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Original Research

Contrast Agents for Quantitative MicroCT of
Lung Tumors in Mice

Kush Lalwani,"* Anand Giddabasappa,’* Danan Li,” Peter Olson,? Brett Simmons,* Farbod Shojaei,” Todd Van Arsdale,>
James Christensen,” Amy Jackson-Fisher,” Anthony Wong,® Patrick B Lappin,® and Jeetendra Eswaraka'”

The identification and quantitative evaluation of lung tumors in mouse models is challenging and an unmet need in preclini-
cal arena. In this study, we developed a noninvasive contrast-enhanced microCT (uLCT) method to longitudinally evaluate and
quantitate lung tumors in mice. Commercially available LCT contrast agents were compared to determine the optimal agent for
visualization of thoracic blood vessels and lung tumors in naive mice and in non-small-cell lung cancer models. Compared with
the saline control, iopamidol and iodinated lipid agents provided only marginal increases in contrast resolution. The inorganic
nanoparticulate agent provided the best contrast and visualization of thoracic vascular structures; the density contrast was highest
at 15 min after injection and was stable for more than 4 h. Differential contrast of the tumors, vascular structures, and thoracic air
space by the nanoparticulate agent enabled identification of tumor margins and accurate quantification. uCT data correlated closely
with traditional histologic measurements (Pearson correlation coefficient, 0.995). Treatment of ELM4-ALK mice with crizotinib
yielded 65% reduction in tumor size and thus demonstrated the utility of quantitative tCT in longitudinal preclinical trials. Overall
and among the 3 agents we tested, the inorganic nanoparticulate product was the best commercially available contrast agent for
visualization of thoracic blood vessels and lung tumors. Contrast-enhanced uCT imaging is an excellent noninvasive method for
longitudinal evaluation during preclinical lung tumor studies.

Abbreviations: uCT, microCT; HU, Hounsfield units; RECIST, response evaluation criteria in solid tumors.

Lung cancer is the leading cause of cancer death worldwide,
and non-small—cell lung cancer is the most common form of lung
cancer that is diagnosed.” Various animal models have been used
to mimic these cancers, understand their biology, and evaluate
potential therapeutics.'**% Traditionally, the method to study the
disease in vivo has been to inject human tumor derived cell lines
subcutaneously in immunodeficient mice (xenografts) or to or-
thotopically implant tumors in tissues of interest. Xenografts, de-
spite being of human origin, are not ideal models because tumor
cell-stroma interactions cannot be reconstituted in the system.
Moreover, the tumor microenvironment has been shown to be es-
sential in predicting cancer cell survival, progression, metastasis,
and response to therapy.'**# To overcome these issues, several
investigators have propagated tumors orthotopically by either di-
rect injection of tumor cells into the organ of choice, intravenous
injection of tumor cell lines, or implantation of patient-derived
tumor biopsy samples into immunodeficient mice. These models
simulate the tumor microenvironment and bear a closer resem-
blance to clinical cancer than do xenografts."* In the past decade,
tremendous progress has been made in development of geneti-
cally engineered mouse models that reconstitute facets of human
disease in the organ of choice. In these models, the tumors are
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developed in immunocompetent hosts with intact tumor-stroma
interactions, and the tumors can be controlled temporally and
spatially.” 1422

Despite the many advantages of genetically engineered and
orthotopic models, their use has been limited, primarily due to
the heterogeneity and technical difficulties associated with moni-
toring disease progression.”” Conventional optical imaging is not
widely used with genetically engineered and orthotopic models,
because these modalities provide low spatial resolution, limited
tissue penetration,’"” and rarely accomdate reporter genes like
luciferase or fluorescent proteins.* Nuclear imaging (for example,
positron-emission tomography and MRI) has been used in evalu-
ating lung tumor models,”**** but these modalities are not read-
ily available in all facilities, require specialized laboratories (for
example, radionucleotide synthesis), and do not achieve accurate
quantification of nodular tumors.* X-ray CT has been used in
human clinical practice to assess lung tumor nodules to predict
likelihood of malignancy and to monitor the response of tumors
to treatment.'®? Response Evaluation Criteria in Solid Tumors
(RECIST) scores based on CT imaging data are used routinely
in clinical trials and practice.” Similarly, high-resolution mi-
croCT (uCT) scanners have been used successfully to image lung
tumors®'51724%34 in small animals such as rodents. The investiga-
tors in the aforementioned studies took advantage of the natural
air-tissue contrast within the thorax to identify tumors. How-
ever, this method was unable to distinguish tumor and soft tissue
from nearby vascular structures.”? This limitation decreased the



