studies not performed using 
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resources at the NSRL, radiation is often delivered to rodents that are either restrained or 

have fully loaded limbs prior to or after initiating HLU [21-23, 25, 26]. The irradiation of 

unanesthetized rodents during HLU can be technically challenging for several reasons. 

This includes but is not limited to: i] the size restrictions of both the suspension apparatus 

and the irradiator, and ii] rodents may be housed at locations other than the site of the 

radiation source. Regardless of any procedural limitations, all of these investigations 

provide novel and important information regarding the combined effects of simulated 

microgravity and radiation on body systems. 

Herein we report here the development of a whole-body irradiation protocol using 

a clinical linear accelerator that can be used with tail suspended, unanesthetized rats, 

which can be adapted to, and performed at, most academic medical centers. This 

improved method is not confounded by movement of the unanesthetized rodent, and 

more accurately simulates the whole body exposure that would be received during 

spaceflight. The novel use of clinical linear accelerators for the delivery of radiation to 

hind limb unloaded rats is advantageous in terms of i] the relative abundant access 

researchers at medical centers have to this common radiation source, and ii] dosimetric 

conditions that we consider to be more relevant to space radiation environments. This 

report describes the experimental enclosure we developed for this purpose, as well as the 

detailed dosimetry of the radiation field used in these experiments. 
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MATERIALS & METHODS 

 

Chamber Construction 

 A 40.6 cm x 40.6 cm x 50.8 cm rectangular chamber was constructed out of 

polymethyl methacrylate (PMMA) sheets (0.64 cm thickness) and stainless steel L-

brackets (Figure 1). Aluminum strips with regularly spaced holes were affixed to 

opposite sides of the chamber to allow for the suspension dowel to be placed at varying 

heights depending on the rodent size. Additional single sheets of 40.6 cm x 40.6 cm 

PMMA were inserted 16.5 cm inward from both sides in order to further limit the area to 

which the rat had access (Figure 1). For future use of this irradiation setup, it is desirable 

to minimize the space between the animal and the PMMA inserts, in order to minimize 

animal movement and maximize dose homogeneity. This setup, therefore, must be 

tailored to the size of the rodent irradiated. These sheets remained upright as they were 

each adhered to 5 cm of water-equivalent material (Gammex RMI, Middleton, WI, 

United States) [27, 28]. This material was necessary for dosimetric purposes in addition 

to limiting the movement of the animal.  
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Figure 1. The rat suspension apparatus that permitted radiation exposure from a clinical 
LINAC while simultaneously tail-suspending non-anesthetized rodents. The design for 
the cage was based on apparatus detailed by Morey Holton and Globus [17]. 
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Radiation Delivery & Dosimetry 

 Radiation was delivered using a Varian 2100 SC medical linear accelerator at an 

accelerating potential of 10 MV. The highest available beam energy of 10 MV was 

selected to minimize the depth-dependent dose fall off during exposure. The total dose of 

whole-body radiation exposure selected for dosimetric purposes was 1 Gy, as it is 

relevant to a possible exposure scenario resulting from a solar particle event and has been 

shown to induce musculoskeletal deficiencies [11] The lowest available dose rate of ~1 

Gy/min was selected in order to minimize dose heterogeneity, specifically to the rodent 

due to animal movement during irradiation. All linear accelerator parameters used to 

deliver the radiation are provided in Table 1. 
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Figure 2. A bolus wrapped calibrated ion chamber in a hanging position to mimic a HLU 
rat during dosimetric measurements. The dosimetry was performed using both the ion 
chamber in multiple positions (hanging, lying flat, and standing on end) within the 
chamber, as well as an OSLD distributed throughout the chamber (not shown). Absorbed 
doses were identified at specific locations using a three dimensional coordinate system, 
illustrated by the white arrows in the three orthogonal planes (X, Y, and Z) superimposed 
on the image of the hanging ion chamber. 
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Linear Accelerator Parameters 

Beam Energy 10 MV x-rays 

Field Size 40 x 40 cm2 (at isocenter) 

Buildup Region 5 cm water-equivalent material on each side 

Gantry Angles 90° and 270°  

Dose 100 cGy 

Dose Rate ~0.98 Gy/min  

Table 1: Parameters for radiation delivery 

 

 A calibrated PTW Farmer ionization chamber, wrapped in appropriately thick 

tissue-equivalent bolus material to simulate the volume of a rat, was used to verify a 

uniform dose distribution at various regions of the chamber (Figure 2), and determined 

the central axis dose calibration factor and ensure off-axis dose uniformity. The readings 

taken at multiple chamber positions mimicked different rodent orientations, to verify that 

all variances remained within the accepted <5% tolerance. Furthermore, optically 

stimulated luminescent dosimeters (OSLDs), with a lesser, intrinsic accuracy of ±10%, 

were utilized as a second dosimetric check. Initially, single beam measurements were 

performed before deciding that two parallel and opposed beams, each delivering half the 

dose, ensured greater dose homogeneity. An important consideration in this setup is the 

possible dose inhomogeneity due to scatter from metal components of the cage within the 

radiation field. In our irradiation protocol, we positioned the cage to minimize this effect. 

