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Background: This study used CT (computed tomography) and magnetic resonance imaging 

(MRI) to identify correlations between perfusion parameters for squamous cell lung carcinoma 

and tumor angiogenesis in a rabbit model of VX2 lung cancer.

Methods: VX2 tumors were implanted in the lungs of 35 New Zealand White rabbits. CT and 

MRI perfusion scanning were performed on days 14, 17, 21, 25, and 28 after tumor implantation. 

CT perfusion parameters were perfusion, peak enhanced increment, transit time peak, and blood 

volume, and MRI perfusion parameters were wash in rate, wash out rate, maximum enhancement 

rate, and transit time peak. CT and MRI perfusion parameters were obtained at the tumor rim, 

in the tumor tissue, and in the muscle tissue surrounding the tumor.

Results: On CT perfusion imaging, t values for perfusion, peak enhanced increment, and blood 

volume (tumor rim versus muscle) were 16.31, 11.79, and 5.21, respectively (P , 0.01); t values 

for perfusion, peak enhanced increment, and blood volume (tumor versus muscle) were 9.87, 

4.09, and 5.35, respectively (P , 0.01); and t values for transit time peak were 1.52 (tumor rim 

versus muscle) and 1.29 (tumor versus muscle), respectively (P . 0.05). On MRI perfusion 

imaging, t values for wash in rate, wash out rate, and maximum enhancement rate (tumor rim 

versus muscle) were 18.14, 8.79, and 6.02, respectively (P , 0.01); t values for muscle wash 

in rate, wash out rate, and maximum enhancement rate (tumor versus muscle) were 9.45, 8.23, 

and 4.21, respectively (P , 0.01); and t values for transit time peak were 1.21 (tumor rim versus 

muscle) and 1.05 (tumor versus muscle), respectively (P . 0.05).

Conclusion: A combination of CT and MRI perfusion imaging demonstrated hemodynamic 

changes in a rabbit model of VX2 lung cancer, and provides a theoretical foundation for treat-

ment of human squamous cell lung carcinoma.
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Introduction
Lung cancer is the leading cause of cancer mortality worldwide. In 2012, lung cancer 

accounted for 26% of all cancer deaths in females and 29% of all cancer deaths in 

males in the US.1 Even with excision, radiotherapy, chemotherapy, and gene therapy, 

the five-year survival rate is only 15% in the US.2 Early detection and treatment of 

lung cancer is crucial in improving patient survival.3

Imaging examinations, such as magnetic resonance imaging (MRI), computed 

tomography (CT), or both, are commonly used for the diagnosis of lung cancer and 

provide a noninvasive means of tumor visualization. Detection and localization of 
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lung cancer at the carcinoma in situ or microinvasive stage 

affords a good prognosis for patients. 

Angiogenesis has been shown to play an important role in 

tumor growth and development and is related to tumor invasion 

and metastasis. Tumor vessels not only provide the nutrition 

required for tumor growth and transport of metabolites but also 

enable spread of tumor cells.4,5 A large quantity of tumor blood 

vessels increases the opportunity for tumor cells to penetrate 

into the blood circulation. The basilar membrane of a new vessel 

is slit-shaped, and more mature blood vessels are easily pen-

etrated by cancer cells that result in tumor metastasis because 

the vessels leak easily.6,7 With the rapid development of spiral 

CT and MRI technologies, early tumor detection by imaging 

and identification of changes in hemodynamics and local tissue 

function has become possible by measuring the perfusion of 

local tissue. Angiogenesis in tumors can be assessed by CT and 

MRI perfusion techniques because of the changes that occur in 

vascular perfusion, blood volume, and permeability.8–11

Rabbit tumor models are used widely because of their 

many advantages, including our extensive background in 

understanding their lung physiology, as well as these animals 

being easy to handle, readily available, and large enough to 

study lung mechanics, and the ability to use the animals as 

their own controls. In addition, their respiratory system is 

similar to that of humans. The usefulness of the rabbit as a 

species to study lung biology in order to understand human 

lung conditions has been highlighted.12 In this study, we used 

CT and MRI perfusion parameters to identify hemodynamic 

changes during angiogenesis in a rabbit model of VX2 lung 

cancer. Our aim was to assess hemodynamic changes in 

rabbits with VX2 lung cancer using these functional imaging 

methods in combination.