accuracy of tumor margin demarcation and tumor volumetric
measurements.

The goal of our study was to compare 3 commercially available
UCT contrast agents (products containing iopamidol, iodinated
lipid, and inorganic nanoparticulate) to evaluate and accurately
quantify lung tumors in preclinical models. Our results showed
that, among those we tested, the nanoparticulate product was
the best contrast agent for tumor visualization and quantitation.
In addition, we demonstrated the utility of contrast-enhanced
UCT in a preclinical evaluation of the efficacy of crizotinib (PF-
2341066), a small-molecule multikinase inhibitor,”! in a geneti-
cally modified mouse model of lung cancer.

Materials and Methods

Contrast agents. We used the commercially available CT con-
trast agents Fenestra VC (iodinated lipid; Advanced Research
Technologies, Montreal, Quebec, Canada), Isovue-370 (iopamidol;
Bracco Diagnostics, Princeton, NJ), and Viscover ExiTron Nano
12,000 (inorganic nanoparticulate; Miltenyi Biotec, Bergisch-
Gladbach, Germany) in the current study. Fenestra VC consists
of contrast-enhancing iodinated lipids (oil-in-water emulsion
of glyceryl-2-oleoyl-1,3-di-7-[3-amino-2,4,6-triiodophenyl]-hep-
tanoate in a vehicle containing methoxy polyethylene glycol 1-2-
distearyl phosphatidylethanolamine) that are designed to enable
visualization of blood vasculature over extended periods. The
Fenestra VC formulation has an iodine concentration of 50 mg/
mL.® Each mL of Isovue-370 provides 755 mg iopamidol with 1
mg tromethamine and 0.48 mg edentate calcium disodium. This
agent provides a dose of 370 mg iodine per milliliter. ExiTron
Nano 12,000 is an inorganic nanoparticle-based blood-pooling
contrast agent. The contrast density of 100 uL of ExiTron Nano
12,000 per mouse (25 g) is equivalent to 12,000 Hounsfield units
(HU), which corresponds to a dose equivalent of 1200 mg iodine
per kilogram of body weight. In our studies, we used 200 uL each
of the iodinated lipid and iopamidol products, whereas only 100 uL
of the nanoparticulate agent was injected for each imaging ses-
sion. Volumes were limited to maximum of 200 pL to meet the
general animal welfare standards and institutional guidelines.

Viral vector production. Adenovirus. Adenovirus expressing
Cre recombinase was purchased from the University of Iowa
Gene Transfer Vector Core. Viral titers were determined by using
Adenoviral Titration Kits (Clontech, CA) according to the manu-
facturer’s protocol. The modified adenovirus was prepared in
media (Modified Eagle Medium, Gibco BRL; Life Sciences, CA)
containing 10 mM CaCl, followed by incubation at room tem-
perature for 20 min.

EML4-ALK lentivirus. A replication-incompetent HIV-based len-
tivirus was engineered to express the human EML4-ALK fusion
oncogene® driven by the cytomegalovirus promoter. The LTR-
PACK system (Biosettia, San Diego, CA) and Lipofectamine 2000
transfection system (Invitrogen, Grand Island, NY) were used to
generate virus. At 48 h after transfection, viral supernatant was
filtered (Steriflip tubes, Millipore, Billerica, MA). Viral titers were
approximated by generating a Cre-expressing lentivirus in the
same vector at the same time and functionally testing Cre activity
by transducing a reporter cell line engineered with a lox-stop-lox
green-fluorescent protein.

