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Objective: To detect the activity of tumor cells and tumor blood flow before and after the radiotherapy of 
implanted pulmonary VX-2 carcinoma in rabbit models by using magnetic resonance diffusion-weighted 
imaging (MR-DWI) and magnetic resonance perfusion weighted imaging (MR-PWI), and to evaluate the 
effectiveness and safety of the radiotherapy based on the changes in the MR-DWI and MR-PWI parameters 
at different treatment stages.
Methods: A total of 56 rabbit models with implanted pulmonary VX-2 carcinoma were established, and 
then equally divided into treatment group and control group. MR-DWI and MR-PWI were separately 
performed using a Philips Acheiva 1.5T MRI machine (Philips, Netherland). MRI image processing was 
performed using special perfusion software and the WORKSPACE advanced workstation for MRI. MR-
DWI was applied for the observation of tumor signals and the measurement of apparent diffusion coefficient 
(ADC) values; whereas MR-PWI was used for the measurement of wash in rate (WIR), wash out rate (WOR), 
and maximum enhancement rate (MER). The radiation treatment was performed using Siemens PRIMUS 
linear accelerator. In the treatment group, the radiotherapy was performed 21 days later on a once weekly 
dosage of 1,000 cGy to yield a total dosage of 5,000 cGy.
Results: The ADC parameters in the region of interest on DWI were as follows: on the treatment day 
for the implanted pulmonary VX-2 carcinoma, the t values at the center and the edge of the lesions were 
1.352 and 1.461 in the treatment group and control group (P>0.05). During weeks 0-1 after treatment, the 
t values at the center and the edge of the lesions were 1.336 and 1.137 (P>0.05). During weeks 1-2, the t 
values were 1.731 and 1.736 (P<0.05). During weeks 2-3, the t values were 1.742 and 1.749 (P<0.05). During 
weeks 3-4, the t values were 2.050 and 2.127 (P<0.05). During weeks 4-5, the t values were 2.764 and 2.985 
(P<0.05). The ADC values in the treatment group were significantly higher than in the control group. After 
the radiotherapy (5,000 cGy), the tumors remarkably shrank, along with low signal on DWI, decreased 
signal on ADC map, and remarkably increased ADC values. As shown on PWI, on the treatment day for the 
implanted pulmonary VX-2 carcinoma, the t values of the WIR, WOR, and MER at the center of the lesions 
were 1.05, 1.31, and 1.33 in the treatment group and control group (P>0.05); in addition, the t values of the 
WIR, WOR, and MER at the edge of the lesions were 1.35, 1.07, and 1.51 (P>0.05). During weeks 0-1 after 
treatment, the t values of the WIR, WOR, and MER at the center of the lesions were 1.821, 1.856, and 1.931 
(P<0.05); in addition, the t values of the WIR, WOR, and MER at the edge of the lesions were 1.799, 2.016, 
and 2.137 (P<0.05). During weeks 1-1 after treatment, the t values of the WIR, WOR, and MER at the 
center of the lesions were 2.574, 2.156, and 2.059 (P<0.05) and the t values of the WIR, WOR, and MER at 
the edge of the lesions were 1.869, 2.058, and 2.057 (P<0.05). During weeks 2-3 after treatment, the t values 
of the WIR, WOR, and MER at the center of the lesions were 2.461, 2.098, and 2.739 (P<0.05) and the t 
values of the WIR, WOR, and MER at the edge of the lesions were 2.951, 2.625, and 2.154 (P<0.05). During 
weeks 3-4 after treatment, the t values of the WIR, WOR, and MER at the center of the lesions were 2.584, 
2.107, and 2.869 (P<0.05) and the t values of the WIR, WOR, and MER at the edge of the lesions were 2.057, 
2.637, and 2.951 (P<0.05). During weeks 4-5 after treatment, the t values of the WIR, WOR, and MER 
at the center of the lesions were 2.894, 2.827, and 3.285 (P<0.05) and the t values of the WIR, WOR, and 
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Introduction