Radiation inhomogeneities due to scatter effects could be assessed by measuring dose at 
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different points within the irradiated volume, and the setup of these measurements is 

detailed below. Gantry positions during dosimetry measurements were identical to the 

setup displayed in Figure 3.  

A variation in dose in an attenuating medium in the plane perpendicular to the 

beam is to be expected due to the “horn effect” [29]. This is a result of the linear 

accelerator’s flattening filter geometry and at shallow depths it can lead to “hot spots” of 

radiation intensity at locations off the central axis. The placement of the water-equivalent 

material outside of each of the PMMA insert compensated for this effect and permitted 

the desired radiation dose buildup (electronic equilibrium) to help achieve a flatter dose 

profile (Figure 1). This material is used routinely in medical physics applications to 

achieve reproducible dosimetry results when practicing quality assurance measurements 

of clinical linear accelerators and isotopic radiation sources [27, 28]. For descriptive 

purposes, we have established a coordinate system with an origin at the bottom left 

corner of the irradiation chamber (Figure 2). To clarify, along the lateral axis (X), the left 

side is considered 0 cm, while the right PMMA wall is considered 17.8 cm. Along the 

longitudinal axis (Y), the far wall of the irradiation chamber is considered 0 cm, while the 

wall closest to the observer is considered 40.6 cm. Finally, in the vertical direction (Z), 

the table surface is established as 0 cm while the top of the PMMA sheet is 40.6 cm. This 

coordinate system is illustrated in Figure 2, and should be used as a reference when 

reading Table 2. 
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RESULTS 

 

 The details of the final dosimetry measurements are provided in Table 2. The 

monitor units (MU) correspond to dose deposited to detectors in the treatment head of the 

machine, and are used to calculate target dose based on target composition, beam 

parameters, and depth of the target region. For example, the linear accelerator used in this 

study is calibrated to deliver 1 cGy/MU to the isocenter at the depth of maximum dose 

for a 10x10 cm2 field in water with a radiation source to surface distance equal to 100 cm. 

From this and knowledge of the geometry, dosimetry at any depth and location can be 

calculated.  
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Calculated Dosimetry Data 

Dosimeter 

Dose Rate 

(cGy/MU) 

Deviation from 

CAX 

Location (X,Y,Z) 

(cm) 

Ion chamber 0.987 -- (8.9, 20.3, 3.5) 

Ion chamber 0.999 1.16% (14.3, 30.3, 3.5) 

Ion chamber 1.009 2.23% (3.5, 10.0, 3.5) 

Ion chamber 1.002 1.48% (8.9, 30.6, 10.0) 

Ion chamber 0.989 0.14% (8.9, 25.3, 12.0) 

Ion chamber 0.982 -0.55% (8.9, 35.3, 8.0) 

Ion chamber 0.992 0.52% (8.9, 20.3, 14.5) 

OSLD 1.017 3.00% (17.8, 30.3, 5.0) 

OSLD 1.019 3.26% (0.0, 30.3, 5.0) 

OSLD 1.071 8.44% (17.8, 10.0, 15.0) 

OSLD 1.084 9.80% (0.0, 30.0, 15.0) 

Table 2: Verification parameters used for assurance of dose uniformity 

 

All ion chamber measurements are <3% variation from central axis (CAX), within 

the accepted tolerance of 5%, and the OSLD measurements are within their manufacturer 

specified accuracy of 10%. This ensures that the unanesthetized rodent will receive a 

uniform dose regardless of its location within the chamber (Figure 3). Additionally, this 
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confirms that possible inhomogeneities from scattering elements of the cage are not 

significantly present. 