Ethics statement and animal husbandry. All animal experimen-
tation followed protocols approved by the Pfizer IACUC. Mice
were housed under a standard 12:12-h light:dark cycle in ventilated
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racks at a room temperature of 72 °F (22.1 °C) and relative humid-
ity of 30% to 70%.

Animal models. C57BL/6 mice were obtained from Charles
River Labs (San Diego, CA). Kras®?P15/+ (Kras) and Kras®!?>15L/+
p531% (Kras—p53) mice were obtained from Jackson Laboratories
(Jax West, Sacramento, CA) at 3 to 4 wk of age. Lung tumors in
Kras and Kras—p53 mice were generated by intranasal inocula-
tion of the Cre-containing adenovirus (2.5 x 107 infectious units)
under ketamine-xylazine anesthesia as described previously."
EML4-ALK mice were generated by intranasal inoculation of
C57BL/6 mice with lentivirus (2.5 x 10° infectious units) under
ketamine-xylazine anesthesia. The number of mice used for each
experiment is given in the figure legends.

Animal experimentation uCT imaging. Contrast agents were in-
jected slowly via the tail vein by using a disposable syringe fit-
ted with a 27-gauge luer slip-type needle. Mice were anesthetized
with isoflurane (3% to 4% for induction; 1% to 2% for maintenance)
by using a COMPAC? anesthesia machine (VetEquip, Pleasanton,
CA) and then transferred to the uCT imaging chamber. The tho-
rax of each mouse (which included lungs and heart) was imaged
(VivaCT-75, Scanco Medical, Briittisellen, Switzerland). For deter-
mining the time-course of contrast enhancement, baseline (0 min)
images were acquired from naive C57BL/6 mice. These mice were
injected with different contrast agents and imaged at 15 min, 1 h,
2 h, 4 h, and 24 h after administration. For all other studies, im-
ages were acquired at 15 min after injection of saline (control) or
contrast agent. Contrast agents were compared in the lung tumors
of the Kras—p53 model at 16 wk after the inhalation of adenovirus
expressing Cre recombinase. This genetically engineered mouse
model has been well characterized and develops lung adenocar-
cinomas in the lungs by 16 wk after inhalation of virus.?? In our
experience, mice bearing tumors at this stage are very sensitive to
handling and do not survive multiple manipulations; we therefore
evaluated 2 cohorts of mice (saline compared with iopamidol com-
pared with the nanoparticulate agent and saline compared with
the iodinated lipid and nanoparticulate agents) and compared the
imaging agents in 2 phases. After baseline scans, mice were injected
with saline followed by contrast agent (iopamidol or iodinated lip-
id) and scanned. After a washout period of 7 d, mice were injected
with the nanoparticulate agent and images acquired.

Images were acquired at standard resolution by using the fol-
lowing parameters: 70 kVp; 57 to 114 pA; integration time, 200
to 300 ms; and voxel size, 41 um. To curtail the effects of animal
movement due to respiration, imaging was performed with respi-
ratory gating according to the manufacturer’s (Scanco Medical)
protocol. A small plastic pressure pad was positioned under the
animal’s sternum and connected to a pressure transducer. The
rotation of the scanner ceased temporarily whenever a respiratory
event crossed the user-defined threshold for gating. The scanning
protocol was programmed to acquire images via a rotating gan-
try, resulting in a total of 500 projections per scan. The projections
were reconstructed with a matrix of 1024 x 1024 x 1024 by using
the software provided by the manufacturer (Scanco Medical).
During each imaging session, the mice in our study each received
a radiation dose of approximately 0.07 mGy, which is lower than
the doses reported to be safe in tumor models.*? The dose re-
ceived during our longitudinal uCT imaging did not have any
effect on the health of the mice or tumor size.

Preclinical trial. The therapeutic efficacy of the multikinase in-
hibitor crizotinib was evaluated in ELM4-ALK mice. This model
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has been well characterized in our labs (data not shown), and
mice develop tumor nodules by 26 wk after inoculation. Mice
were enrolled in the study when tumor nodules reached 1.5 to 2.5
mm in diameter. Mice (n = 3) carrying multiple tumor nodules
were treated with crizotinib (100 mg/kg daily) for 7 d; animals
were injected with the nanoparticulate agent on days 0 and 7 af-
ter treatment and were imaged at 15 min after injection of the
contrast agent.