Lung cancer is the leading cause of cancer-related deaths 
worldwide (1). The overall 5-year survival rate is only 5% 
even after surgical removal, radiotherapy, chemotherapy, 
and gene therapy (2). Thus, early identification and early 
treatment are key to improving the survival rate of patients 
with lung cancer (3). Along with the rapid development 
of new technology such as superconducting high-field 
magnets, the observation of the changes after tumor 
radiotherapy has become possible by using magnetic 
resonance imaging (MRI) and some software with special 
features. As a non-invasive approach, MRI, which includes 
magnetic resonance diffusion-weighted imaging (MR-
DWI) and magnetic resonance perfusion weighted imaging 
(MR-PWI), has increasingly been applied for evaluating 
the therapy response in patients with lung cancer. As we 
know, detection and quantitative analysis are particularly 
important during the treatment of the in situ or infiltrative 
lung cancer. 

MR-DWI is the only available approach for detecting 
the water molecule movement in vivo. The speed of water 
molecule movement can be presented as the apparent 
diffusion coefficient (ADC) values, which can be quantified 
on DWI. The changes in ADC values can indirectly reflect 
the proliferation or suppression of tumor cells (4). The 
in vivo distribution of water molecules is mainly inside cells, 
outside cells, and among tissues.

In particular, the water molecule movement outside cells 
exerts a dominant effect on the DWI signal. When cells 
undergo necrosis or apoptosis, the extracellular spaces are 
dramatically enlarged and the water molecule movement 
increases, resulting in increased ADC values. The density 
of tumor cells becomes higher after extensive proliferation; 

as a result, the limitation of the biofilm structure on the 
diffusion of water molecules becomes more obvious, and 
thus the ADC value declines.

PWI-MRI can, in a non-invasive manner, reflect the 
vascularization and flood flow in tissues, after a particular 
treatment and quantitatively analyze the hemodynamics 
of tissues and tumors (5,6). Tumor angiogenesis plays a 
key role in the occurrence, development, invasion, and 
metastasis of solid tumors and will remarkably affect the 
biological behaviors and prognosis of tumors (7-9). Tumor 
vessels not only supply nutrients needed for tumor growth 
and transport the metabolites but also provide channels for 
tumor cell dissemination (10,11). The presence of a large 
number of blood vessels of lung tumor increases the chances 
of tumor cells circulating in the blood circulation. The 
vascular basement membranes are often cracked; compared 
with the mature blood vessels, they are easier to leak and 
penetrated by tumor cells; as a result, metastasis occurs 
(12,13). Gd-DPTA, as an extracellular contrast agent, 
is mainly distributed in blood vessels and extracellular 
space. The distribution of the contrast agent determines 
the signal densities of the normal tissues and tumors 
after enhancement. Thus, it can directly reflect the blood 
perfusion in tissues and indirectly reflect the distribution of 
microvessels in tissues (14,15).

The rabbit tumor models have similar respiratory 
systems as human beings. These models can be easily 
established and fed, and therefore have been widely 
applied in animal experiments. In the clinical treatment of 
tumors, the enlarging or shrinking of tumors is often used 
for predicting the prognosis. However, a small number 
of microvessels and tumor tissues may still exist after the 
treatment even when all the tumor cells die. The absorption 

MER at the edge of the lesions were 3.45, 3.246, and 3.614 (P<0.05). After the radiotherapy (500 cGy), the 
tumors shrank on the T1WI, WIR, WOR, and MER; meanwhile, the PWI parameter gradually decreased 
and reached its minimum value.
Conclusions: MR-DWI and MR-PWI can accurately and directly reflect the inactivation of tumor cells and the 
tumor hemodynamics in rabbit models with implanted pulmonary VX-2 carcinoma, and thus provide theoretical 
evidences for judging the clinical effectiveness of radiotherapy for the squamous cell carcinoma of the lung.
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or excretion of tumor tissue will need a certain period 
of time. In our current study, we used DWI diffusion 
coefficient ADC and the perfusion coefficient of PWI 
to identify the hemodynamic changes in tumor cells and 
angiogenesis after radiotherapy in rabbit VX2 lung cancer 
models, with an attempt to assess the apoptosis of tumor 
cells and residual tumor angiogenesis after the radiotherapy 
and thus avoid excessive clinical treatment.