Materials and methods
Animal model
Animal care and all experimental procedures were performed 

with the approval of the animal welfare council of Baotou Can-

cer Hospital, Inner Mongolia Autonomous Region, People’s 

Republic of China. Sixty New Zealand White rabbits (mean 

weight 2.7 ± 0.2 kg) were purchased from the Experimental 

Animal Center at Peking University, Beijing. Rabbits were 

maintained inhouse under normal conditions. VX2 squamous 

carcinoma cells were obtained from the Institute of Clinical 

Oncology at Peking University and cultured under the recom-

mended conditions. The VX2 tumors were grown in the hind 

limb muscle of a rabbit. When the tumors reached a diam-

eter of 2–3 cm, they were harvested and minced into pieces 

approximately 1 mm3 in size. The pieces were filtered through 

a metal mesh to obtain a suspension of single tumor cells. The 

cells were centrifuged at 1000 rpm for five minutes, and saline 

solution was added to make a suspension of approximately 

2 × 107 cells/mL. Under CT guidance, 59 rabbits were per-

cutaneously injected with 0.5 mL of the VX2 cell suspension 

(2 × 107 cells/mL) into the lungs. Seven days later, enhanced 

CT confirmed that tumor lesions 7–14 mm in diameter (mean 

10.5 ± 2.2 mm) had developed in 35 (59%) of the rabbits, and 

were used for the following experiments.

CT and MRI perfusion imaging
Each rabbit was fasted for 12 hours before scanning and 

anesthetized with pentobarbital 30 mg/kg via an indwelling 

catheter in the auricular vein. CT and MRI perfusion scanning 

was performed on days 14, 17, 21, 25, and 28 after tumor 

implantation. A 16-slice spiral CT (Philips Brilliance, 

Eindhoven, The Netherlands) and an Intera 1.5 T Achieva 

Nova-Dual MRI device (Philips) were used for imaging. 

Iohexol (CT contrast agent) and Gd-DPTA (MRI contrast 

agent) were each injected at 0.4 mL per second via the 

marginal ear vein. The CT scanning parameters were: matrix 

16 × 0.625 mm, slice thickness 3.0 mm, pitch 3.0 mm, 

120 kV, 100 mAs, 360-degree rotation time 0.4 seconds, and 

scanning interval 6.5 seconds (default minimum). Diffusion-

weighted imaging and apparent diffusion coeff icient 

parameters were: FOV 150 mm, TR 2529, TED 55, T I180, 

NSA 16, and slice thickness 3 mm. MRI perfusion-weighted 

imaging parameters were: FOV 150 mm, TR 4.8, TE 2.4, 

Flip 10, NSA 1, and slice thickness 1 mm. All images were 

analyzed independently by two radiologists.

CT and MRI perfusion parameters
CT perfusion parameters were perfusion volume, peak 

enhanced increment, and transit time peak. MRI perfusion 

parameters were wash in rate, wash out rate, maximum 

enhancement rate, and transit time peak. Regions of interest 

were the tumor rim, central portion of the tumor, and the 

muscle surrounding the tumor. CT and MRI perfusion 

parameters were measured three times at each area (tumor 

rim, tumor, and muscle) and the mean value of these three 

measurements was used in the analysis.

Immunohistochemistry
Tumor rim and tumor tissues were fixed in 10% neutral buff-

ered formalin and embedded routinely in paraffin for immu-

nohistochemical study, with hematoxylin and eosin, vascular 

endothelial growth factor (VEGF), and CD34 staining. Using 

streptavidin peroxidase methods, VEGF expression was 
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divided into four grades from (-) to (+++). The intensity of 

expression was evaluated as follows: the number of positive 

cells , 5% was considered as (-), 5%–25% as (+), 26%–50% 

as (++), and 51%–100% as (+++). Microvessel density was 

measured by anti-CD34 staining. All histological analyses 

were examined independently by two pathologists.