Radiodensity measurements and image analysis. The 2D binary
digital imaging communication files obtained by using a pCT
evaluation program (version 6.5-1, Scanco Medical) were import-
ed into a 64-bit (OsiriX version 3.9.2, Pixmeo, Geneva, Switzer-
land) for further analysis. Contrast enhancement (density) was
measured by designating regions of interest in axial slices of the
left heart ventricle, as suggested previously.® Contrast enhance-
ment at different time points was expressed in Hounsfield units
and compared with baseline values; data were reported as mean +
SEM. Volumetric tumor burden of nodular tumors was quantified
by using a 3D region-growing algorithm after 2D threshold seg-
mentation of tumors by using seed points or morphing of manu-
ally contoured tumors. The region-growing technique in OsiriX
allowed us to extract a connected region of an image according
to user-defined criteria, such as contrast intensity. Seed points
were planted within the identified tumor. Repositioning of seed
points was often necessary because establishing the threshold
was sensitive to noise and intensity differences. Morphing of seg-
mented tumors was accomplished by drawing multiple contours
of the tumors on different slices and using a morphing algorithm
to generate the missing contours across the series to ascertain
tumor volume. Once the morphing was done, we individually
checked each slice to ensure that no adjoining anatomic regions
were included in the tumor during the automated process. This
quality-control step allowed us to obtain accurate tumor volume
measurements for nodular tumors.

Histology. EML4-ALK mice were euthanized, and the lungs
and the trachea were excised en bloc. Photographs were taken to
identify the surface lung tumors (data not shown). Briefly, lungs
were gently inflated through the tracheal lumen by using 10%
neutral buffered formalin, after which the entire lung block was
immersed in 10% neutral buffered formalin. After fixation for
16 h, the lungs were placed into 70% ethanol prior to paraffin
embedding. Longitudinal sections (4 um) of the entire lung were
obtained every 100 um. Sections were deparaffinized and stained
with hematoxylin and eosin. Each section was evaluated by a pa-
thologist to identify lesions and to differentiate lung tumors from
other space-occupying alterations (for example, hemorrhage, con-
solidation, inflammation). Each slide was digitally imaged (model
C9600-02, Nanozoomer Digital Pathology Slide Scanner, Hama-
matsu Photonics, Hamamatsu City, Japan) and a cross-section of
each tumor was measured for area. Coronal uCT slices (represent-
ing the same plane of histology section) at 82-um increments were
compared the serial longitudinal histology sections.

Results
Characterization of contrast enhancement in the thorax. All
mice tolerated injection of the various contrast agents and showed
no adverse effects. The 2D images (axial view) of the thorax from
representative mice in each contrast agent group at the various
time points are shown in Figure 1. In saline-injected mice, the
air spaces in the lungs, major blood vessels, and cardiac outline
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were all clearly visible, and no changes in the contrast density
was noted at any of the time points evaluated (Figure 1 A). The
iopamidol agent provided only a marginal increase in the quality
of images compared with that of the saline control (Figure 1 B).
The chambers of the heart were barely distinguishable at 15 min
after iopamidol injection. The iodinated lipid product exhibited a
greater ability to distinguish the chambers of the heart and blood
vessels than did iopamidol (Figure 1 C). The nanoparticulate
agent provided the best contrast for distinguishing the chambers
of heart and anatomic structures of the blood vasculature in tho-
rax (Figure 1 D). The contrast density in the left ventricle at 15 min
after the injection of saline was approximately 186.7 HU and was
similar to that of baseline (0 min) scans (Figure 2). Injection of the
iodinated contrast agent iopamidol improved the density mar-
ginally (approximately 330 HU at 15 min after injection), but the
density decreased to baseline by 1 h after injection (Figure 2). The
iodinated lipid agent increased the density contrast by 2.5-fold
(approximately 465 HU, 15 min after injection) relative to base-
line, and the signal was stable for as long as 4 h (Figure 2). The
best contrast enhancement was provided by the nanoparticulate
agent, which yielded a peak of approximately 837 HU at 15 min
after injection (Figure 2); the contrast intensity signal in the left
ventricle reduced gradually and was similar to that of iodinated
lipid by 4 h. All contrast agents were cleared from the heart and
lungs by 24 h after injection. These data established 15 min after
injection as the optimal time point for imaging thoracic structures
for all contrast agents used in the study. All subsequent scans for
the comparison of the contrast agents in lung tumor models were
performed at 15 min after injection.

