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Abstract

A >20-fold increase in X-ray computed tomography (CT) use during the last 30 years has caused
considerable concern because of the potential carcinogenic risk from these CT exposures.
Estimating the carcinogenic risk from high-energy, single high-dose exposures obtained from
atomic bomb survivors and extrapolating these data to multiple low-energy, low-dose CT
exposures using the Linear No-Threshold (LNT) model may not give an accurate assessment of
actual cancer risk. Recently, the National Lung Cancer Screening Trial (NLST) reported that
annual CT scans of current and former heavy smokers reduced lung cancer mortality by 20%,
highlighting the need to better define the carcinogenic risk associated with these annual CT
screening exposures. In this study, we used the bitransgenic CCSP-rtTA/Ki-ras mouse model that
conditionally expresses the human mutant Ki-rasG12C gene in a doxycycline-inducible and lung-
specific manner to measure the carcinogenic risk of exposure to multiple whole-body CT doses
that approximate the annual NLST screening protocol. Irradiated mice expressing the Ki-rasG12C
gene in their lungs had a significant (P = 0.01) 43% increase in the number of tumors/mouse (24.1
+ 1.9) compared to unirradiated mice (16.8 £ 1.3). Irradiated females had significantly (P < 0.005)
more excess tumors than irradiated males. No tumor size difference or dose response was
observed over the total dose range of 80-160 mGy for either sex. Irradiated bitransgenic mice that
did not express the Ki-rasc12C gene had a low tumor incidence (<0.1/mouse) that was not affected
by exposure to CT radiation. These results suggest that (i) estimating the carcinogenic risk of
multiple CT exposures from high-dose carcinogenesis data using the LNT model may be
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inappropriate for current and former smokers and (ii) any increased carcinogenic risk after
exposure to fractionated low-dose CT-radiation may be restricted to only those individuals
expressing cancer susceptibility genes in their tissues at the time of exposure.

INTRODUCTION

A >20-fold increase in X-ray computed tomography (CT) use during the last 30 years has
caused considerable concern because of the potential carcinogenic risk from these CT
exposures (1-7). It has been reported that as many as 15,000-45,000 excess tumors are
caused by exposure to CT radiation in the U.S. each year (8, 9). However, these estimates
are derived from mathematical models that assume that (i) everyone has the same
carcinogenic risk after a specific dose of CT radiation, (ii) the carcinogenic risk from
multiple low-energy, low-dose (<50 mGy) CT exposures is identical to that of the Japanese
atomic bomb survivors, who were exposed predominantly to high-energy, single doses (<2
Gy) of mixed-beam radiation, and (iii) the carcinogenic risk from high-energy, high single-
dose data can be extrapolated to multiple low-energy, low-dose CT exposures by the Linear
No-Threshold (LNT) model (10, 11). All of these assumptions are required because there are
no carcinogenic risk data from low-dose CT exposures to test these assumptions.

Recently, the National Lung Screening Trial (NLST) reported that annual CT scans of 55—
74-year-old current and former heavy (=30 pack years) smokers reduced lung cancer
mortality by 20% (12, 13). This result creates a challenge for those responsible for making
screening recommendations. On the one hand, annual CT screening of older current and
former heavy smokers has the potential to significantly reduce mortality by identifying
patients with early-stage localized lung tumors who have approximately a 50% probability
of surviving 5 years (14). At present, ~80% of all lung tumors are diagnosed with regional
and/or distant spread of disease; these patients have an average probability of < 10% of
surviving 5 years (14). Alternatively, annual CT scans of older current and former heavy
smokers carry the risk of either initiating normal cells to become tumor cells or promoting
the growth of already initiated cells into tumors. This conundrum highlights the need to
better define the carcinogenic risk associated with annual CT screening of current and
former smokers. This requires testing the assumptions of the mathematical models outlined
above by directly measuring excess tumor production after multiple CT exposures in an
animal model of current and former smokers.

