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In lung carcinomas the blood supply varies depend-
ing on tumor type and stage and can develop from
pulmonary or bronchial circulation, or both. To ex-
amine this in vivo, primary bronchogenic Lewis lung
carcinoma cells were intratracheally instilled in
C57BL/6 mice. Within 7 days, histological examina-
tions showed progressive tumor growth at the pe-
ripheral parenchymal region. The relative contribu-
tion of tumor blood supply via the pulmonary and
systemic arteries was studied in detail using fluores-
cent microspheres (10 pm). When compared to
healthy lung parenchyma (13:1), Lewis lung carci-
noma tumor tissue (52:1) showed a fourfold increase
in pulmonary to systemic microspheres, indicating
that the pulmonary arteries are the predominant tu-
mor-feeding vessels. After filling the vessels with a
vascular cast, the microanatomy of vessels being de-
rived from the pulmonary artery was visualized with
micro computed tomography. Flat-panel volumetric
computed tomography provided longitudinal visual-
ization of tissue bridges between the growing tumor
and the pulmonary vasculature. In this model of pe-
ripheral parenchymal malignancy, new imaging
techniques allowed effective visualization of lung tu-
mor growth and vascularization in living mice, dem-
onstrating a pulmonary blood supply for lung tu-
mors. (Am J Pathol 2005, 167:937-946)

Lung cancer is among the most commonly occurring
malignancies in the world and is one of the few that
continues to show an increasing incidence.” Analysis of
the angio-architecture of lung tumors is necessary to
identify the nutritive supplier of tumor cells and to improve
the efficacy of cancer therapies. In most mammals stud-
ied, the arterial vascularization of the lung is organized in
two systems: a functional part from the pulmonary arter-
ies, and nutritive vessels from the bronchial arteries, the
vasa-privata of the lung.2~* In the adult human lung, the
pulmonary arteries run alongside the airways, branching
with them, and decreasing in diameter. Pulmonary ves-
sels originate from the conus arteriosus of the right ven-
tricle and distribute blood to the capillary bed of the
alveolar sac, enabling the gas exchange.? In addition,
the lung is supplied with systemic blood flow for nourish-
ment by the bronchial circulation, which originates from
the descending aorta and supplies the wall of the airways
down to the level of the respiratory region and the vasa
vasorum of the large vessels.?® The origin and distribu-
tion of the bronchial vasculature varies to a large extent
between and among the species.*®~® However, in
mouse the right bronchial artery originates from the mam-
maria interna and runs downwards on the right side of the
trachea. On its way to the lung, it gives off branches to the
trachea, esophagus, and paratracheal and mediastinal
tissue. At the back of the right main brochus, it ramifies
for the different lobes of the lung. Although, the left bron-
chial artery was small and had variable origin, which
derived from the internal thoracic artery with similar
branch structure as the right bronchial artery.®° At the
level of the terminal bronchioles, the bronchial vascula-
ture often forms anastomoses with the pulmonary
vasculature.?
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Notably, the two lung vessel types show different
pathophysiological responses, namely in hypoxia and
hyperoxia,’®"" cor pulmonale,'® fibrosis,’™ pulmonary
hypertension,' and cancer.”'®"® The origin and distri-
bution of blood supply to lung carcinomas also varies
depending on the type (primary or metastatic) and stage
of the tumor, and can develop from either the pulmonary
or bronchial circulation or both.®7:'%6 To fulfill the met-
abolic demands of the cancer at the very early stages of
its development, the pre-existing vasculature of the host
supplies oxygen and nutrients. At later stages, for tumors
beyond 2 to 3 mm?®, neovascularization from pre-existing
vessels is necessary.'”'®

Studies in human and animal models provide evidence
that the bronchial circulation is the principle source of
new vessel growth in primary lung tumors,” 81416
whereas the pre-existing pulmonary circulation has lim-
ited capacity for angiogenesis.® In contrast, data from
metastatic lung tumors in human and animal models
suggest that lung tumor perfusion originates mainly from
the pulmonary circulation rather than from the bronchial
circulation.”'>'® However, in almost one-third of the met-
astatic tumors, both the bronchial and the pulmonary
circulation appear to participate.”'®'® This process
might be due to new arterial anastomoses formed be-
tween the bronchial and pulmonary circulation, thus al-
lowing the pulmonary circulation to supply nutrient flow to
the tumor.”