 

 
 
Figure 3. The experimental setup that includes a tail-suspended rat positioned in the 
medical linear accelerator using the verified dosimetric setup. Each total radiation dose is 
delivered in two parallel-opposed beams. 
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DISCUSSION 

 

 A chamber was constructed to allow for total-body irradiation of unanesthetized, 

hind limb unloaded rats for the purpose of improving ground-based studies that use the 

HLU to simulate both microgravity and interplanetary radiation environments. Dosimetry 

was performed using a calibrated ionization chamber that verified a homogenous dose 

distribution within the chamber. Our findings on dose homogeneity using this setup were 

unsurprising considering our radiation source. The maintenance of clinical sources of 

radiation and the characterization of radiation beams generated from these sources is 

highly standardized within the United States, making this protocol highly adaptable to 

use at other academic cancer centers. The use of this setup could be further explored at 

proton treatment centers, where radiation conditions could be further matched to a space 

radiation environment. Thus, this setup and protocol gives the ability to confidently 

irradiate small animal models to a desired dose without the additional complication of 

anesthesia and could be easily adapted to be used in any radiation oncology clinic 

associated with a research institution. 

The use of megavolt radiation generated from a clinical linear accelerator may 

have some advantages for examining spaceflight-relevant biologic effects during periods 

of unloading when compared to exposure to standard isotopic sources of ionizing 

radiation. The use of the clinical linear accelerator allows us to more easily control the 

mean energy, field size, and dose rate. Moreover radiation fields produced with a clinical 

linear accelerator are polychromatic in nature, with known energy spectra. For example, 

in this study our accelerating potential of 10 MV produces photons with a maximum 
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energy of 10 MeV, but an average energy of 2.9 MeV [37]. Additionally, dose delivery 

using megavolt X-rays from a LINAC during HLU may employ more spaceflight-

relevant radiation conditions than use of 137Cs. Specifically 137Cs is distinct from the 

radiation encountered in low earth orbit, and varies even further from radiation 

encountered outside of the Van Allen belt where particle radiation is more prevalent. This 

difference is even more pronounced when a solar particle event (SPE) occurs [30, 31], 

which principally lies in two elements of 137Cs quality. Its radiation output is comprised 

of a spectrum of homogeneous, monoenergetic photons with energy of 662 keV. Space 

radiation, in contrast, has a broad energy spectrum ranging from 101 to 106 MeV per 

particle. Low earth orbit is almost completely comprised of a heterogeneous mixture of 

particles, principally protons, but also consisting of neutrons as well as charged particles 

including helium, oxygen, and iron ions. This environment changes based on solar 

activity, with significant flux variances measured at different time points between 1970 

and 1990 [32]. The argument that photon irradiation is comparable has been made, and is 

rooted in the similarity of the accepted RBE of photons (1.0) and protons (1.1-1.3) [33]. 

It should be noted, however, the RBE of protons has been contested with models arising 

involving an RBE dependent on depth of dose deposition [34-36].  

This chamber design and irradiation protocol for rodents during HLU can be 

implemented at most academic medical centers that utilize a standard medical linear 

accelerator source that is available for research purposes. The dosimetry measurements 

confirmed variances typically within 3%, with maximum variance <10% indicated 

through OSLD measurements, thus delivering reliable spaceflight-relevant total body 

exposures. Thus this method may find great utility in the implementation of future 
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ground-based studies that examine the combined spaceflight challenges of reduced 

loading and radiation while using the HLU rodent model. 
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VII. CHAPTER SIX 

THE CARCINOGENIC POTENTIAL OF LOW DOSE, LOW DOSE 

RATE RADIATION ± HYPEROXIA 

 

This chapter is the culmination of the chamber construction and dosimetry 

presented in Chapter Four. In addition to examining the interplay of hyperoxic conditions 

with our murine model, it also provided the first opportunity to expose the model to 

megavoltage radiation, at doses up to an order of magnitude greater than we had 

previously delivered with CT.  

 

Introduction 

NASA astronauts routinely embark on extra-vehicular activities (EVAs) in space 

environments. During these spacewalks, the astronauts rely solely on their suits for 

protection. Without the additional shielding of the spacecraft, the astronaut is at a much 

higher risk of exposure to space radiations, especially during solar particle events [47-

50]. Further complicating the evaluation of this carcinogenic risk is that the astronauts 

breathe 100% O2 during their EVAs. Oxygen is a potent radiosensitizer that is known to 

increase radiation damage in vitro and in vivo, primarily by increasing free radical 

formation and oxidative stress [51]. As NASA moves forward with long term exploration 

plans, there is strong motivation to reduce the uncertainty in the carcinogenic risk of 

exposing an astronaut to space radiations during an EVA. The present study was designed 

to determine if the carcinogenic potential is increased by breathing 100% O2 before, 
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during, and after irradiation with a high-energy x-ray beam that also contained a small 

neutron component. 