Adenocarcinoma, a form of non-small cell lung cancer (NSCLC), is the most common
histological variant, and its incidence has been increasing (14, 15). In the study reported
here, we used a transgenic mouse model developed in our laboratory (16) that contains a
mutant form of the human Ki-ras gene. Mutations in Ki-ras have been implicated as one of
the key genetic alterations that drive tumorigenesis in approximately 30% of human lung
adenocarcinomas (17-20). The mutant form of the human Ki-ras gene was inserted in the
mouse genome to create a transgenic mouse in which the mutant human gene is expressed in
an inducible and lung-specific manner. This system makes use of the inducible “tet-on”
system (21) and involves crossing two different transgenic mice. One transgenic mouse
contains a reverse tetracycline (tet) trans-activator (rtTA) protein linked to the Clara cell
secretory protein (CCSP) promoter. These mice constitutively express the rtTA gene product
specifically in the lungs (22). The CCSP-rtTA transgenic mice are crossed with a second
transgenic mouse that contains the cDNA of Ki-ras®12C cloned into the tetO;-CMV
plasmid, placing the mutant Ki-rasG12C transgene downstream of a tet-inducible promoter
(16). When these two transgenic mice are crossed and treated with doxycycline (DOX),
lung-specific expression of the mutant Ki-ras transgene product occurs, resulting in the
formation of small, benign, hyperplastic foci and very early-stage adenomas that do not
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normally progress to more severe tumor types even after a year of continuous DOX
treatment (16, 23). We have shown that exposure of DOX-treated mice to lung tumor
promoters will result in increased tumor multiplicity and the development of
adenocarcinomas (24). Thus our bitransgenic mouse model recapitulates the earliest stages
of lung tumor formation and would be representative of asymptomatic smokers and ex-
smokers who harbor genetic damage in their lung epithelial cells and contain small,
undetectable and relatively benign early-stage lesions. Consequently, this study was
designed to evaluate the carcinogenic risk of whole-body multiple CT exposures to
asymptomatic smokers and ex-smokers using a protocol that approximates the annual NLST
screening protocol (12, 13).

MATERIALS AND METHODS

Mouse Model

All procedures in this study were approved by the institutional animal care and use
committee. The bitransgenic CCSP-rtTA/Ki-ras mice used in these experiments were
generated on an FVB/N background and expressed the Ki-rasG12C gene in a doxycycline
(DOX)-inducible and lung-specific manner (16). Mice treated with 500 ug/ml of DOX in
their drinking water have extensive epithelial hyperplasia of the alveolar region of the lungs
and have an average of approximately 20 well-differentiated adenomas/mouse by 9-12
months (16). The lung morphology of CCSP-rtTA/Ki-ras mice that do not receive DOX and
do not express the transgene is normal. All of the mice were maintained on an AIN-76 diet.

CT Dosimetry and Irradiation Procedures

Mice were irradiated using a clinical multi-detector row (8-slice) helical CT scanner (Fig. 1).
This unit is routinely used for radiation therapy treatment planning and has quality assurance
performed daily to verify geometric and image intensity accuracy. Dosimetry measurements
were made with an ion chamber calibrated at several energies ranging from 30-150 kVp.
This ion chamber was placed inside tissue-equivalent material having a diameter of 2.8 cm
to approximate the diameter of a mouse. A phantom mouse made of tissue-equivalent
material was positioned in the CT scanner next to the ion chamber using the localization
lasers (red crosshairs, Fig. 1). This accounted for the scatter dose that occurred when two
mice were irradiated at the same time. The doses (5, 15 or 25 mGy/fraction) were delivered
to the whole body of each mouse using the CT screening parameters in Fig. 1 and adjusting
the tube current to obtain the desired doses.

Experimental Design

Eight groups of 12 CCSP-rtTA/Ki-ras mice were entered into the experiment as follows:
Group 1: No DOX, sham irradiation; Group 2: No DOX + 5 mGy/fraction; Group 3: No
DOX + 15 mGy/fraction; Group 4: No DOX + 25 mGy/fraction; Group 5: DOX + 5 mGy/
fraction; Group 6: DOX + 15 mGy/fraction; Group 7: DOX + 25 mGy/fraction; Group 8:
DOX + sham irradiation. Each group had approximately the same number of males and
females. The timeline for the experiment is shown in Fig. 2.

At 8 weeks of age, the mice in Groups 5-8 began receiving 500 pg/ml of DOX in their
drinking water. Beginning at 9 weeks of age, mice were lightly anesthetized with 90 mg/kg
of ketamine/10 mg/kg of xylazine and whole-body irradiated in the CT scanner once/week
for 4 weeks. Usually two mice were irradiated at a time, but if only one mouse was
irradiated, the phantom was placed next to the mouse to ensure that the scatter dose was
similar to the two-mouse setup (Fig. 1A). The weekly irradiation schedule was selected to
approximate the annual lung screening protocol of the NLST in a short-lived mouse model.

Radiat Res. Author manuscript; available in PMC 2012 December 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Munley et al.