Materials and methods

Equipment and instrument

MR-DWI and MR-PWI were separately performed using a 
Philips Acheiva 1.5 T MRI machine (Philips, Netherland).

Animals and methods

Totally 62 healthy New Zealand white rabbits were 
provided by the Laboratory Animal Center of Peking 
University [animal production permit number: S (Beijing) 
2009-0014]. These male or female rabbits weighed  
2-3 kg (mean: 2.68 kg) and aged 4-6 months were fed 
under normal conditions. In one New Zealand rabbit, 
0.3-0.5 mL VX2 cancer cell suspension (2×107 cells/mL,  
provided by the laboratory of the Department of 

Interventional Therapy, Peking University Institute of 
Clinical) was injected subcutaneously to induce tumors. 
The tumorigenicity criteria were as follows: Firm soft tissue 
mass with limited mobility was palpable subcutaneously, 
which was pathologically confirmed to be squamous cell 
carcinoma. Two weeks after tumor implantation, tumors 
were removed from the tumor-bearing rabbits for preparing 
suspensions. In another 61 New Zealand rabbit, CT-guided 
lung puncture was performed to inject the suspensions into 
lungs. Modeling was successful in 56 rabbits and not in 
5 rabbits. The criteria for success were: Plain MRI showed 
irregular soft tissue mass opacities, and enhancement of the 
lesions was observed under contrast-enhanced MRI.

The rabbits were randomly assigned into the treatment 
(n=28) and control groups (n=28). In the treatment group, 
the radiotherapy was performed 21 days later on a once 
weekly dosage of 1,000 cGy. MR-DWI and MR-PWI 
examinations were performed on days 21, 28, 35, 42, 49, 
and 56 (Figure 1).

Scanning protocol and parameters

On the examination day, rabbits in the treatment group and 
control group were fasted for 12 hours. A venous indwelling 
needle was inserted via the auricular vein before the 
scanning. After having been anesthetized with pentobarbital 
sodium, the rabbits were placed in supine position on a plate. 
A belly-belt was applied to reduce the respiratory motion. 
The concentration of sodium pentobarbital solution was  
0.1 mmol/L, and the injection dosage was 1 mL/kg.

Perfusion imaging using static and single-level dynamic 
spiral CT (DSCT) scanning was performed. After the 
contrast agent Gd-DPTA (3-4 mL) was injected at a speed 
of 0.4 mL/s using a high-pressure syringe, the scans were 
performed after a delay of 1 s. Images were acquired using a 
continuous scanning mode. 

The type of coil was “SENSE-body”. The DWI/ADC 
parameters were as follows: FOV, 150 mm; TR, 2,529; 
TED, 55; TI, 180; NSA, 16; and thickness, 3 mm. The 
PWI parameters were as follow: FOV, 150 mm; TR, 4.8; 
TE, 2.4; Flip, 10; NSA, 1; and thickness, 1 mm.

MR perfusion

MRI image processing was performed using special 
perfusion software and the WORKSPACE advanced 
workstation for MRI. The regions of interest (ROI) 
included the center and edge of the tumor lesion. Both 
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Figure 1 The flowchart of the study.
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MMR-DWI and ADC values were measured. The main 
parameters of MR-PWI included: wash in rate (WIR), wash 
out rate (WOR), and maximum enhancement rate (MER).

MRI image processing was performed using special 
perfusion software and the WORKSPACE advanced 
workstation for MRI. The ROI included the center and 
edge of the tumor lesion. Selection of ROI: the center and 
edge of the tumor lesion were selected at the same time 
point from both the treatment group and control group to 
measure their ADC values, WIR, WOR, and MER.