Previous research in our laboratory employed cancer-susceptible mouse models 

[52-54] to assess the carcinogenic risk of exposure to mGy doses of CT radiation. In 

these studies, anesthetized bitransgenic CCSP-rtTA/Ki-rasG12C mice that conditionally 

express the human mutant Ki-rasG12C gene in a doxycycline-inducible and lung-specific 

manner [53] or A/J mice injected ip with a single 100 mg/kg dose of 4-

(methylnitrosoamino)-1-(3-pyridyl)-1-butone (NNK) [54] were exposed to low doses 

from a clinical helical CT scanner. The mean number of lung tumors/mouse increased in 

a gender–dependent (females>males), dose-independent (1.25-200 mGy) manner. These 

data suggested that this increase in tumor formation is due to promotion, rather than 

initiation [53], and can be protected against by administering N-acetyl cysteine before, 

during, and for a short period after exposure to CT radiation [54]. Consequently, these 

mouse models have the sensitivity required to assess the carcinogenic potential of low 

dose, low dose rate ionizing radiation under a variety of environmental conditions. 

To determine if breathing 100% O2 increases the risk of radiation-induced 

carcinogenesis, unrestrained unanesthetized male and female bitransgenic mice 

conditionally expressing the human mutant Ki-rasG12C gene were allowed to breathe 

either 100 O2 or air (21% O2) for 30 min prior to, during, and 2 h after whole-body 

irradiation with high-energy x-ray doses of 0-1000 mGy. Under these conditions, 

breathing 100% oxygen appeared to have a protective effect on radiation-induced 

carcinogenesis.  
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Mouse Model  

The bitransgenic CCSP-rtTA/Ki-rasG12C mouse model employed in this study has 

been characterized extensively by our group [52-53, 55]. Both male and female mice 

have a doxycycline-inducible (DOX), lung specific human Ki-rasG12C gene. When 500 

µg/ml of DOX is continuously administered in the drinking water starting at 8 weeks of 

age to induce expression of the Ki-rasG12C gene, early-stage adenomas develop in the 

lungs by 3 months that grow slowly over the next 9-12 months without affecting the 

overall health of the mice. The lungs of the mice that do not receive DOX in their 

drinking water are normal. The bitransgenic mice in this study were bred in-house, 

screened for the presence of both transgenes, randomly assigned to 5 male or 5 female 

dose groups (17-20 mice/group) and maintained on an AIN-76 diet, with or without DOX 

in their drinking water. All procedures were approved by the Institutional Animal Care 

and Use Committee. 

 

Irradiation Procedures and Lung Tumor Assessment  

A description of the environmental chambers, the set-up, and the dosimetry was 

published as a separate paper (and included in this dissertation as Chapter Four) [56]. 

Briefly, 30 x 30 x 9 cm Plexiglas chambers were constructed with inlet and exit gas 

valves to allow 100% O2 or breathing air to saturate the chamber at a flow rate of 10 

L/min. Each chamber was divided into 6 compartments that held 1 unanesthetized 

mouse/compartment. One week after starting the DOX treatment, the mice were placed in 

chambers and allowed to breath either air (~21% O2) or 100% O2 for 30 min. After 

closing the inlet and outlet valves, the chambers were transferred to the linear accelerator 
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room (~3 min), connected to the in-room breathing air or 100% O2 supply, and whole-

body irradiated with single doses of 0, 80, 300, 600, or 1000 mGy of 10 or 18 MV x-rays 

at a dose rate of ~410 mGy/min from medical linear accelerators. After irradiation, the 

mice were returned to the lab, and the chambers reconnected to the appropriate gas for an 

additional 2 h to allow cellular and molecular repair to occur. Unirradiated control mice 

were handled identically to the irradiated mice. At 9 months postirradiation, the mice 

were euthanized, the lungs excised, and the lung tumors counted.  

We first fit a 2 sample t-test to compare the number of lung tumors/mouse in 

unirradiated mice breathing 100% O2 to that of unirradiated mice breathing air. Next, we 

used a 3-way ANOVA in a General Linear Model to fit the independent variables of 

dose, gender, and O2 concentration. As the first step, we used an F-test to determine all 

the 2-way interactions in the model. Because none of the interactions were significant 

(p>0.14), we dropped them from the model and examined the main effects of dose, 

gender, and O2 concentration at all nonzero doses in a single model. All analyses were 

performed using SAS Version 9.3. Comparisons were considered statistically significant 

at p<0.05. 