Effect of contrast enhancement on tumor visualization. We next
compared the ability of each of the agents to provide contrast en-
hancement in the lung tumors of Kras-p53 mice (Figure 3 A and
B). A single tumor (labeled A) in the left thorax at approximately
the same anatomic location was monitored for each of the contrast
agents (Figure 3 A). In the saline-injected mouse, a large mass con-
tiguous with the heart occupied the left thorax; the tumor margins
and blood vessels of this mass could not be identified. A region of
interest was drawn manually that excluded the heart and yielded
a tumor volume of approximately 165 mm?. In the same mouse,
injection of iodinated lipid slightly improved visualization of major
blood vessels, the cardiac outline, and tumor margins, resulting in
a smaller region of interest and a measured tumor volume of ap-
proximately 125 mm?®. When the same mouse was imaged by using
the nanoparticulate product, the tumor margins were distinct and
resulted in a still smaller tumor volume of approximately 27.5 mm?.
The improvement in defining the tumor margins was possible due
to the reduced contrast intensity of tumor relative to the surround-
ing blood vessels and heart but increased contrast intensity of tu-
mor relative to air spaces in the lungs. Using the nanoparticulate
agent revealed the tumor to have 2 well-defined nodular areas
separated by a blood vessel that appeared to run longitudinally
within the tumor (Figure 3 A). In the second example (Figure 3 B),
we have depicted the comparison between saline, iopamidol, and
the nanoparticulate agent by monitoring the progress of 2 different
tumors (A, left lung; B, right lung; Figure 3 B). Again with saline
infusion, tumor margins could not be clearly identified. Iopamidol
increased the radiodensity of the vascular structures but without
clear demarcation of the tumor margins, thus preventing accu-
rate measurement of tumor volume. In comparison, the nanopar-
ticulate product clearly demarcated the tumor margins, making



Figure 1. Contrast enhancement of thorax by various agents; 2D
axial images of the thorax after administration of different agents
are shown. Preinjection control is shown at 0 min and compared
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Figure 2. Kinetics of the contrast enhancement from different agents. Den-
sity contrast (in Hounsfield units) of the left ventricle by the agents was
measured at different time points postinjection. Saline afforded no con-
trast enhancement, whereas contrast intensity due to the 3 commercially
available agents peaked at 15 min postinjection. All contrast agents were
cleared from the thorax by 24 h after injection. The inset uCT image shows
the area (left ventricle in green circle) used to measure the contrast den-
sity. Error bars represent the SEM of means from 3 or 4 mice.

them easily distinguishable from the surrounding vasculature and
heart. As determined by using the nanoparticulate agent, tumor
volumes were 4.24 mm?® for tumor A and 4.22 mm? for tumor B
(Figure 3 B).

Comparison of contrast-enhanced tumor visualization in differ-
ent models of lung cancer. Once we determined that the nanopar-
ticulate product was the best contrast agent for visualizing lung
tumors in mice, we performed imaging studies in other lung can-
cer models to evaluate whether this methodology was applicable
across different tumor phenotypes (that is, nodular compared
with diffuse). For this purpose, we used the lentivirus-induced
EML4-ALK model and the adenovirus-induced Kras (mixed tu-
mor) and Kras—p53 (nodular) models. Data from representative
images are shown in Figure 4. Tumors induced by Kras—p53 and
EML4-ALK mutations were of the nodular type, with clearly de-
marcated borders. Quantitation of tumor volumes in these mod-
els was straightforward, in that we could contour the individual
tumors and use a region-growing algorithm to propagate the
region of interest (that is, tumor margins) throughout multiple
slices to obtain a 3D volume. We also obtained the largest diam-
eter of each tumor as a measure of tumor size.