Page 4

At 3, 6 and 9 months after the last radiation fraction, tumor growth was monitored by CT
imaging (30 mGy/exposure) (25-27). At 9 months after the last radiation fraction, the ~1-
year-old mice were euthanized, the lungs were removed, and the numbers of tumors and
their sizes were determined (16, 23, 24). The lungs were then fixed in Methacarn (methanol/
chloroform/acetic acid, 6:3:1) for 48 h, embedded in paraffin, serially sectioned, stained
with hematoxylin/eosin, and classified by a blinded board-certified veterinary pathologist
using standard murine pulmonary tumor characteristics (28).

Statistical Analysis

RESULTS

Generalized Estimating Equations were used to model the effects of radiation and sex on the
number of tumors. The variance of the tumor counts was substantially larger than the mean,
leading to the use of the negative binomial distribution with a log link to model the tumor
counts. Model-adjusted means were then produced to describe the differences found
between the control group and the irradiated groups. The analysis of tumor size was
performed using a log transformation to normalize the size values. Statistical significance
was set at P < 0.05.

Monitoring the effect of multiple CT exposures on the tumor latency and growth required
that tumor size be measured noninvasively over the 9-month postirradiation period. When
this study began, CT imaging was the only validated technique available at our institution to
accomplish this. Given that the 9-month CT imaging procedure was performed just before
the mice were euthanized, only the imaging procedures at 3 and 6 months postirradiation
could affect the tumor number and size measured at 9 months postirradiation. The four
weekly whole-body exposures of 5, 15 or 25 mGy plus the lung imaging exposures of 30
mGy at 3 and 6 months resulted in total lung doses of 80 mGy (Groups 2, 5), 120 mGy
(Groups 3, 6), and 160 mGy (Groups 4, 7). Consequently, these total dose values, rather than
the sum of the weekly exposures, were used to describe these data.

In this mouse model, two or more tumors can grow together to form a single large lesion
defined as a coalesced tumor. In this study, < 8% of the total tumors were coalesced in any
single group, and their frequency did not differ between groups or genders. Thus all
coalesced tumors were censored before performing the statistical analyses.

In the DOX alone group, there was no significant difference (P > 0.3) in the number of
tumors found in males and females. Combining all of the data for irradiated males and
females revealed an increase in the number of tumors at each of the total doses investigated
(Fig. 3A). No significant (P > 0.1) dose response was observed, so all of the radiation data
were combined for the subsequent analyses. The number of tumors/mouse (24.1 £ 1.9) in
irradiated mice expressing the Ki-rasG12C gene in their lungs was 43% greater than the
number of tumors/mouse (16.8 + 1.3) in the unirradiated mice expressing the Ki-rasG12C
gene in their lungs (Fig. 3B; P = 0.01). In contrast, the tumor incidence in irradiated (4
tumors in 38 mice) and unirradiated (1 tumor in 12 mice) mice that did not express the Ki-
ras®12C transgene was identical (Fig. 3B). Thus the increased carcinogenic risk from CT
exposures appears to require expression of the Ki-ras®12C gene.

For those mice expressing the Ki-rasG12C gene, irradiated females had significantly (P <
0.005) more tumors/mouse (25.8 + 2.2) than irradiated males (18.3 = 1.7; Fig. 4). This
observation is consistent with other data showing that females are often more radiosensitive
than males (2, 4, 29, 30).
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No significant difference (P > 0.3) in tumor size was observed between irradiated and
unirradiated mice expressing the Ki-rasG12C gene in their lungs (Fig. 5). There was also no
evidence to suggest that exposure to low-dose CT radiation affected the tumor growth rate
(volume doubling time: sham-irradiated = 2.1 months, irradiated = 2.2 months) or
morphology (Fig. 6). Although initiation cannot be completely ruled out as contributing to
the observed excess tumor formation, these data suggest that (i) the increased number of
lung tumors found in irradiated mice expressing the Ki-rasG12C gene is likely due to
promotion, and (ii) estimating the carcinogenic risk of multiple CT exposures from high-
dose carcinogenesis data using the LNT model may be inappropriate for current and former
smokers.

DISCUSSION

The most recent evaluation of the carcinogenic risks associated with low doses of ionizing
radiation was undertaken by the National Academies’ 7th committee on the Biological
Effects of lonizing Radiation. Their task was to update risk estimates for exposures to low
doses (< 100 mGy) of low-LET radiation such as CT X rays. In their BEIR VII report, the
relative risk of solid cancers, averaged over the sexes, 30 years after exposure at 30 years of
age was adequately fitted by the LNT model (10). This conclusion is consistent with
ionizing radiation being an initiator where the carcinogenic risk is the result of stochastic
events. However, the committee also cautioned that genetic variation in a population is
potentially an important factor in estimating cancer risk. In an at-risk population, radiation
may act as a promoter whereby once promotion has occurred, additional doses of radiation
would not necessarily increase the risk (31-33). In this case, the LNT model would not
predict the carcinogenic risk from low-dose exposures (4, 34).