 

Results 

A marginally significant (p = 0.052) increase in the mean number of lung 

tumors/mouse was measured in the unirradiated mice breathing 100% O2 when compared 

to the mean number of lung tumors/mouse in unirradiated mice breathing air.  Consistent 

with our previously published results [53], the irradiated male and female mice breathing 

air exhibited a dose-independent (p>0.1), gender-dependent (p<0.0001) increase in the 
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mean number of lung tumors/mouse when compared to the mean number of lung 

tumors/mouse in unirradiated mice breathing air (Figure 1). The irradiated male and 

female mice breathing 100% O2 also exhibited a dose-independent (p>0.1), gender-

dependent (p<0.0001) increase in the number of lung tumors/mouse when compared to 

the mean number of lung tumors/mouse in unirradiated mice breathing 100% O2 (Figure 

1). 

 

 
 
Figure 1. Irradiated, unanesthetized, unrestrained, young adult male and female 
bitransgenic CCSP-rtTA/Ki-rasG12C mice breathing 100% O2 exhibit a gender- and dose-
independent decrease in the mean number of lung tumors/mouse when compared to 
irradiated mice breathing air. Lung tumors were assessed 9 months postirradiation.  

 

Unexpectedly, the mean number of lung tumors/mouse was significantly 

(p<0.0001) reduced to the same extent at all doses in both male and female mice 

breathing 100% O2 when compared to the mean number of lung tumors/mouse in 

irradiated mice breathing air (Figure 1). For all nonzero doses, the mean number of lung 
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tumors/mouse for each gender and breathing condition can be estimated from the 

modeled equation:   

       (40) 

 

where δ is the Kronecker delta, having a value of 1 if the condition is met and 0 if the 

condition is not met.  

Note that the dose term, (0.0004)*XmGy, is not statistically different from 0 

(p>0.1), i.e. there is no dose response from 80-1000 mGy for males and females 

breathing either air or 100% O2.  

 

Discussion 

Several prebreathe and decompression protocols are employed by the astronauts 

before and after an EVA [57, 58]. These protocols replace the nitrogen in the blood and 

tissues with oxygen prior to an EVA, and return nitrogen to the blood and tissues after an 

EVA without producing decompression sickness. The procedures usually involve 

breathing >95% O2 at 1 atm for ≥1 h, followed by a reduction to ~0.7 atm for ≤1 h, and 

then a reduction to ~0.3 atm for ~30 min prior to initiating the EVA. After the EVA, the 

procedure is reversed to restore nitrogen to the blood and tissues. Mice have a higher 

respiratory rate that allows denitrogenation to occur more rapidly than in humans, so our 

30 min prebreathe in 100% O2 is sufficient to remove >98% of the nitrogen from the 

blood and tissues prior to irradiation.  
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It should be noted that our irradiations were performed while breathing 100% O2 

at 1 atm, rather than at ~0.3 atm, and our decompression protocol resulted in our mice 

going from breathing 100% O2 to breathing air instantaneously, rather than gradually 

returning to ambient as the astronauts do after an EVA. Breathing 100% O2 at 1 atm, 

rather than at ~0.3 atm during irradiation could result in a higher level of oxidative 

damage in our mice than an astronaut would experience during an EVA. Going from 

breathing 100% O2 to breathing air instantaneously during decompression could reduce 

the overall level of oxidative damage in our mice compared to what astronaut would 

experience after an EVA. The net effect of our breathing protocols is likely a slight 

increase in the total oxidative damage over that experienced by an astronaut performing 

an EVA. 

Although the beams from our medical linear accelerators contained high-energy 

10 or 18 MV x-rays and a small amount of neutrons and electrons, the dose rate (~410 

mGy/min) and the composition of the beam were not identical to that experienced during 

an EVA [59-61]. In our experiment, the higher dose rate should result in a higher level of 

oxidative damage/unit time than astronauts would experience during an EVA. The lower 

HZE particle composition of our beams should result in a lower concentration of 

oxidative damage along the track than astronauts would experience during an EVA.  

Thus, our irradiation set-up is likely to produce a slight decrease in the oxidative damage 

and its radiobiological effectiveness over that experienced by an astronaut during an 

EVA. Given that the decreased radiobiological effectiveness of the beam composition is 

somewhat counterbalanced by the increased radiobiological effectiveness of the higher 

dose rate and the atmospheric pressure in our mouse experiment, the carcinogenic risk of 
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breathing 100% O2 measured in our mouse experiment is likely a reasonable estimate of 

the relative carcinogenic risk of breathing 100% O2 during an EVA.  