Tumors induced by adenovirus-induced Kras expression were
diffuse in nature. The nanoparticulate contrast agent helped in
the visualization of blood vessels as expected but failed to clearly

with the postinjection time points of 15 min, 1 h, 2 h, 4 h, and 24 h. (A)
Kinetics of saline injection: no significant enhancement of contrast was
observed between control (0 min) and the saline-injected images at dif-
ferent time points. (B) Kinetics of iopamidol injection: the iopamidol-
based agent gave a marginal increase in the overall contrast and the
chambers of heart were hardly distinguishable at 15 min postinjection.
Images obtained beyond 1 h postinjection were similar to the control (0
min). (C) Kinetics of iodinated lipid injection: the iodinated lipid prod-
uct yielded marked contrast enhancement relative to saline and iopami-
dol, and the chambers of heart were distinguishable for as long as 4 h
after injection. (D) Kinetics of nanoparticulate injection: the nanoparti-
cle-based agent gave the best contrast enhancement among the contrast
agents tested. The chambers of heart and the blood vessels were easily
distinguishable until 4 h after injection. The images are representative of
data from 3 or 4 mice per group for all figures.
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Figure 3. Comparison of contrast agents in the Kras—p53 mouse model. Saline, iopamidol, and iodinated lipid agents were compared with an inorganic
nanoparticulate product in regard to contrast enhancement of lung tumors in Kras-p53 mice (1 = 3). (A) The iodinated lipid contrast agent faintly
distinguished between the heart (H), major blood vessels (asterisks), and tumor (arrows) but was unable to accurately outline the tumor nodule. The
nanoparticle-based agent highlighted the chambers of heart and major and minor blood vessels and clearly demarcated the tumor nodule from heart
and blood vessels (tumor nodule A). (B) Saline and iopamidol failed to differentiate between blood vessels and tumor nodules, whereas the nanopart-
icule-based product readily differentiated the heart, blood vessels, and tumor nodules (nodules A and B).

define tumors margins. As a result, the seeding and region-grow-
ing techniques could not be used to measure tumor volume. To
overcome this challenge, we created a mask outlining the bilat-
eral lungs and propagated it across the entire series of the scan.
We then planted seed points in the aerated part of the lungs and
used a 3D region-growing algorithm to segment the healthy lung
tissue. Finally, multifocal tumors were ascertained by subtract-
ing the volume of aerated lung from the overall lung volume as
determined from the mask to determine overall tumor burden.
Comparison of uCT with histopathology. Tumor measurement
and volume estimation in genetically modified mouse models of
non-small—cell lung cancer typically are done through histologic
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analysis of serial sections of the lung. We wanted to compare our
contrast-enhanced pCT method with histologic analysis to assess
the accuracy of pCT-based tumor-burden estimation. We ascer-
tained tumor diameter and 2D tumor size in each slice or section
by using both methods (Figure 5 A through C). Our pCT scans
successfully identified the same total number of tumors that was
identified through histology (9 in right lung and 4 in left lung).
The uCT quantitation of each tumor was generally higher than
that obtained through histology. Table 1 compares the 2D tumor
measurements of 3 tumor nodules, which yielded a Pearson cor-
relation coefficient (r) of 0.9952 between histology and uCT. The
smallest diameter of a single tumor that was determined through



Quantitative pCT imaging of lung cancer models

Figure 4. Identification of tumor phenotypes in various lung cancer models by using the nanoparticulate contrast agent. Kras—p53 (n = 5) and EML4-
ALK (1 = 3) mice had only nodular tumors, whereas Kras mice (1 = 5) had both diffuse and nodular tumors (mixed phenotype).