Statistical analysis
All data are expressed as the mean ± standard deviation. The 

statistical analysis was performed using Statistical Package 

for the Social Sciences version 13.0 software (SPSS Inc, 

Chicago, IL, USA), and paired t-tests were used to show 

differences in perfusion parameters (tumor rim versus 

muscle, tumor versus muscle). P , 0.05 was considered to 

be statistically significant.

Results
CT and MRI perfusion imaging
CT scanning showed normal lung tissue in the rabbits before 

inoculation with tumor cells, and CT and MRI enhancement 

scanning showed irregular soft tissue masses in the same 

rabbits’ lungs two weeks after inoculation. CT and MRI 

perfusion images showed there was an abundant supply of 

blood vessels in the tumor rim and that the central tumor 

portions were ischemic (Figure 1).

CT and MRI perfusion parameters
CT perfusion parameters of perfusion volume, peak enhanced 

increment, transit time peak, and blood volume data (tumor 

rim versus tumor) are shown in Figure 2. MRI perfusion 

parameters, ie, wash in rate, wash out rate, maximum 

enhancement rate, and transit time peak data (tumor rim 

versus tumor) are shown in Figure 3. The t values for perfu-

sion volume, peak enhanced increment, and blood volume 

(tumor rim versus muscle) were 16.31, 11.79, and 5.21, 

respectively (P , 0.01). The t values for perfusion volume, 

peak enhanced increment, and blood volume (tumor versus 

muscle) were 9.87, 4.09, and 5.35, respectively (P , 0.01). 

The t values for transit time peak were 1.52 (tumor rim ver-

sus muscle) and 1.29 (tumor versus muscle), respectively 

(P . 0.05, Table 1). The t values for wash in rate, wash out 

rate, and maximum enhancement rate (tumor rim versus 

muscle) were 18.14, 8.79, and 6.02, respectively (P , 0.01); 

the t values for wash in rate, wash out rate, and maximum 

enhancement rate (tumor versus muscle) were 9.45, 8.23, and 

4.21, respectively (P , 0.01); the t values for transit time 

peak were 1.21 (tumor rim versus muscle) and 1.05 (tumor 

versus muscle), respectively (P . 0.05, Table 2).

The following correlations were observed between tumor 

growth and perfusion parameters of blood flow. When tumor 

sizes were 0.59–0.77 cm (0.35–0.6 cm2), perfusion volume, 

blood volume, and peak enhanced increment increased 

slightly, while the wash in rate, wash out rate, and maximum 

Figure 1 All images are obtained from the same investigated rabbit. (A0) CT 
scanning image shows normal tissue in the lung before tumor inoculation. (A1) CT 
enhancement scanning image shows an irregular soft tissue mass in the lobe of the left 
lung two weeks after tumor inoculation (red arrow). CT perfusion scanning images 
show PEI (A2), PV (A3), and BV (A4). (B1) MRI enhanced scanning image shows an 
irregular soft tissue mass in the right lung two weeks after tumor inoculation (red 
arrow). MR perfusion scanning images show WIR (B2), WOR (B3), and MER (B4) 
in the tumor tissue (red arrows). There is an abundant supply of blood vessels in the 
tumor rim, while the central portions of the tumor are ischemic. 
Abbreviations: WIR, wash in rate; WOR, wash out rate; MER, maximal enhancement 
rate; BV, blood volume; PV, perfusion value; PEI, peak enhanced increment; CT, 
computed tomography; MRI, magnetic resonance imaging.
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enhancement rate increased markedly in the tumor rim and 