 In the bitransgenic CCSP-rtTA/Ki-rasG12C mouse model, excess radiation-

induced lung tumor formation appears to be due to promotion, rather than initiation [53]. 

Exposing these bitransgenic mice to DOX in the drinking water both transforms their 

normal lung cells into tumor cells and promotes these initiated tumor cells to form lung 

tumors. Although initiation of normal cells into tumor cells in this model appears to be 

complete shortly after exposure to DOX, promotion of these initiated tumor cells to form 

lung tumors appears to be incomplete [53]. An increase in oxidative damage/stress as 

small as that generated by 40 mGy delivered in four 10 mGy fractions once per week [55] 

or a single dose of 1.25 mGy appears to be sufficient to promote all of the remaining 

initiated tumor cells to form tumors. 

The marginally significant increased tumor formation measured in the 

unirradiated male and female mice (Figure 1) is consistent with the concept that breathing 

100% O2 metabolically generates a slight increase in oxidative damage/stress that can 

promote some, but not all of the initiated lung cells to form tumors. However, this 

concept does not explain the radioprotective effect of breathing 100% O2 measured in our 

mice after exposure to 80-1000 mGy of high-energy x-rays (Figure 1). It is known that 

the spectrum of radiation-induced DNA damage is different and the yield is increased 

under hyperoxia conditions [62-64]. Moreover, there is an increase in radiation-induced 

lipid peroxidation under hyperoxia conditions [65, 66]. Thus, it is reasonable to speculate 

that, in the mice breathing 100% O2, a change in the spectrum and yield of DNA damage 

and an increase in lipid peroxidation resulted in the killing of some of the initiated lung 
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cells before they could be promoted to form tumors. Killing initiated lung cells before 

they could form tumors would reduce the mean number of lung tumors in the mice 

breathing 100% O2 as we observed (Figure 1). 

In summary, bitransgenic CCSP-rtTA/Ki-rasG12C mice that conditionally express 

the human mutant Ki-rasG12C gene in a doxycycline-inducible and lung-specific manner 

were exposed to 80-1000 mGy doses of high-energy x-rays while breathing either air or 

100% O2. These mice had a gender-dependent, dose-independent increase in the mean 

number of lung tumors/mouse when compared to their appropriate unirradiated control. 

However, the irradiated mice breathing 100% O2 had a gender- and dose-independent 

decrease, rather than an increase, in the mean number of lung tumors/mouse when 

compared to irradiated mice breathing air.  These data suggest that astronauts exposed to 

space radiations while breathing 100% O2 during an EVA are not likely to have an 

increased risk of developing radiation-induced tumors.   
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VIII. CONCLUSION 

 

Our dosimetric characterization of clinical radiation devices has demonstrable 

utility in the ability to employ these clinical machines for experimental use in animal 

studies. Meaningful interpretation of experimental results relies on a strong foundation in 

experimental design. This work explored a variety of methods to accurately and 

confidently deliver radiation dose to rodent models under a variety of experimental 

conditions.  

Ionization chamber measurements were established as the standard for dosimetry. 

After verifying that the assumptions required to use the CTDI formalism were valid for 

our situation, the ion chamber measurements were used to design the CT scan protocol 

for our low dose carcinogenesis experiments. GafChromicTM film measurements were 

performed to enhance our understanding of the spatial dosimetry in our model, and 

optically stimulated luminescent dosimeters were employed as an excellent in vivo 

verification of our bolus-wrapped ion chamber model.  

Similar dosimetry methods were adapted for linear accelerators, machines that are 

also primarily clinical in nature. The demands of the experiments on the linacs required 

that the rodents be unanesthetized, and so the challenge was to verify a sufficient region 

of homogeneous dose to ensure that a uniform dose could confidently be delivered to 

rodents. The dosimetry was again based on ion chamber measurements, but the OSLDs 

served as a useful way to probe point doses in various locations of the rodent enclosures. 

This type of rigorous dosimetry has demonstrated merit even outside this work, as it has 

been easily adapted to other research groups at Wake Forest.  
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This solid foundation in the dosimetry of the experiments allowed us to apply that 

work to some particularly novel clinical research. For the high-energy beams, we were 

able to model both hyperoxic and low gravity conditions in space to provide NASA with 

quantifiable data on the radiation risks associated with long term space travel. The normal 

breathing air group of the hyperoxic murine study also allowed us to test how our lung 

tumorigenesis model would respond to low doses of high-energy radiation, and we saw 

the same dose-independent, gender-dependent response that we had seen in our CT work, 

even out to doses three orders of magnitude greater.  