Figure 5. Comparison of UCT and histology methodology in EML4-ALK mice. Coronal views of histologic sections and uCT images are represented
here. (A) Standard histology identified 13 possible tumor nodules (green) in the represented lung image. (B and C) Representative coronal uCT images
in different planes from the same lung. uCT detected all of the tumor nodules (arrows) that were determined by histology

Table 1. Comparison of tumor measurements (maximal area, mm?)
obtained by nCT and histology

Tumor nodule Histology uCT
9 0.999 1.240
10 1.205 1.591
1 0.999 1.198

Pearson coefficient (r) between histology and uCT was -0.9952.

histology was 232 um whereas that obtained through uCT of the
same tumor was 325 um. These data indicate that contrast-based
uCT imaging is a fairly accurate method for identifying and quan-
tifying lung tumors in mice.

Monitoring therapeutic efficacy by using uCT imaging. To
demonstrate the utility of the above discussed pCT methodol-
ogy, we decided to evaluate therapeutic efficacy of crizotinib in a
mouse model of non-small—cell lung cancer that is induced by the
EML4-ALK oncogene. Crizotinib therapy reduced the levels of
the ALK and phosphoALK proteins (data not shown) and mark-
edly decreased the size of the tumors (Figure 6 A). Volumetric
quantitation of the tumor nodules revealed that crizotinib therapy

reduced the tumor volume to 35.4% * 4.3% of the pretreatment
size (Figure 6 B).

Discussion

X-ray CT provides good spatial resolution of anatomic struc-
tures in 3D format. The image data obtained through this modal-
ity is based on the differential absorption of the X-rays by the
tissues and thereby the density of the tissues examined. In vivo
tissues that are most amenable to imaging by this method are
bone and lung, because of their innate differences in density rela-
tive to other tissue types. The air spaces and soft-tissue structures
of thoracic blood vessels and lung provide natural differences in
density that are amenable to CT imaging, which has been used
extensively in human patients for the diagnosis of thoracic dis-
eases, including lung tumors.>'8%

Lung tumors in patients are clinically assessed through CT mea-
surement to assess changes in size over time to predict malignancy
and response to therapy.”® According to the maximal diameter of
tumor nodules on serial scans, tumor response in patients is clas-
sified into complete response, partial response, stable disease, and
disease progression, according to RECIST scores.” To evaluate tu-
mors according to RECIST scores, size measurements of the tumor
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Figure 6. Monitoring therapeutic efficacy in a mouse lung-cancer model by using uCT imaging. EML4-ALK mice treated with crizotinib (100 mg/kg
daily) for 7 d demonstrated marked reduction in tumor size according to pnCT imaging. (A) Pre- and posttreatment pCT images (2D and 3D views) are
shown; arrows indicate the tumor nodules depicted in both the 2D and 3D views. (B) Relative comparison (before and after treatment) of tumor regres-
sion due to crizotinib therapy (n = 7 tumor nodules from 3 mice); 3, P < 0.001.
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nodules need to be accurate and consistent to enable the assess-
ment of change over time.'® Although lung tumors in rodents have
been evaluated by using CT imaging, methods for classifying or
estimating tumor responses to therapy have not been developed.
UCT detection and monitoring of lung tumors in mice have been
described for orthotopic tumors and the Kras, Kras—p53, and Kras-
Lkb1 mouse mutant models.”*>* These studies described methods
that used the natural contrast of air, lung, and heart tissue to visu-
alize the tumors. A distinct disadvantage of these studies was the
inability to distinguish between vascular and tumor tissue.”’ To re-
duce radiation exposure, we performed our studies at a resolution
of 41 um, which corresponded to a well-tolerated radiation dose
of 0.07mGy for each imaging session. At this resolution, unless the
tumor nodule was distinct and well separated from blood vessels
or the adjoining heart, the margins of the tumors were very diffi-
cult to discriminate clearly (Figure 3, baseline images). Measuring
tumor volumes therefore required the best judgment of the inves-
tigator to outline tumor boundaries. Another consequence of the
41-um resolution was that smaller tumors (less than 500 um) were
often difficult to discern. This kind of approximate analysis does
not provide the rigor needed to develop a scoring system for tumor
evaluation, such as the RECIST guidelines used in human patients.