The contribution of bronchial circulation to the blood
supply to the lung tumors in mice is not yet understood. In
the present study, we provide data that support the rel-
evance of blood supply derived from the bronchial arter-
ies in normal mouse lung. The main focus of the study
was, however, the detailed analysis of blood supply of a
primary lung tumor model [Lewis lung carcinoma cell line
(LLC1)] in C57BL/6 mice. To this end, blood flow to the
tumor-bearing lungs of these animals was evaluated us-
ing three different technologies: microscopic analysis
of flow distribution of fluorescent microspheres, three-
dimensional-reconstructed imaging by micro computed
tomography (nCT) and flat-panel volumetric computed
tomography (fpvCT).

Materials and Methods
Cell Culture

The C57BL/6-derived Lewis lung carcinoma cell line
(LLC1) was obtained from American Type Culture
Collection (Manassas, VA). The cells were routinely
cultured in tissue culture flasks containing RPMI 1640
medium (PAN biotech GmbH, Aidenbach, Germany)
supplemented with 2% fetal bovine serum (Greiner
BioOne, Frickenhausen, Germany), penicillin (100
U/ml), and streptomycin (0.1 mg/ml) (Greiner BioOne),
maintained at 37°C in humidified atmosphere con-
taining 5% CO, in air.

Animals

Adult (5 to 7 weeks of age) C57BL/6 mice were pur-
chased from Charles River, Germany, and kept under
pathogen-free conditions and handled in accordance
with the European Communities recommendations for
experimentation.

Intratracheal Instillation

Subconfluent LLC1 cells were treated with trypsin and
ethylenediamine tetraacetic acid (Gibco, Karlsruhe, Ger-
many) and resuspended in saline. For intratracheal instil-
lation of cells, mice were anesthetized by intraperitoneal
injection of a mixture containing ketamine (Ketavet 100
mg/ml; Pharmacia & Upjohn, Erlangen, Germany) and
xylazine (Rompun 2%; Bayer, Leverkusen, Germany).
Later, mice were suspended in a hanging position by a
rubber band fixed to the incisor teeth of the upper jaw.
The trachea was intubated via the oral cavity, a Vasocan
Braunule 20-gauge 14" (Braun Melsungen AG, Melsun-
gen, Germany) tube was placed in the trachea, the cells
(1 X 10%/0.1 ml saline) or saline were instilled into the
lungs. Next, the mice were placed on a 37°C hot plate for
10 to 15 minutes to maintain temperature. Lung tumor
growth was monitored and confirmed by using both
fpvCT and hematoxylin and eosin (H&E) staining. For
histological analysis, lung tissues were fixed in 4% for-
malin and embedded in paraffin. Three-um-thick paraffin
sections were stained with H&E.