Lastly, this dosimetry work allowed us to investigate the carcinogenic risks of low 

dose CT radiation, arguably the most timely and innovative research being conducted in 

our group. CT imaging has skyrocketed over the last few decades, and investigation into 

the possible risks have not scaled accordingly. Our in vivo mouse model with irradiations 

being performed on a clinical CT scanner and approximating clinically relevant doses and 

delivery schedules is unique in the field. This research is well positioned between the 

basic science of our verified mouse models and radiation physics, and the clinical 

perspective and applicability to the radiation therapy environment.  

To date, all of our models have shown a dose-independent, gender-dependent 

response to low dose radiation. While this does not align with the currently accepted 

linear no-threshold model, the LNT is primarily used to model cancer induction. Ionizing 

radiation is known to affect tumors through both induction and promotion. Cancer 

promotion is a less well-defined pathway, but our research has led us to hypothesize that 

the effects seen in our models is a result of the radiation promotion of lung tumorigenesis 

in already initiated sensitive populations. In this case, the LNT model could significantly 
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underestimate the carcinogenic risks of the exposure of cancer-susceptible populations to 

low doses of radiation. 

The future is ripe with possibilities for expanded research in this area. One way to 

investigate the promotion mechanism is to use a model where the tumors are both fully 

initiated and promoted. We had started to explore this with a third mouse model, but 

encountered complications with the model unrelated to the radiation. It would be of great 

benefit to the interpretation of our experiments if we could successfully explore the 

promotion hypothesis further.  

As a more direct extension of our current work, we could investigate the potential 

carcinogenic imaging risks associated with radionuclide imaging such as positron 

emission tomography, or alter the design of the study to explore pediatric radiation risk. 

To obtain a more complete picture of the mechanism in our model, we could expand the 

models to incorporate different oncogenic mutations, or even other organs at risk (brain, 

liver, etc) entirely.  

There are also related clinical areas where low doses of radiation are involved 

where our sensitive mouse models could be a research asset. An increasingly utilized 

advanced form of radiation therapy, IMRT/VMAT, involves heavily modulating the 

beam to provide a more conformal treatment to the target volume. While it potentially 

results in an ability to deliver increased dose to the tumor, it also increases the integral 

dose to the normal tissue, effectively spreading out the normal tissue dose over the 

patient. There is some concern in the field about secondary malignancy risk, and our 

mouse models might be adapted to investigate this. 
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The publication of epidemiological studies showing a small, but significant, low 

dose radiation risk, even for healthy, non-cancer-prone patients, has been steadily 

increasing over the last five years. Our research group is well equipped to contribute to 

the conversation as the field continues to untangle the complicated risks and benefits of 

diagnostic radiation.   
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APPENDICES 

 

A1. 7T MRI Pulse Sequence Details 

A 3-plane localizer scout scan (~1 min) was acquired using an ungated Rapid 

Acquisition with Relaxation Enhancement (RARE) pulse sequence with the following 

parameters: repetition time (TR) = 1500 ms, echo time (TE) = 30 ms, field of view 

(FOV) = 4 cm, matrix = 128 x 128, slice thickness = 2.0 mm, and number of excitations 

(NEX) = 1. This scan verified that the mouse’s thoracic cavity was at the isocenter of the 

magnet and RF coil. If not, the mouse’s position was adjusted, and a new 3-plane scout 

scan (~1 min) was acquired. When the mouse was properly positioned, low resolution 

coronal and axial scout scans (~2 min) were acquired to allow precise positioning and 

orientation of the high resolution scan. A gated Fast Imaging with Steady State 

Precession (FISP) pulse sequence was used for the coronal and axial scout scans. 

Parameters for the FISP scans were: TR = 2.8 ms, TE = 1.4 ms, Flip Angle (FA) = 30 

degrees, FOV = 4 cm, matrix = 128  x 128, slice thickness = 2.0 mm, NEX = 1.  