Contrast-enhanced uCT could help overcome these technical
challenges. A contrast-enhanced pCT method that used a propri-
etary liposomal-iodinated contrast agent to evaluate lung tumors
was reported recently.! In comparison, we here show the utility
of commercially available contrast agents including an iodinated
contrast agent (iopamidol) and blood-pool contrast agents (io-
dinated lipid and nanoparticle-based products). All 3 contrast
agents evaluated differed markedly in their iodine concentra-
tions, which is the component that is responsible for the tissue
contrast. At the concentrations used, the nanoparticulate con-
trast agent was the product that provided the greatest contrast
enhancement for blood vessels (Figures 1 and 2) and clearest de-
marcation of tumor margins (Figure 3). Another advantage of this
nanoparticulate material is that only 100 pL was needed to obtain
sufficiently high contrast enhancement to distinguish the fine
structures like blood vessels and tumors. The lower iodine con-
centration of the iodinated lipid agent could explain its associated
lack of contrast enhancement in our study. However, we could
not evaluate the use of a higher concentration of iodine (600 pL to
achieve an iodine dose of 30 mg) because the necessary volume
would have exceeded the intravenous dosing limit guidelines of
our institutional IACUC. Therefore, use of the nanoparticulate
agent addresses the ‘refinement” aspect of the 3Rs principle of the
use of laboratory animals.

Our data demonstrate the huge inaccuracies in the volume mea-
surements of nodular tumors that result when tumor margins are
not clearly demarcated from adjoining soft-tissue structures (Figure
3). uCT using the nanoparticulate contrast agent detected tumors as
small as 300 um in diameter. Measurements by uCT method were
slightly (approximately 20%) greater than the histology measure-
ments. This difference in the tumor size according to histology may
be due to the shrinkage of tissue during fixation and processing. In
addition, histologic analysis (tumor area in a 4-um section) of just 11
sections of lung took about 4 h. But tumor detection and tumor vol-
ume measurement by uCT was relatively easy and took only about
60 min per mouse. This result shows the accuracy and adaptability of
contrast-based UCT imaging in preclinical studies. One disadvantage
of the UCT method is the inability to distinguish between adenomas
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compared with adenocarcinomas® or the type of inflammatory
responses that are generated in the tumor microenvironment. For
those kinds of measures and as a terminal confirmation of lesions,
histology can still be used.

Furthermore our study shows the utility of uCT contrast agents
in tumors of different phenotypes (nodular compared with dif-
fuse). The accuracy of tumor measurement was dependent on
the phenotype of the tumors. In addition, using a seed-growing
algorithm in the OsiriX software, we show that accurate volumet-
ric quantification of the tumors can be done. Although nodular
tumors could be measured accurately by using this method, dif-
fuse tumors that were distributed throughout the lungs, like those
seen in the advanced stages of the Kras model, could not be dis-
cerned as accurately as were the nodular tumors. In such diffuse
tumor models, incorporating pulmonary blood vessels into the
tumor volume measurement may be inevitable. However, using
contrast agent still provided benefit in these diffuse tumor models
because the margins of the heart were more clearly visualized and
could be excluded from the region-of-interest.

Finally, to validate the contrast enhanced uCT methodology, we
conducted a preclinical trial with a small sample size. Crizotinib
(PE-2341066) is an oral competitive inhibitor of the ALK receptor
tyrosine kinase that recently was approved for the treatment of
non-small—cell lung cancer caused by a translocation that gener-
ates an EML4-ALK fusion gene.”'* Using the ELM4-ALK mouse
model, we were able to monitor the treatment efficacy in individ-
ual tumors in each mouse longitudinally (before and after treat-
ment), thereby reducing the number of animals required to obtain
statistically meaningful data. Contrast-enhanced pCT imaging
clearly demonstrated the efficacy of crizotinib in this preclinical
trial and therefore is an excellent tool for noninvasively and accu-
rately monitoring tumor progression and response to therapy in
rodents. This methodology likely can be adapted to evaluate and
quantify other orthotopic tumor models.
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