Infusion of Fluorescent Microspheres

After confirmation of tumor growth with fpvCT, animals
were anesthetized by intraperitoneal injection of a mixture
containing ketamine (Ketavet 100 mg/ml, Pharmacia &
Upjohn, Erlangen, Germany) and xylazine (Rompun 2%,
Bayer AG, Leverkusen, Germany). A polyethylene cath-
eter was positioned either in the right ventricle or left
ventricle or in both ventricles, and infused with fluores-
cent microspheres as described to trace pulmonary and
systemic blood flow.'®2" Because diameter of the cap-
illaries was ~4 to 9 um, 10-um yellow and red fluorescent
microspheres (Molecular Probes, Inc., Eugene, OR) were
selected and diluted to the desired concentration with
saline. Certofix Mono Complete size 1 catheter (Bayer
AG) was used for infusion. Yellow fluorescent micro-
spheres (1.5 X 10°) (200 ul) were introduced into the
right ventricle to trace pulmonary blood flow, and sys-
temic blood flow was monitored with 1.5 X 10° red fluo-
rescent microspheres (200 wl), introduced into the left
ventricle. After the infusion of fluorescent microspheres,
the catheters were flushed with saline containing 25,000
IU/5 ml heparin sodium (Roche, Mannheim, Germany).
Later the animals were divided into two groups. One set
of animals was taken for histological examination and the
other set for extraction and counting the number of fluo-
rescent microspheres.
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Figure 1. Analysis of lung tumor growth by histology and fpvCT. A: Histological analysis with H&E staining of mice lung tumor tissue sections after
intratracheal instillation of saline or LLC1 cells. The cross-sections demonstrate a time-dependent increase in tumor size, with an invasive growth primarily
originating from a bronchial branch (7 = 6 at each time point). B: Tumor detection with fpvCT in C57BL/6 mice in a longitudinal study, with scanning at
days 3, 5, and 7 after LLCI-tumor instillation. Representative sagittal images from independent experiments (72 = 12). Arrows indicates tumor. Scale bars:
300 um (A); 5 mm (B).
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Histology

For cryosections, the fluorescent microsphere-infused
lungs were inflated with Tissue-tek (Sakura Fine Techni-
cal Co, Ltd., Tokyo, Japan) in 0.9% NaCl (1:1). Cryosec-
tions with 15-um slice thickness were made for histolog-
ical examination using a Leica-CM 1900 cryostat
microtome (Leica Instruments GmbH, Nussloch, Ger-
many). Color and location of fluorescent microspheres
within the lung and lung tumors were detected by a
fluorescent microscope equipped with an IMT2RFL re-
flected light fluorescence attachment (Olympus Optical
Co., Hamburg, Germany) multiwavelength fluorescent fil-
ter cube.??

Tumor and Lung Tissue Digestion and
Processing

After fluorescent microsphere infusion, lungs and tumors
were separated under microscopic view (Leica Instru-
ments), their wet weights and volumes were measured
and their digestion was performed as previously de-
scribed.?®?" Lungs and lung tumors were separately
placed into polypropylene tubes and digested with 7 ml
of a 4 mol/L KOH solution containing 0.05% Tween 80, in
a water bath at 65°C until the tissue was completely
dissolved. Homogenous samples were centrifuged (20
minutes, 2000 X g), and the supernatant was drawn off,
leaving <1 ml behind. The remaining pellet, containing
fluorescent microspheres and some debris, was rinsed
with 9 ml of 0.25% Tween 80 in demineralized water at
65°C, and centrifuged again at the same force and du-
ration. After a final rinsing with demineralized water, the
pellet was resuspended in saline and analyzed for the
number of fluorescent microspheres, using a hemocy-
tometer and fluorescent microscope as described in the
Fluorescent Microspheres Resource Center manual (Uni-
versity of Washington, Seattle, WA).?3

Micro Computed Tomography

For investigation using uCT, blood vessels were filled
with a solidifying blood-pool contrast agent (Microfil; Flow
Tech, Inc., Carver, MA) forming a vascular cast. Under
visual control, ready-made, nondiluted contrast was per-
fused manually using three different methods as de-
scribed:2472° 1) the pulmonary vascular tree was com-
pletely filled by intravenous in vivo injection via the jugular
vein; 2) the pulmonary arteries were successfully filled
down to the capillary level by direct injection of contrast
medium into the main pulmonary artery ex vivo; 3) the
aorta and the arterial vessels were filled by injecting
contrast media into a catheter inserted through left ven-
tricle. After perfusion and solidification of the contrast
medium, the lungs were removed and scanned with a
desktop wCT unit (Skyscan1072; SkyScan, Aartselaar,
Belgium). This system has been described in detail be-
fore.?” In our setting, samples were positioned on a com-
puter-controlled rotation stage and scanned over a half
rotation (180°) with rotation steps of 0.675°, at 60 kVp,