central portion of the tumor. Findings on imaging showed 

that the tumor tissue was hyperemic with a complete capsule 

and a smooth rim. At 1.69–1.85 cm (2.85–3.4 cm2), perfusion 

volume, blood volume, and wash in rate decreased, while the 

wash out rate increased in the tumor rim. Imaging findings 

indicated that the tumor was ischemic with a complete capsule 

and an irregular rim. Perfusion volume, peak enhanced 

increment, blood volume, maximum enhancement rate 

increased, the wash in rate stabilized, and the wash out rate 

decreased in central portions of the tumor, indicating that 

the tumor was hyperemic. At 1.85–2.10 cm (3.4–4.4 cm2), 

perfusion volume, blood volume, peak enhanced increment, 

wash in rate increased significantly, and wash out rate 

stabilized. Findings on imaging indicated that the tumor was 

hyperemic and had an incomplete capsule with a lobular 

and spiculated boundary. Perfusion volume, blood volume, 

peak enhanced increment, and maximum enhancement rate 

decreased markedly, the wash in rate stabilized, and the wash 

out rate decreased slightly in the central portion of the tumor, 

indicating that the tumor was ischemic. At 2.10–2.19 cm 

(4.4–4.8 cm2), the perfusion volume, peak enhanced 
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Figure 2 PV and BV increased when the tumor rim was in the range of 0.59–1.69 cm (0.35–2.85 cm2) in size; at 0.59–0.77 cm (0.35–0.6 cm2), PEI increased; at 1.69–1.79 cm 
(2.85–3.2 cm2), PV and BV decreased and PEI increased; at 1.79–2.10 cm (3.2–4.4 cm2), PV, BV, and PEI increased markedly; at 2.10–2.51 cm (4.4–6.3 cm2), PV and PEI 
decreased and BV stabilized (A–C). When the central portion of the tumor was in the range of 0.59–1.79 cm (0.3–3.2 cm2), PV, BV, and PEI increased significantly; at 
1.79–2.19 cm (3.2–4.8 cm2), PV, BV, and PEI decreased significantly; at 2.19–2.51 cm (4.8–6.3 cm2), PV and BV increased slowly and PEI decreased slowly (D–F). 
Abbreviations: BV, blood volume; PV, perfusion value; PEI, peak enhanced increment.
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increment, wash in rate, and maximum enhancement rate 

decreased significantly in the tumor rim, and perfusion 

volume, peak enhanced increment, and wash in rate decreased 

markedly in the central portion of the tumor, indicating 

that the tumor was ischemic with liquefaction necrosis. 

At 2.19–2.51 cm (4.8–6.3 cm2), the wash in rate increased 

significantly and the wash out rate increased in the tumor rim 

and central portion of the tumor, indicating that the tumor 

was in the growth and diffusion stage; lymphatic metastasis 

was observed, and hydrothorax and satellite nodules were 

present. At 1.73–1.85 cm (3.0–3.4 cm2), the wash out rate was 

markedly increased in the tumor rim, and lymphatic metastasis 

was found in eight of the rabbits investigated, indicating that 

metastasis was closely related to wash out rate.

Immunohistochemistry
The tumor tissue was processed for immunohistochemical 

analysis to demonstrate microvessel density and expression 
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Figure 3 WIR, WOR, and MER increased significantly when the tumor rim was in the range of 0.59–0.77 cm (0.35–0.6 cm2); at 0.77–1.73 cm (0.6–3.0 cm2), WIR decreased 
slowly, WOR decreased markedly, and MER increased markedly; at 1.73–1.84 mm (3.0–3.4 cm2), WIR decreased, WOR decreased significantly, and MER stabilized; at 
1.84–2.10 mm (3.4–4.4 cm2), WIR increased, WOR stabilized, and MER decreased markedly; at 2.10–2.19 cm (4.4–4.8 cm2), WIR decreased markedly, WOR stabilized, and 
WER decreased markedly; at 2.19–2.51 cm (4.8–6.3 cm2), WIR increased significantly, WOR decreased, and MER stabilized (A–C). When the central portion of the tumor 
was in the range of 0.59–0.77 cm (0.3–0.6 cm2), WIR, WOR, and MER increased significantly; at 0.77–1.73 cm (0.6–3.0 cm2), WIR decreased smoothly and WOR and MER 
increased significantly; at 1.73–1.85 cm (3.0–3.4 cm2), WIR increased smoothly, WOR decreased, and MER increased markedly; at 1.85–2.10 cm (3.4–4.4 cm2), WIR stabilized, 
WOR increased smoothly, and MER decreased markedly; at 2.10–2.19 cm (4.4–4.8 cm2), WIR, WOR decreased markedly, and MER increased significantly; at 2.19–2.51 cm 
(4.8–6.3 cm2), WIR increased significantly, WOR increased slowly, and MER stabilized (D–F). 
Abbreviations: WIR, wash in rate; WOR, wash out rate; MER, maximal enhancement rate.
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of VEGF protein. At a tumor diameter in the range of 