The acquired parameters were applied for image 
reconstruction and false color staining using special 
perfusion software and the WORKSPACE advanced 
workstation for MRI. Thus, the ADC values as well as 
the WIR, WOR, and MER images were obtained. The 
dynamic curves were drawn to evaluate the cellular activities 
and perfusion status at the lesions during the treatment.

Radiotherapy

In the treatment group, the radiotherapy was performed  
21 days later using on a Siemens PRIMUS linear accelerator 
once weekly dosage of 1,000 cGy to yield a total dosage of 
5,000 cGy.

Immunohistochemical determination

Streptomycin avidin-peroxidase method (SP) was applied. 
CD34  expression was judged as positive if the cell 
membrane or cytoplasm of the vascular endothelial growth 
factor (VEGF) showed yellow or brown staining. The 

expressions of VEGF were divided into four levels: –, 1+, 
2+, and 3+. Five visual fields were randomly selected in each 
tumor section under a microscope (×200) to determine the 
brown-yellow-stained lymphatic vessel count. The results 
were interpreted based on the percentage of the positively 
stained cells: <5%, negative (–); 5-25%, weakly positive 
(1+); 26-50%, moderately positive (2+); and >50%, strongly 
positive (3+). Microvessel density (MVD) was determined 
by CD34 staining. The histological evaluations were 
performed independently by two senior pathologists.

Statistical analysis

Statistical analysis was performed using SPSS 13.0 software. 
Independent sample t-test was applied for the analysis of 
the ADC values and perfusion parameters of the centers 
and edges of the tumor lesions in the treatment group 
and control group. A value of P<0.05 was considered 
significantly different, and a value of P<0.01 was considered 
to be “highly significant”.

Results

ADC values in the ROI of the implanted pulmonary VX-2 
carcinoma in rabbits

The ADC values of the centers and edges of the tumor 
lesions in the treatment group and control group are 
summarized in Tables 1 and 2. On the treatment day for the 
implanted pulmonary VX-2 carcinoma, the ADC values at 
the center and the edge of the lesions were 1.352 and 1.461 

Table 1 ADC values at the centers of tumor lesions after 
radiotherapy in rabbit models with implanted pulmonary VX-2 
carcinoma

Group
ADC values

P value
Treatment group Control group

Week 0 1.421±0.257 1.426±0.524 0.094

Week 1 1.408±0.267 1.385±0.264 0.096

Week 2 1.394±0.364 1.356±0.354 0.047

Week 3 1.621±0.168 1.516±0.025 0.046

Week 4 1.932±0.261 1.645±0.715 0.025

Week 5 1.985±0.264 1.674±0.365 0.005

Response to radiotherapy in rabbit models with implanted 

pulmonary VX-2 carcinoma (centers). ADC, apparent 

diffusion coefficient.

Table 2 ADC values at the edges of tumor lesions after 
radiotherapy in rabbit models with implanted pulmonary VX-2 
carcinoma

Group
ADC values

P value
Treatment group Control group

Week 0 1.386±0.244 1.351±0.127 0.078

Week 1 1.236±0.159 1.237±0.206 0.133

Week 2 1.216±0.238 1.224±0.270 0.047

Week 3 1.472±0.210 1.219±0.341 0.046

Week 4 1.758±0.351 1.187±0.167 0.021

Week 5 1.924±0.398 1.108±0.198 0.003

Response to radiotherapy in rabbit models with implanted 

pulmonary VX-2 carcinoma (edges). ADC, apparent diffusion 

coefficient.
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in the treatment group and control group (P>0.05). During 
weeks 0-1, the t values at the center and the edge of the 
lesions were 1.336 and 1.137 (P>0.05). During weeks 1-2, 
the t values were 1.731 and 1.736 (P<0.05). During weeks 
2-3, the t values were 1.742 and 1.749 (P<0.05). During 
weeks 3-4, the t values were 2.050 and 2.127 (P<0.05). 
During weeks 4-5, the t values were 2.764 and 2.985 
(P<0.05). The ADC values in the treatment group were 
significantly higher than in the control group.