Table 1. Measurement of Tumor Growth by Histology and

fpvCT
Tumor H&E staining (diameter) VCT (diameter)
Control No tumor No tumor
3 days 0.73 = 0.10 mm 1.09 = 0.14 mm
5 days 1.13 = 0.12mm 1.47 £ 0.17 mm
7 days 1.62 £ 0.08 mm 1.93 £ 0.10 mm

Measurement of tumor diameter obtained from H&E staining and
fpvCT, H&E values represent the average diameter of typical tumors
(n = 6, at each time points). FpvCT values represent the average
diameter throughout time of a specific tumor selected in each of 12
mice, for example the tumor shown in Figure 1, A and B.

100 nA. Raw data were reconstructed with a modified
Feldkamp cone-beam reconstruction algorithm,?® result-
ing in 8-bit gray-scale images, with 6 um?® isotropic vox-
els. Image processing and analysis were performed with
the Analyze 6.0 software package (Analyze; Biomedical
Imaging Resource, Mayo Foundation, Rochester, MN).

Flat-Panel Volumetric Computed Tomography

The fpvCT is a novel high-resolution CT system devel-
oped by General Electric (GE Global Research, Niska-
yuna, NY). In contrast to clinical CT scanners, an amor-
phous silicon flat-panel detector is irradiated by a
cone-shaped X-ray beam. Animals were anesthetized by
intraperitoneal injection of a mixture containing ketamine
(Ketavet 100 mg/ml, Pharmacia & Upjohn) and xylazine
(Rompun 2%, Bayer AG) and mounted on a patient table,
which is moved into the gantry bore during the scan,
while the X-ray tube and detector, mounted on a rotating
gantry, rotate around the table. The scan is performed in
a sequential rather than a helical mode. For our investi-
gation, 120 kVp at 40 mA was used. The scanning time
for one rotation was 8 seconds, covering a field-of-view of
4.2 cm in the z-direction, sufficient for scanning the tho-
rax of one mouse. Projection images were reconstructed
using a cone-beam algorithm and an edge-defining re-
construction kernel.?3° Data can be reconstructed at
arbitrary voxel sizes, but 0.05 mm? isotropic voxels were
used for this investigation. All data were transferred to an
Advantage Windows Workstation 4.1 (GE Health Care
Europe, Buc, France) and processed with the Volume
Rendering software.

Results

Tumor Model

In H&E-stained histological images at 1, 3, 5, and 7 days
after tumor instillation, tumor formation was noted at pe-
ripheral parenchymal region away from the airways, and
the tumors increased in size from day 3 to day 7 (Figure
1A), growing from 0.73 = 0.10 mm to 1.62 = 0.08 mm in
diameter (Table 1). Additionally, in vivo images obtained
with fpvCT before and after instillation of LLC1 cells in the
same mice (Figure 1B) detected rapid tumor develop-
ment, with diameters increasing from 1.09 = 0.14 mm at