0.59–0.77 cm (0.35–0.6 m2), VEGF expression was posi-

tive (+) in the tumor rim and positive (++) in the central 

portion of the tumor; at 1.85–2.10 cm (3.4–4.4 cm2), VEGF 

expression was positive (+++) in the tumor rim and positive 

(++) in the central portion of the tumor; at 2.10–2.19 cm 

(4.4–4.8 cm2), VEGF expression was positive (++) in the 

tumor rim and positive (+) in the central portion of the tumor; 

at 2.19–2.51 cm (4.8–6.3 cm2), VEGF expression was posi-

tive (++) in the tumor rim and central portion and positive (+) 

in the satellite nodules. VEGF expression and microvessel 

density were correlated with histological differentiation of 

the tumor tissue, ie, the poorer the differentiation, the higher 

the positive expression rate (Figure 4).

Discussion
VX2 tumor cells can be implanted successfully and have 

stable histology, making them a suitable model for evaluation 

of treatment for human cancer. As reported in our previous 

study,13 VX2 lung cancer is similar to human lung squamous 

cell carcinoma, showing not only strong morphological simi-

larities on CT imaging but also similar perfusion parameters. 

In this study, we used a combination of CT and MRI perfusion 

to demonstrate hemodynamic changes in rabbits with VX2 

lung cancer. Perfusion CT and MRI is a new technology that 

allows assessment of physiology in tumor vasculature and 

construction of regional maps of tumor blood flow, blood 

volume, mean transit time, and vascular permeability-surface 

area product. In addition to being noninvasive and rapidly 

performed, this type of study can be repeated at different time 

points to assess tumor response to antiangiogenic therapy and 

temporal changes in tumor angiogenesis.14–16

Therefore, development of targeted therapies requires 

identification of appropriate targets, ie, those known to 

play a key role in the growth and survival of cancer cells. 

Angiogenesis, ie, the formation of new capillaries, has 

become an important area of scientific research. It can 

occur abnormally around malignant tumors, and therapeutic 

agents targeting antiangiogenesis in cancer are currently 

being sought.17,18 Part of this search involves quantification 

of the stimulatory and inhibitory effects of different agents. 

In order for this quantification to be accurate, objective, 

and consistent, measurements need to be obtained using 

automated image analysis. De Keyzer et al19 concluded that 

the success of treatment for solid tumors depends mainly 

on an increased amount of necrotic tissue and decreased 

perfusion in the tumor. Functional parameters, such as blood 

flow, microvessel permeability-surface area product, blood 

volume, and mean transit time, are physiological markers 

related to changes associated with angiogenesis. CT for 

simultaneous measurement of these four parameters displays 

Figure 4 (A) Immunohistochemical staining for positive expression of VEgF. The 
cytoplasm of tumor cells was stained brown (red arrows). (A) VEgF(+)(SP × 100), 
(B) VEgF(++)(SP × 100), (C) VEgF(+++)(SP × 100), and (D) positive expression 
of CD34. Vessels were stained brown and high microvessel density was apparent 
(SP × 200). 
Abbreviations: SP, streptavidin peroxidase; VEgF, vascular endothelial growth 
factor.

Table 1 Computed tomography perfusion parameters in a rabbit 
model of VX2 lung cancer

PV PEI BV TTP

Tumor rim 84.35 ±  
18.46

68.60 ±  
7.05

34.86 ±  
6.82

45.33 ±  
8.50

Central portion  
of tumor

49.04 ±  
4.19

40.29 ±  
6.31

17.21 ±  
3.75

45.36 ±  
7.85

Muscle 16.94 ±  
5.39

21.89 ±  
7.29

7.14 ±  
4.45

45.48 ±  
9.65

Notes: PV, PEI, BV, tumor rim versus muscle (P , 0.01) and tumor versus muscle 
(P , 0.01). TTP, tumor rim versus muscle (P . 0.05) and tumor versus muscle 
(P . 0.05). 
Abbreviations: BV, blood volume; PV, perfusion value; PEI, peak enhanced 
increment; TTP, transit time peak.