PWI parameters in the ROI of the implanted pulmonary 
VX-2 carcinoma in rabbits

The WIR, WOR, and MER at the centers of the tumor 
lesions the treatment group and control group are shown 
in Tables 3-5, respectively. The WIR, WOR, and MER 
at the edges of the tumor lesions are shown in Tables 6-8. 
On the treatment day for the implanted pulmonary VX-2 
carcinoma, the t values of the WIR, WOR, and MER at 
the centers of the lesions were 1.05, 1.31, and 1.33 in the 
treatment group and control group (P>0.05); in addition, 
the t values of the WIR, WOR, and MER at the edges 

of the lesions were 1.35, 1.07, and 1.51 (P>0.05). During 
weeks 0-1 after treatment, the t values of the WIR, WOR, 
and MER at the center of the lesions were 1.821, 1.856, and 
1.931 (P<0.05); in addition, the t values of the WIR, WOR, 
and MER at the edge of the lesions were 1.799, 2.016, 
and 2.137 (P<0.05). During weeks 1-1 after treatment, 
the t values of the WIR, WOR, and MER at the center 
of the lesions were 2.574, 2.156, and 2.059 (P<0.05) and 
the t values of the WIR, WOR, and MER at the edge of 
the lesions were 1.869, 2.058, and 2.057 (P<0.05). During 
weeks 2-3 after treatment, the t values of the WIR, WOR, 
and MER at the center of the lesions were 2.461, 2.098, 
and 2.739 (P<0.05) and the t values of the WIR, WOR, and 
MER at the edge of the lesions were 2.951, 2.625, and 2.154 
(P<0.05). During weeks 3-4 after treatment, the t values 
of the WIR, WOR, and MER at the center of the lesions 
were 2.584, 2.107, and 2.869 (P<0.05) and the t values of 
the WIR, WOR, and MER at the edge of the lesions were 
2.057, 2.637, and 2.951 (P<0.05). During weeks 4-5 after 
treatment, the t values of the WIR, WOR, and MER at the 
center of the lesions were 2.894, 2.827, and 3.285 (P<0.05) 
and the t values of the WIR, WOR, and MER at the edge 

Table 3 WIR values at the centers of tumor lesions after radiotherapy in rabbit models with implanted pulmonary VX-2 carcinoma

Group Week 0 Week 1 Week 2 Week 3 Week 4 Week 5

Treatment group 45.26±8.26 62.09±13.57 38.4±15.01 38.17±5.60 30.89±21.18 10.21±8.15

Control group 45.37±11.40 56.45±10.26 47.15±8.95 49.12±12.28 40.26±8.91 49.8±4.39

P value 0.151 0.039 0.007 0.010 0.008 0.004

WIR at the centers of tumor lesions. WIR, wash in rate.

Table 4 WOR values at the centers of tumor lesions after radiotherapy in rabbit models with implanted pulmonary VX-2 carcinoma

Group Week 0 Week 1 Week 2 Week 3 Week 4 Week 5

Treatment group 22.70±4.39 48.37±13.51 34.20±1.92 30.80±8.47 18.95±9.28 10.80±14.02

Control group 21.56±12.21 39.48±11.26 47.21±6.01 33.41±5.10 22.80±20.62 30.22±0.84

P value 0.101 0.037 0.020 0.023 0.022 0.004

WOR at the centers of tumor lesions. WOR, wash out rate.

Table 5 MER values at the centers of tumor lesions after radiotherapy in rabbit models with implanted pulmonary VX-2 carcinoma 

Group Week 0 Week 1 Week 2 Week 3 Week 4 Week 5

Treatment group 360.69±60.21 759.36±80.65 745.11±85.42 612.74±105.14 500.00±58.69 200.00±65.20

Control group 358.78±86.13 736.49±79.21 738.74±60.87 879.25±58.72 827.00±69.81 867.00±318.22

P value 0.097 0.032 0.025 0.005 0.004 0.001

MER at the centers of tumor lesions. MER, maximum enhancement rate.
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of the lesions were 3.45, 3.246, and 3.614 (P<0.05).