Blood Supply of Lung Tumors 941
AJP October 2005, Vol. 167, No. 4

Lungs Tumor Lungs

Control

Yellow microspheres

Red microspheres

Yellow & Red microspheres

Figure 2. Blood vessel supply of healthy and tumor-bearing lung tissue analyzed by fluorescent microspheres. Cryosections of mouse lungs with (B, D,
F, H) or without (A, C, E, G) tumors were analyzed with fluorescent microscopy for the presence of injected fluorescent microspheres. Lungs were fixed
7 days after LLC1 instillation when successful tumor induction was confirmed by fpvCT. The tumor lung sections show the presence of the solid tumor
within the lung. Yellow fluorescent microspheres in control lung (C) and tumor lung (D), injected into the pulmonary artery, show the localization of
yellow microspheres in both lung and tumor (D). Red fluorescent microspheres in control lung (E) and tumor lung (H), introduced via the bronchial artery,
resulted in detection around the bronchial branch (E) or parenchyma (F). This observation was confirmed with simultaneous injection of both yellow and
red fluorescent microspheres in control lung (G) and tumor lung (H) (n = 12). Arrowhead indicates yellow microspheres; chevron indicates red
microspheres; arrow indicates tumor.
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Table 2. Analysis of Pulmonary and Systemic Blood Flow Markers

% tumor weight/ Yellow MS/mg Yellow MS/mg Red MS/mg Red MS/mg
Mouse no. lung weight lung tumor lung tumor
1 19.86 8794.33 223.21 567.37 0.36
2 10.61 8435.75 184.21 949.72 0.53
3 20.80 9127.52 266.13 1006.71 0.32
4 9.55 9554.14 208 700.64 17.33
5 17.16 9552.24 326.08 373.13 0.43
6 19.53 8698.22 208.18 769.23 10.30
7 13.90 8609.27 267.62 794.70 0.47
8 18.32 9465.65 260.42 381.68 5.83
9 9.09 9440.55 269.23 699.30 16.92
10 18.12 9395.97 259.26 805.37 0.37
1 23.22 9225.80 243.05 903.22 0.28
12 11.56 9115.64 257.05 612.24 0.58
Average 15.98 9117.93 247.70 713.61 4.48
SEM 1.39 113.41 10.84 58.63 1.92

MS, microspheres.

Recovery of red and yellow fluorescent microspheres in the lung and lung tumors after injection of 1.5 X 10° red (left ventricle)- or yellow (right

ventricle)-colored fluorescent microspheres (mean + SEM, n = 12).

day 3to 1.93 = 0.10 mm at day 7, measured in reformat-
ted images (Table 1).

Fluorescent Microspheres in LLC1 Tumor
Lungs

Microscopic images of normal lungs revealed the pres-
ence of yellow microspheres, which originated from the
pulmonary artery, throughout the parenchyma (Figure
2C) and the presence of red microspheres, from the
bronchial artery, close to terminal bronchi and the paren-
chyma (Figure 2, E and G). The parenchymal presence of
microspheres from the bronchial artery might be ex-
plained by arterial anastomoses between the bronchial
and pulmonary circulation and precapillary bronchial pul-
monary connections of C57BL/6 mouse lung. Further-
more, microscopic images of both normal and tumor lung
cryosections revealed predominance of yellow micro-
spheres in both lung tissue and tumor tissue (Figure 2, C
and D). In contrast, red microspheres were almost exclu-
sively found in the lung tissue, with a predominant loca-
tion adjacent to the bronchi (Figure 2, E and F). The
absence of red microspheres in tumors indicates that
virtually no perfusion of the tumor occurred via the sys-
temic circulation. This observation was further confirmed
in lung sections from mice that had microspheres intro-
duced into both systems simultaneously (Figure 2, G
and H).

In addition, the microspheres lodged in lung and tumor
preparations were counted under fluorescent micros-
copy (Table 2). The number of yellow microspheres (sup-
plied by the pulmonary system) was 9117 (£113) per mg
of lung weight and 247 (£10) per mg of tumor weight,
indicating that the tumor is less perfused than the healthy
lung parenchyma (Table 2). However, a linear correlation
between pulmonary vascular supply and the wet weight
of the tumor was noted (Figure 3).