Since BEIR VI, several estimates of the annual excess cancers produced by CT exposures
have been published (8, 9). Consistent with the BEIR VII guidelines, these estimates of
15,000-45,000 excess cancers annually have been derived with mathematical models that (i)
extrapolate high single-dose data to low-dose CT exposures using the LNT model and (ii) do
not account for the potential impact of sex and genetic variation on these risk estimates (10).
However, the recent results from the NLST where chest X-ray screening did not reduce lung
cancer mortality, while CT screening reduced it by 20%, require a re-examination of these
assumptions (12, 13). When compared to the populations receiving CT scans to diagnose
injuries or diseases other than cancer, the population being screened for lung cancer has
several unique characteristics that could drastically alter their carcinogenic risk estimates.

The lungs of 55-74-year-old current and former heavy smokers likely have many initiated
cells that are progressing or are ready to progress to premalignant or malignant lesions. Thus
promotion could have a far greater impact on the carcinogenic risk estimates after screening
this population with CT. It has been estimated that ~30% of human lung adenocarcinomas
have a mutant Ki-ras gene. In our study, the bitransgenic CCSP-rtTA/Ki-ras mouse has the
human mutant Ki-ras®12C gene conditionally expressed only in the lungs, as might be
expected in current and former heavy smokers. Although the total CT doses ranging from
80-160 mGy resulted in a 43% increase in the number of tumors/mouse (Fig. 3B), (i) the
absence of a dose response (Fig. 3A), (ii) no increase in tumorigenesis in the group of mice
not treated with DOX that lack upregulation of the mutant Ki-ras gene, and (iii) no tumor
size difference between the irradiated and unirradiated mice at 9 months after the last
weekly fraction (Fig. 5) suggest that promotion, rather than initiation, is the likely
mechanism predominantly responsible for the observed increase in tumor number in the
DOX-treated mice.
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If initiation was the predominant mechanism responsible for the tumor increase in the
irradiated mice, we would have expected that many of the tumors observed at 9 months after
the last weekly fraction would have been produced by the 30-mGy CT imaging doses at 3
and 6 months postirradiation. If many of the tumors were initiated at 3 and 6 months
postirradiation, the average tumor size for the irradiated mice should have been less at 9
months than that for the unirradiated mice, which is not what was observed (Fig. 5). Thus
our results are consistent with the hypothesis that (i) promotion is the primary mechanism
responsible for the increased tumor number in irradiated mice expressing the Ki-rasG12C
gene and (ii) most, if not all, of this promotion occurred during the four weekly exposures
(total doses of 20-100 mGy).

The critical role of inflammation in mediating cancer progression has been documented in a
number of epidemiological and animal studies (35-37). Several studies have shown that
pulmonary inflammation is associated with elevated levels of lung tumorigenesis in both
murine and human tumors (38-41). Activation of the NF-xB pathway and its downstream
effector molecules enhances the production of reactive oxygen species (ROS) and stimulates
signal transduction pathways that regulate cell proliferation, cell survival, immune
surveillance and angiogenesis (42, 43), thus causing additional genetic and/or epigenetic
alterations in postinitiated cells that lead to malignant tumor formation. However, the steps
leading from an initiated cell to visible neoplasia still have not been clearly elucidated. In
the present study, inflammation may have played a role in the observed radiation-induced
increase in lung tumorigenesis; however, that role will need to be defined in future studies.

Interpretation of these results for lung cancer CT screening programs must be tempered by
the limitations of our study. First, we have studied only one gene associated with human
lung cancer, and that gene is found in only ~30% of human lung adenocarcinomas. Similar
studies with other genetic models of human cancer should be performed to confirm these
results. Second, the use of CT imaging at 3, 6 and 9 months postirradiation to monitor tumor
latency and growth complicated interpretation of the data. We can now perform 7T small
animal magnetic resonance imaging (MRI) and have confirmed that tumor sizes measured at
9 months postirradiation by electronic calipers, CT and MRI are identical. Thus MRI can be
used in subsequent experiments to avoid the complication of CT imaging. Third, although
no dose response was observed, the dose range of 80-160 mGy was relatively small, 38—
75% of the total dose came from the imaging procedures, and the dose at which the putative
threshold begins was not defined. Fourth, although the difference between the male and
female response was highly significant (P < 0.005), the numbers were relatively small in
each irradiated group. Recently we initiated an experiment using larger numbers of male and
female CCSP-rtTA/Ki-ras mice, single CT doses of 1.25-80 mGy, and MRI to more
definitively assess whether (i) a threshold for tumor formation occurs in this model and (ii)
CT radiation affects tumor latency and growth. Finally, it should also be pointed out that our
CT screening studies were carried out in young adult mice while middle-aged and older
individuals are the likely subjects for lung tumor screening in the clinic. Future studies will
be designed to assess the effect of age on radiation-induced tumor formation in this animal
model.