Coronal slice planes of the high resolution scan were positioned using the axial 

and coronal FISP scout scans. The axial FISP images allowed the high resolution coronal 

slices to be oriented so that they were parallel to a line that was tangent to the back of the 

lungs. The coronal FISP images allowed the high resolution coronal slices to be 

positioned so that the most rostral and caudal portions of the lungs were included in the 

scan. The high resolution scan (~12 min) was acquired using a Fast Low Angle Shot 

(FLASH) pulse sequence gated so that acquisition was triggered on the ECG R-waves 

that did not occur during breathing. The FLASH sequence parameters were: TR = 215 



	 172	

ms, TE = 2.2 ms, FA = 30 degrees, FOV = 2.5 cm, matrix = 256 x 256, in-plane spatial 

resolution = 98 mm, slice thickness = 0.5 mm, and NEX = 4.  
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A2. Linear Accelerator Dosimetry Calculations 

Below is an example of the type of dosimetry calculations performed for the 

linear accelerator dosimetry in Chapters Four and Five. As those were published papers, I 

did not want to alter the published versions of the manuscripts, but I felt it was sensible to 

elaborate on the specifics of the calculations. The specific numbers used in the example 

reference some of the measurements performed for the work in Chapter Five. 

 

Temperature and pressure corrections are integral to ionization chamber 

measurements, as these affect the volume of air available to be ionized in the chamber 

cavity. Following thermodynamics, increased temperature will decrease the number of 

gas molecules in the chamber, and so the correction factor will have to increase the 

reading to compensate for this. Increased pressure will have the opposite result (more gas 

molecules requiring an under-compensation). These are in reference to standard 

environmental conditions of temperature at 22 °C and pressure at 101.33 kPa.  
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€ 

CTP =1.0205	 	 	 	 	 (A2.2) 

	

The linear accelerator undergoes quality assurance on an annual basis (I 

participate in this), where it is calibrated and tuned to provide an output of 1 cGy/MU at 

standard reference conditions, i.e. the central axis of a 10 x 10 cm2 field size at a depth of 

dmax (dmax = 1.5 cm for a 6 MV beam, dmax = 2.5 cm for 10 MV) placed on top of 10 cm 
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of solid water-equivalent material [46]. This output is then verified monthly against a 

baseline that references back to the annual QA. This monthly baseline is the amount of 

charge expected to be collected in an ion chamber placed at a depth of 5 cm (10 cm solid 

water backscatter) for a delivery of 100 MU. For the Varian L4 machine (Clinac 2100 

SC), the monthly baseline at the time of these measurements was 17.20 nC, and I 

measured 16.846 nC.  

Note that the linear accelerators are tuned to provide 1 cGy/MU at a depth of dmax, 

but these monthly baselines are measured at a d = 5 cm. Thus, an energy specific percent 

depth dose correction must be applied. For our 10 MV L4 beam, the dose at d = 5 cm is 

91.6% of the maximum dose. Putting this all together: 

 

                                  

€ 

16.846 nC
17.20 nC

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ ∗ 1.02( ) = 0.999                                         (A2.3) 

     

€ 

0.999( )∗ 1 cGy
MU

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ ∗ 100 MU( )∗ 0.916( ) = 91.5 cGy                (A2.4) 

 

Thus, under the environmental and machine conditions on that day, my 

measurement of 16.846 nC represented a dose of 91.5 cGy delivered to the central axis 

point at a depth of 5 cm. This ratio is the calibration, or F, factor: 

 

                         

€ 

Calibration Factor = F =
91.5 cGy
16.846 nC

= 5.43 cGy
nC

                          (A2.5) 
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Now that I have obtained a calibration factor under my known geometry, I can 

proceed to set up the desired geometry of my experiment. For the rat HLU experiments in 

Chapter Five, this meant a 40 x 40 cm2 field size, with a gantry angle of 270° and an SSD 

(source-to-surface distance) of 77 cm. I then deliver 100 MU (any amount would serve 

this purpose) to the ionization chamber in this setup and use the F factor to test how 

much dose that actually delivered under this new geometry. Based on those results, a 

simple ratio will then allow me to adjust for the MUs needed, x, for my desired dose (1 

Gy in this case).  

 

              

€ 

Ion chamber reading from 100 MU in "rat" geometry =18.131 nC
 

        

€ 

F ∗ 18.131 nC( ) = 98.45 cGy                                            (A2.6)  

 

            

€ 

100 MU
98.45 cGy

=
x

100 cGy
                                                 (A2.7)  

 

                   

€ 

x =101.57 MU                     (A2.8) 

 

Thus, since MUs can only be delivered as whole numbers, 102 MU was needed to deliver 

1 Gy whole body radiation to the rats under this setup. As mentioned in the chapter, after 

further investigation, better dose homogeneity was achieved by splitting this into two 

parallel-opposed fields of 51 MU each at 90° and 270°. 

 

          Q.E.D.
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