The number of red microspheres (supplied by the
bronchial system) was 713 (£58) per mg of lung weight
and 4.5 (£1.9) per mg of tumor weight, (Table 2). Fur-

thermore, analysis of the relative vascular supply re-
vealed an average ratio of pulmonary to systemic micro-
spheres of 52:1 (= 0.0084) (tumor) and 13:1 (= 0.0069)
(lung), a fourfold greater ratio, which confirms that the
pulmonary arteries are the major feeding vessels to the
tumor vasculature.

Analysis of Micro Computed Tomography
Images

To identify the source of tumor vascularization, the lung
vasculature was filled in three ways as described in Ma-
terials and Methods. Intravenous injection of contrast
medium via the jugular vein resulted in complete fixation
of the pulmonary vascular tree with preservation of mi-
croarchitecture and three-dimensional interconnectivity.
In comparison ex vivo administration of contrast medium
via the pulmonary artery resulted in successful filling of
the pulmonary arteries down to the capillary levels. Both
filling methods provided a clear visualization of pulmo-
nary artery branching to LLC1 lung tumors. The third

1000
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Figure 3. Correlation of blood flow to tumor weight of LLC1 lung tumors.
Blood flow (indicated by number of yellow microspheres) in LLC1 tumors
after 1 week correlates linearly with tumor weight (in mg) (r* = 0.8, P <
0.0001, 7 = 12).



Figure 4. VRT images of the uCT. A: Three-dimensional VRT image of the
contrast fluid-filled pulmonary artery showed branching and distribution of
the pulmonary artery (PA) throughout the whole lung. B: Three-dimensional
VRT image of the contrast fluid-filled aorta showed systemic arteries and
indicates the main anatomical features such as the origin, branches, and
topography of the aorta (AO), including the left bronchial artery (LBA)
branching from the left subclavian artery (LSA). In addition, the presence of
right subclavian artery (RSA), internal thoracic artery (ITA), and coronary
artery (CA) were also demonstrated (1 = 12).

filling approach, administration of contrast medium via
the aorta demonstrated the origin of the bronchial artery
at the level of main stem bronchi branching from the
subclavian artery, in addition to the negligible role of
bronchial arteries to LLC1 lung tumors.

For two- or three-dimensional presentations of intrapul-
monary tumors and their vascularization wCT images
were reconstructed using three-dimensional maximum
intensity projection (MIP), three-dimensional volume-ren-
dering technique (VRT) and two-dimensional multiplanar
reconstructions (MPR). The three-dimensional VRT nCT
images (Figure 4, A and B) of contrast medium-filled
lungs clearly showed branching and distribution of the
pulmonary artery throughout the whole lung (Figure 4A).
The origin of the bronchial artery at the level of main stem
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bronchi branching from the subclavian artery was also
visualized (Figure 4B).

Three-dimensional MIP uCT image of contrast medi-
um-filled lungs displayed fewer large and small pulmo-
nary vessels and their draining into tumors (Figure 5A). In
addition, coronal two-dimensional MPR serial images of
the tumor lungs showed the entry and branching of the
pulmonary artery in the LLC1 tumor mass (Figure 5B),
which is demonstrated more clearly on the magnification
MIP image view (Figure 5C). All vascular filling ap-
proaches displayed branching of small pulmonary ves-
sels inside the tumors without the existence of bronchial
arterial branching. This observation from uCT scanning
confirms the results obtained with the fluorescent micro-
spheres, confirming that the pulmonary artery is the pre-
dominant tumor blood supplier.

Repetitive Analysis of fovCT Images in Living
Mice

To obtain detailed characterization of Lewis lung carci-
noma mice model in vivo, noninvasive high-resolution
fpvCT was used. The scanning revealed close attach-
ment of the lung tumors to the pulmonary artery. Small
tissue bridges suggest tumor nutrition from branches of
the attached vessels (Figure 6; A to D). Both pulmonary
arteries and veins are connected to the tumor by such
bridges. This observation confirms primary nutrition of the
tumor from the pulmonary circulation. The fpvCT permit-
ted tumor detection down to a size of ~0.1 mm.