Within the limitations described above, our data suggest that (i) individuals expressing one
or more cancer susceptibility genes have a higher carcinogenic risk from CT exposures, (ii)
individuals not expressing a cancer susceptibility gene have little or no carcinogenic risk
from CT exposures, (iii) the increased carcinogenic risk from CT exposures is likely due to
promotion rather than initiation, and (iv) estimates of the carcinogenic risk from CT imaging
that extrapolate Japanese atomic bomb survivor data (likely initiation) to low-dose CT
exposures (likely promotion) using the LNT model should be viewed with caution. Until
more definitive data are available, it may be prudent for cancer CT screening programs to
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use MRI procedures for individuals expressing cancer susceptibility genes or for individuals
who need follow-up imaging of suspicious lesions identified by an initial CT examination.
Finally, these data suggest that the carcinogenic risk from whole-body backscatter scanners
presently being used to screen passengers at airports may be underestimated for at-risk
populations (44, 45).
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FIG. L.

B

Energy 100 kVp

Tube current 40, 120, 200 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 5, 15, 25 mGy

Page 10

Irradiation setup and parameters. Panel A: Position of one mouse and the phantom prior to

Radiat Res. Author manuscript; available in PMC 2012 December 1.

starting irradiation. Panel B: CT irradiation parameters. The three doses were obtained by
adjusting the tube current. The irradiation time was ~30 s for all doses.
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FIG. 2.

Experimental timeline. At 8 weeks of age, groups of 12 bitransgenic CCSP-rtTA/Ki-ras
mice were entered into the experiment. Half of the groups were given 500 ug/ml of
doxycycline (DOX) in their drinking water; the other half were given normal drinking water.
One week after initiating the DOX treatment, DOX or No DOX mice were lightly
anesthetized and either sham-irradiated or irradiated once each week for 4 weeks with 5, 15
or 25 mGy of 100 kVp X rays from a clinical helical CT scanner. At 3, 6 and 9 months after
the last weekly fraction, the lungs were imaged with CT (30 mGy/image) to noninvasively
determine the size of the tumors. At 12 months of age the mice were euthanized, the lungs
were excised, and the tumors were counted and sized.
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FIG. 3.

Tumor formation with and without CT irradiation. Panel A: Mean number (x SEM) of lung
tumors/mouse for each total dose level. There was a significant radiation effect that was
independent of dose. *P < 0.05 compared to unirradiated mice expressing the Ki-rasG12¢
gene. Panel B: Comparison of the mean number of lung tumors/mouse for the combined
data for irradiated mice. IR = ionizing radiation. White bar: unirradiated mice expressing the
Ki-rasG12C gene; gray bar: irradiated mice expressing the Ki-rasé12C gene. *P = 0.01
compared to unirradiated mice expressing the Ki-rasG12C gene. Black bar: irradiated mice
not expressing the Ki-ras®12C gene.
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FIG. 4.

Comparison of the number of lung tumors/mouse (mean + SEM) for irradiated female and
male mice expressing the Ki-rasG12C gene after combining all of the irradiated groups (*P <

0.005).
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FIG. 5.

Comparison of the mean tumor size (x 95% CI) for female and male mice expressing the Ki-
ras®12C gene with and without exposure to CT radiation at 1 year of age (9 months
postirradiation). P > 0.3 for all comparisons.
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FIG. 6.

Panel A: Top left: DOX + No IR (ionizing radiation); top right: DOX + 80 mGy; bottom
left: DOX + 120 mGy; bottom right: DOX + 160 mGy. At a magnification of 10x, after
hematoxylin and eosin staining, all four lesions appear similar, being composed of a well-
circumscribed, nonencapsulated, closely spaced collection of plump epithelial cells with
little morphological variation. Panel B: Top left: DOX + No IR; top right: DOX + 80 mGy;
bottom left: DOX + 120 mGy; bottom right: DOX + 160 mGy. At a magnification of 40x,
similar cellular morphology for all four lesions can be seen. The lesions are composed of
uniform cells with 10-12-um-diameter round basophilic nuclei with coarsely clumped
chromatin, often without nucleoli, and abundant eosinophilic cytoplasm. Mitoses are rare to
absent in these lesions.
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