Table 2 Magnetic resonance perfusion parameters in a rabbit 
model of VX2 lung cancer

WIR WOR MER TTP

Tumor rim 50.41 ±  
14.19

35.42 ±  
9.76

1200.34 ±  
120.89

67.39 ±  
18.54

Central portion  
of tumor

45.09 ±  
12.28

25.47 ±  
5.10

939.76 ±  
58.72

66.48 ±  
2.20

Muscle 24.09 ±  
5.29

7.47 ±  
5.11

504.76 ±  
53.73

65.48 ±  
12.21

Notes: WIR, WOR, MER, tumor rim versus muscle (P , 0.01) and tumor versus 
muscle (P , 0.01). TTP, tumor rim versus muscle (P . 0.05) and tumor versus 
muscle (P . 0.05). 
Abbreviations: WIR, wash in rate; WOR, wash out rate; MER, maximal 
enhancement rate; TTP, transit time peak.
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each parameter as a functional image over an entire tissue 

slice.20 The advantages of CT perfusion imaging technology 

include acquisition of physiological parameters that mainly 

reflect the blood supply to tumors and other tissues. Magnetic 

resonance perfusion-weighted imaging is a noninvasive 

technique that provides physiological information by 

assessing the process of vascularization and blood flow 

and quantitatively analyzing information on tumor 

hemodynamics.21,22 The changes in hemodynamic parameters 

can objectively evaluate the microcirculation in tumor 

tissue, new vessels, and the early response to treatment.23–25 

This technique also has great potential for assessing 

the effectiveness of chemotherapy and enabling timely 

modification of therapy as necessary.26,27

In this study, metastasis to the lymph nodes was 

found in eight rabbits with VX2 lung cancer, in which we 

could observe the relationship between tumor growth and 

parameters of perfusion, ie, tumor growth, wash in rate, 

intratumoral interstitial pressure and wash out rate increased, 

after which the tumor invaded adjacent tissue and basement 

membranes.6,7 CT perfusion and magnetic resonance 

perfusion-weighted imaging can both be used to evaluate the 

intricacies of hemodynamics at the capillary level, but show 

several important differences.28 When the tumor sizes were 

0.59–0.77 cm (0.35–0.6 cm2), VEGF expression increased 

significantly in the tumor and tumor rim, indicating that 

magnetic resonance perfusion-weighted imaging is more 

sensitive than CT perfusion imaging when the tumor is 

smaller; at 1.85–2.19 cm (3.4–4.8 cm2), liquified regions 

of necrosis were found, and the values of CT quantitative 

perfusion parameters changed significantly, indicating that 

CT perfusion imaging was more accurate than magnetic 

resonance perfusion-weighted imaging; at 2.19–2.51 cm 

(4.8–6.3 cm2), lymphatic metastasis and hydrothorax 

occurred, and the values of the magnetic resonance perfusion-

weighted imaging parameters again changed significantly, 

demonstrating that magnetic resonance perfusion-weighted 

imaging may also be more sensitive to “contamination” by 

large vascular structures and is limited in some areas because 

of susceptibility to effects from adjacent structures.

A limitation of our study is that VX2 cells are highly 

malignant.29 In our study, long-term monitoring was not 

possible because local implantation of these tumor cells 

resulted in pleural dissemination and lymphatic metastasis. 

Tumor cells were initially implanted using CT-guided 

puncture through a coaxially inserted needle, but pleural 

dissemination was difficult to prevent, partly because the 

cells were prepared as a suspension. Coagulative necrosis 

was observed in these tumor lesions, and extensive malignant 

pleural effusion, pleural dissemination, and numerous 

mediastinal lymph node metastases was found at necropsy. 

Another limitation of our study was the mismatch between 

perfusion parameters and pathological measurements at an 

early stage, because of differences in the time points when CT 

and MRI scans were performed and the times when pathology 

measurements were done. The relationship between perfusion 

parameters and pathological findings in early tumor growth 

requires further investigation.

In conclusion, CT and MRI perfusion imaging techniques 

are sensitive, specific, and noninvasive. Our data suggest 

that a combination of CT perfusion and perfusion-weighted 

imaging could reflect the microvascular distribution in cancer 

tissue and show the passage of blood flow through the tumor 

vascular network. Thus, these modalities have an advantage 

in evaluation of angiogenesis in early human lung cancer.
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