Discussion

This study describes for the first time, the blood flow
distribution to LLC1 lung tumors in an experimental
C57BL/6 mouse model. Using the combination of fluores-
cent microsphere infusions and subsequent microscopic
analysis, and three-dimensional images obtained by uCT
and fpvCT, we identified the pulmonary artery as the
major source of blood supply to the tumor vasculature in
this orthotopic model of lung cancer. Based on previous
observations in nude mice, in which the diameter of the
capillaries was measured as 4 to 9 um,?33" 10-um mi-
crospheres with different fluorescent colors were used in
our experiments. Our data revealed an average ratio of
microspheres originating from the pulmonary to systemic
systems as 13:1 (lung) and 52:1 (tumor). These data
support the known fact that pulmonary arteries are the
major feeding vessels of the lung parenchyma. Interest-
ingly, the predominance of the pulmonary over systemic
blood supply was further increased (fourfold) for the
LLC1 lung tumor tissue.

The microvasculature of lung tumors was also ana-
lyzed by uCT and fpvCT techniques in a follow-up study
up to 1 week after tumor cell seeding. uCT is a high-
resolution imaging technique for detailed analysis of
complex micro architecture within organs, allowing the
entire lung to be studied intact, without physically sec-
tioning or disrupting the tissue.?”?® It does, however,
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Figure 5. MIP and MPR images of the uCT. A: Three-dimensional MIP image of the contrast fluid-filled pulmonary artery showed branching and distribution of
the pulmonary artery (PA) through the tumor mass (TM). In addition, the main anatomical features such as trachea (TR), mediasternum (M), and esophagus (ES)
were also visualized. B: Coronal two-dimensional MPR images of the tumor lung showed the pulmonary artery (PA) passing through the LLC1 lung tumor mass
(TM). Magnification of three-dimensional MIP image showed the increase of pulmonary artery (PA) vessel density around the tumor mass (TM) and visualizes
vessels infiltrating the tumor (C) (1 = 12).

require filling the vessels of interest with a vasculature
cast, therefore this is exclusively an ex vivo method.
Three-dimensional reconstructed images obtained by
uCT revealed the entry and branching of the pulmonary
artery in lung tumors, and detected capillaries down to 9
pm in diameter. In addition, three-dimensional images of
the contrast medium-filled aorta illustrated the origin of
the bronchial artery branching from the subclavian artery.
This finding agrees with the observations of Verloop® who
studied the systemic blood vessels to the lung by using
casting material.

In agreement with the uCT data, three-dimensional
fpvCT images also revealed close attachment of the lung
tumors to the pulmonary artery. FpvCT allows volumetric
visualization of small pulmonary tumors down to a diam-
eter of ~200 um, and is a valuable tool for estimating
tumor growth of relatively small lesions within reasonably
short scan intervals. Notably, this technique may be used
for longitudinal in vivo studies. The three-dimensional im-

ages obtained by fpvCT confirm not only the location of
the tumors close to the pulmonary arteries, but also doc-
umented tissue bridges connecting pulmonary vascula-
ture to the nodules. Although no contrast medium was
applied in this investigation, tumor nutrition by the pulmo-
nary circulation can be confirmed. Noninvasive fpvCT
revealed high sensitivity in tumor detection and therefore
proved to be a useful tool in lung tumor screening in this
orthotopic tumor model. This technique enables longitu-
dinal studies of tumor growth and tumor response to
therapy in a single animal. Therefore, sacrificing a large
number of animals is not required.