DWI, ADC map, and perfusion findings

In the control group, the poor outcomes included lung 
metastases (n=3), hilar and mediastinal lymph node 
metastases (n=8), and pleural effusion (n=5). In contrast, no 
metastatic lesion was found in the treatment group.

In the treatment group, the ADC values at the centers 
of tumor lesions remained unchanged in weeks 0-2 and 
gradually increased in weeks 2-5; in addition, the ADC 
values at the edges of tumor lesions remained unchanged 
in weeks 0-2 and remarkably increased in weeks 2-5. In the 
control group, along with the enlargement of the tumors, 
the DWI signals increased and the ADC signals decreased 
at the edges of the tumor lesions, whereas the DWI signals 
slightly decreased and the ADC signals slightly increased 
at the centers of the lesions; in addition, the ADC values at 
the centers of tumor lesions remained unchanged in weeks 
0-2 and gradually increased in weeks 2-5, whereas the ADC 
values at the edges of tumor lesions gradually declined in 
weeks 2-5 (Figure 2). After the radiotherapy (5,000 cGy), 

the tumors remarkably shrank, along with low signal on 
DWI, decreased signal on ADC map, and remarkably 
increased ADC values (Figure 3A,B).

In the treatment group, the WIR and WOR at the 
centers of tumor lesions rapidly rose in weeks 0-1, declined 
in weeks 1-4, and reached the lowest levels in weeks 4-5; 
in addition, MER rose in weeks 0-3 and declined in weeks 
3-5. At the edges of tumor lesions, the WIR rose in weeks 
0-1 and declined in weeks 1-5; the WOR rapidly increased 
in weeks 0-1, rapidly decreased in weeks 1-2, and slowly 
declined in weeks 2-5; in addition, MER rose in weeks 0-2 
and rapidly declined and reached its lowest level in weeks 
3-5. In the control group, the WIR at the centers of tumor 
lesions increased in weeks 0-3, decreased in weeks 3-4, and 
rapidly increased in week 4-5; WOR rose in weeks 0-1, 
slowly declined in weeks 2-4, and increased in weeks 4-5; 
in addition, MER remarkably rose in weeks 0-3, rapidly 
declined in weeks 3-4, and rose in weeks 4-5. At the edges 
of tumor lesions, the WIR remained unchanged in weeks 
1-4, rapidly declined in week 4, and rapidly increased in 
weeks 1-5; the WOR rapidly increased in weeks 0-1, rapidly 
decreased in weeks 1-2, and increased in weeks 2-5; finally, 

Table 6 WIR values at the edges of tumor lesions after radiotherapy in rabbit models with implanted pulmonary VX-2 carcinoma

Group Week 0 Week 1 Week 2 Week 3 Week 4 Week 5

Treatment group 49.25±16.20 64.39±8.34 53.26±6.81 29.86±14.19 26.62±9.51 10.52±3.54

Control group 49.44±6.67 60.69±9.48 53.79±7.86 45.82±12.28 30.56±8.91 55.36±5.17

P value 0.094 0.042 0.036 0.003 0.025 0.001

WIR at the edges of tumor lesions. WIR, wash in rate.

Table 7 WOR values at the edges of tumor lesions after radiotherapy in rabbit models with implanted pulmonary VX-2 carcinoma 

Group Week 0 Week 1 Week 2 Week 3 Week 4 Week 5

Treatment group 20.44±7.25 53.68±6.27 10.41±2.01 17.51±8.15 20.62±6.29 11.30±9.58

Control group 20.26±10.85 47.67±5.19 12.78±9.94 29.86±9.76 28.39±13.54 39.04±7.53

P value 0.147 0.027 0.025 0.007 0.007 0.002

WOR at the edges of tumor lesions. WOR, wash out rate.

Table 8 MER values at the edges of tumor lesions after radiotherapy in rabbit models with implanted pulmonary VX-2 carcinoma 

Group Week 0 Week 1 Week 2 Week 3 Week 4 Week 5

Treatment group 606.31±118.27 885.47±54.94 1325.12±77.10 1129.00±79.45 766.29±59.54 387.56±100.95

Control group 605.47±82.26 791.36±89.16 1240.62±56.22 1537.65±120.89 1323.68±52.34 1150.26±86.22

P value 0.072 0.021 0.025 0.020 0.003 0.001

MER at the edges of tumor lesions. MER, maximum enhancement rate.
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Figure 2 All the images are from the same tumor-bearing rabbit.
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Figure 3 Comparison of the MRI parameters between treatment group and control group. MRI, magnetic resonance imaging.

A

B

C
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MER rose in weeks 0-3 and declined in weeks 3-5 (Figure 2). 
In the treatment group, the tumors shrank on the T1WI, 
WIR, WOR, and MER after the radiotherapy (5,000 cGy) 
(Figure 3C,D).

Immunohistochemical determination of VEGF

In 56 rabbit models with implanted pulmonary VX-2 

carcinoma, immunohistochemical determination of VEGF 
showed highly positive (3+) results at the edge of tumor 
lesions and moderately positive (2+) results at the centers 
of tumor lesions in the control group (Figure 4A,B); in 
the treatment group, notably, immunohistochemical 
determination of VEGF showed slightly positive (+) results 
at the edge of tumor lesions and negative (–) results at the 
centers of tumor lesions (Figure 4C,D).
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Figure 4 Pathohistochemistry after radiotherapy in the tumor-bearing rabbit. (A) Strong expression of VEGF in the tumor lesion (SP ×100); 
(B) more microvessels, higher CAD34 staining, and more MVD around the tumor tissues (SP ×100); (C) after the radiotherapy (5,000 cGy), 
the tumor showed decreased VEGF expression and necrosis (SP ×100); (D) after the radiotherapy (5,000 cGy), the microvessels, CAD34 
staining, and MVD decreased around the tumor tissues (SP ×100). VEGF, vascular endothelial growth factor; MVD, microvessel density.

Discussion

In Zhang et al.’s (16,17) study on comparing differences in 
CT perfusion imaging (CTPI) between rabbits inoculated 
with VX2 lung tumor and patients with squamous cell 
carcinoma of the lung, they found that these two tumors 
had the same morphological findings on CT images and 
similar blood perfusion parameters; meanwhile, the CTPI 
and PWI parameters also differed at the different stages of 
tumor growth. Lyng et al. (18) in their animal study also 
found that there was a significant correlation between the 
ADC of the viable tissue and cell density. In our current 
study, we found that, in the control group, when the ADC 
values were 1.386±0.347 at the centers of tumor lesions and 
1.257±0.149 at the edges, the tumor cell density increased, 
fraction of intratumoral vessels increased, WIR, WOR, and 
MER rapidly rose, DWI showed high signals, and ADC 
map showed low signals. The enlarged tumors could cause 
ischemia, liquefaction, and necrosis at the tumor center; 

when the ADC values were 1.625±0.361, the DWI signals 
declined, ADC signals increased, ADC value increased, and 
WIR, WOR, and MER declined.

Due to its infiltrative growth pattern, the tumors have 
incomplete envelope; meanwhile, they have relatively large 
gaps among the endothelial cells due to the elevated intra-
tumor osmotic pressure. The blood perfusion increases in 
tumors with higher malignancies. Enhancement and blood 
perfusion can also be seen in the hilar and mediastinal 
metastatic lymph nodes (19). According to Zhang et al. (17), 
along with the growth of tumors, the intra-tumor pressure 
increased, WOR rose, and metastasis could easily occur 
after the tumor tissues invaded the surrounding vescular and 
lymphatic vessels. In the control group of our current study, 
the WIR, WOR, and MER rapidly rose when the ADC values 
at the edges of tumor lesions were 1.149±0.172, and the poor 
outcomes included lung metastases (n=3), hilar and mediastinal 
lymph node metastases (n=8), and pleural effusion (n=5).
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C D
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Currently, the Response Evaluation Criteria in Solid 
Tumors (RECIST) has been widely adopted (20). After 
the application of certain treatment, the tumor tissue and 
its hemodynamics have also changed before significant 
morphological changes; thus, the response evaluation 
should also be based on the changes in cells and tissues and 
their hemodynamics.