In almost all types of cancer, tumor cells grow into solid
neoplasm by using the host’s pre-existing vasculature. In
the lung, vessels may originate from the pulmonary or
bronchial systems, or both. Earlier studies that used an-
imal models to probe the origin of vascularization in the
process of lung tumor growth reported conflicting results.
Predominant nutrient supply was observed from both the



Figure 6. In vivo fpvCT scanning of LLC1 lung tumors. Documentation of a
lung nodule (0.5 mm in diameter, arrow) in axial (A) and coronal (B)
projections imaged with fpvCT. The voxel size was 0.05 mm in an isotropic
dataset. Therefore, three-dimensional visualization was easily available. C:
Surface rendering of the pulmonary arteries (PA) and pulmonary veins (PV)
with the adjacent nodules (arrow) as well as a large tumor mass (TM) in the
apical lobe of the right lung. D: Magnification of the nodule displayed in the
reformatted slices (A, B) shows the soft-tissue bridge from tumor to the
adjacent pulmonary artery (z = 12) (arrow indicates lung nodule).

pulmonary and bronchial systems, via enlarged bronchial
VeSSGIS.6’7'14_16’23

These discrepancies might in part be explained by the
tumor stage,’ the species, the tumor origin (primary tu-
mor, metastasis), and the distribution (central, peripheral)
of lung neoplasms. Milne and Zerhouni'® demonstrated
the predominant perfusion of metastatic lung tumors by
the pulmonary circulation in humans and rats. In contrast,
Muller and Meyer-Schwickerath” emphasized the prime
role of bronchial arteries in the vascularization of bron-
chogenic carcinoma at different stages of its develop-
ment using postmortem angiographic and histological
investigation. This process might also include new arte-
rial anastomoses formed between the bronchial and pul-
monary circulation.®”'® In primary lung tumors, studies
using in vivo angiography by Jonas and Carrington'®
suggested the bronchial arterial supply to be the primary
source of nourishment in dogs. To the best of our knowl-
edge, vascular supply of lung tumors in mice has not
previously been investigated.

In a model of pulmonary blood flow obstruction in
C57BL/6 mouse lung, Mitzner and colleagues® demon-
strated the origin of neovascularization from systemic
intercostal arteries and the absence of a functional bron-
chial circulation at the level of intraparenchymal airways.
In that study, neovascularization was provoked by pre-
dominant obstruction of 40% of the pulmonary circula-
tion. In our study, in contrast, the blood supply of primary
tumors by smaller vessels and capillaries was investi-
gated. These vessels ensure the nutrition of the tumor in
a self-adjusting process, involving the liberation of growth
factors, hormones, and cytokines.

Our conclusion that bronchogenic blood supply of
lung parenchyma and tumor tissue is existent in C57BL/6
mice is based on 1) the presence of bronchogenic blood
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flow markers in both healthy lungs and LLC1 tumors; 2)
the detection of fluorescent microspheres in the cryosec-
tions; 3) the three-dimensional reconstruction of uCT im-
ages, which clearly demonstrate a left bronchial artery at
the level of the main stem bronchi originating from the
subclavian artery, which is consistent with studies in dif-
ferent species;®~8 141 4) the possibility of arterial anas-
tomoses between the bronchial and pulmonary circula-
tion, precapillary bronchial pulmonary connections, or
the tumor-associated arteriovenous malformations,
through which microspheres could traverse the lungs
without being trapped by capillaries, as suggested by
our observation of systemically applied (red) micro-
spheres, found in the parenchymal capillaries of the lung
(Table 2, Figure 2H).

In conclusion, this study demonstrates that although
the bronchogenic blood supply exists in C57BL/6 mice,
the pulmonary arterial system plays the predominant role
for the blood supply of LLC1 lung tumors in this species,
based on analysis of fluorescent microsphere distribution
and by CT imaging techniques. These findings thereby
well reason the successful growth of lung carcinomas in
a rather hypoxic environment. We remark the value of the
experimental model of primary lung tumors induced by
LLC1 cells in the mouse lung. This is the first experimen-
tal model performed in mouse. It has important implica-
tions for understanding the tumor pathophysiology and
its vascular microanatomy. These findings can be ap-
plied for identifying novel targets for anticancer treatment
and for site-specific drug targeting.
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