According to De Keyzer et al. (21), response to treatment is 
mainly manifested by the increase of the necrotic tissues inside 
the tumor and the decrease of blood perfusion. Determination 
of these parameters enables the quantitative analysis of tissue 
blood supply. A clear understanding of the changes in the 
hemodynamic parameters helps us to objectively evaluate 
the microcirculation and neovascularization in tumors and 
their early response to treatment (22-24). Hermans et al. (25) 
found more hypoxic cells in tumors with low perfusion rate. 
These cells are not sensitive to radiotherapy; as a result, the 
tumors are less responsive to radiotherapy. Tumors with rich 
blood vessels have higher oxygen content, and thus are more 
responsive to radiotherapy (26). In the treatment group of our 
current experiment, the tumor tissues with rich blood supply 
had more remarkable decline of DWI signals after radiotherapy; 
meanwhile, the ADC signals obviously increased, ADC values 
increased, and WIR, WOR, and MER gradually decreased.

Also in our treatment group, the PWI parameters in the 
centers and edges of the tumor lesions increased in weeks 
0-1. De Keyzer et al. (21) evaluated the role of single-dose 
radiotherapy in rat models with rhabdomyosarcoma using 
MR-DWI, and also found that the DWI parameters slightly 
increased after the radiotherapy, which represents the 
vascular response to the treatment. Radiotherapy can lead 
to thrombosis of the blood vessels and stenosis or occlusion 
of the vascular lumen inside tumors, causing the decline in 
tumor perfusion parameters (27,28). In the treatment group 
of our current study, the WIR and WOR at the centers of 
tumor lesions and the WIR at the edges of tumor lesions 
dramatically decreased in weeks 1-5; due to the rapid 
decrease of WOR at the edges of tumor lesions, the intra-
tumor blood volume relatively increased and thus the MER 
rose. In the control group, the MER at the centers and edges 
of the tumor lesions rapidly increased in weeks 2-3, which was 
believed to be associated with the increased MVD amount 
during the development of tumors.

Since radiotherapy has obvious side effects and complications, 
tailored treatment is particularly important, as well the post-
treatment response evaluation. In the treatment group of our 
current study, tumor cell necrosis did not occur at the centers 
and edges of tumor lesions until the radiation dosage reached 

3,000 cGy, and the ADC values at the centers and edges of 
tumor lesions obviously increased in weeks 3-5. Therefore, 
PWI is more sensitive than DWI in evaluating the early 
treatment response. Also in our study, when the overall radiation 
dosage reached 5,000 cGy, the T1WI, WIR, WOR, and 
MER decreased, the PWI parameters gradually declined and 
reached their lowest levels, the tumor remarkably shrank on 
DWI and ADC maps, the DWI signals decreased, the ADC 
signals increased, the ADC map signals increased, the ADC 
values obviously increased, the tumors showed massive necrosis, 
and the cellular activities dramatically disappeared, indicating 
that DWI is more accurate in predicting the later outcomes. 
The tumors shrink and the activity of tumor cells decreased 
or disappeared during the radiotherapy, which emphasizes 
the important of accurate localization and resetting, so as to 
minimize the radiotherapy-associated side effects and the 
decreased immunity and protection in the normal tissues. In 
tumors without sufficient blood supply, the tumors are mainly 
composed of hypoxic cells, which are relatively not sensitive 
to radiotherapy. Thus, caution should be taken when selecting 
treatment mode to avoid excessive treatment.

Conclusions

In conclusion, during the treatment of tumors, the judgment 
of early response and the evaluation of late efficacies are 
particularly important, among which the cellular activity 
and blood flow of the tumors are key information for 
decision-making. As non-invasive approaches, MR-DWI 
and MR-PWI provide indirect ways for evaluating the 
cellular activity and angiogenesis, which can reflect the “real 
world” biological status of the tissues.
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