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Abstract

Evaluation of vascular disrupting treatment (VDT) is generally based on tumor size and enhancement on conventional
magnetic resonance imaging (MRI) which, unfortunately, may be limited in providing satisfactory information. The purpose
of the study is to evaluate consecutive changes of 20 rabbit VX2 liver tumors after VDT by dynamic contrast-enhanced MRI
(DCE-MRI) and diffusion-weighted imaging (DWI) at a 3.0 T MR unit. Twenty four hours after intravenous injection of
Combretastatin A-4-phosphate (CA4P) at 20 mg/kg, DCE-MRI derived Maximum Slope of Increase (MSI) and Positive
Enhancement Integral (PEI) decreased sharply due to sudden shutting down of tumor feeding vessels. DWI derived
Apparent Diffusion Coefficient (ADC) in tumor periphery decreased because of ischemic cell edema. On day 4, an increase of
MSI was probably caused by the recovery of blood supply. A remarkable increase of ADC represented a large scale of
necrosis among tumors. On day 8, the blood perfusion further decreased and the extent of necrosis further increased,
reflected by lower MSI and PEI values and higher ADC value. On day 12, a second decrease of ADC was noticed because the
re-growth of periphery tumor. The experimental data indicate that the therapeutic effects of VDT may be noninvasively
monitored with DCE-MRI (reflecting tumor blood perfusion) and DWI (reflecting the changes of histology), which provide
powerful measures for assessment of anticancer treatments.
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Introduction

Tumor vascular targeting strategies can be divided into two

different approaches. Angiogenesis inhibitors (AIs) seek to inhibit

the tumor-initiated angiogenic process by interrupting essential

aspects of angiogenesis to prevent new blood vessel formation [1–

3]. An alternative approach involves the application of therapeu-

tics seeking the preferential destruction of the established tumor

vessel network [4,5]. These vascular disrupting agents (VDAs)

cause direct damage to the previously established tumor endothe-

lium, resulting in a rapid and selective vascular shutdown and

secondary tumor cell death caused by ischemia [6–10].

Combretastatin A-4-phosphate (CA4P) is a representative VDA

that has undergone several preclinical and clinical studies [11–17].

Evaluation of tumor response by imaging in these studies is

generally based on tumor size and enhancement on conventional

magnetic resonance imaging (MRI). Unfortunately, imaging

techniques may be limited in providing clinically satisfactory

information about dynamic changes based on blood perfusion and

extent of necrosis. Improvements of current imaging techniques

play a critical role in finding the optimal strategy to determine

treatment success and guide future therapy [18–20].

Recently, advanced MRI methods, including dynamic contrast-

enhanced MRI (DCE-MRI) and diffusion-weighted imaging

(DWI), have been used in the evaluation of treatment response

[21–24]. DCE-MRI techniques are able to characterize the

microvascular response of tumors to vascular disrupting therapies.

DWI techniques are used to evaluate the extent of tumor necrosis

and to assess tumor response after therapy by detecting the

thermally induced random movement of water molecules in

biologic tissues.

In this study, we employed animal liver tumor models because

they are more popular than those in other organs. The liver is the

largest internal organ that not only generates various primary

tumors of hepatic origin, such as hepatocellular carcinoma and

cholangiocarcinoma, but also harbors secondary tumors, e.g., liver

metastasis of colorectal cancer, through its abundant blood supply

and lymph drainage. Furthermore, distinguished from rodent liver

tumor models in previous studies, we used rabbit VX2 liver tumor

models to evaluate the role of DCE-MRI and DWI in determining

consecutive changes after intravenous administration of CA4P,

which had never been reported.
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Materials and Methods

Ethics Statement
Animal care followed the Chinese Community Standard for

care and use of laboratory animals, and the protocols for animal

experimentation were approved by the institutional Animal Care

and Use Committee of China Medical University. All surgery was

performed under sodium pentobarbital anesthesia, and all efforts

were made to minimize suffering.

Animal Model
New Zealand white rabbits (Laboratory Animal Use license:

SYXK 2008-0005) were provided by the institutional laboratory

animal center. Male and female rabbits weighed between 2.5 to

3.5 kg. The VX2 tumor blocks were taken out of liquid nitrogen,

resuscitated in 37uC water bath for 10 minutes, and minced into

cell suspension, which was then injected into the hind legs of 2

carrier rabbits and grown for 2 weeks. Resultant tumors were then

harvested from the carriers and were cut into small blocks with a

diameter of 1 mm. For rabbits receiving VX2 tumor implantation,

3% soluble pentobarbitone (0.5 mg/kg, Sigma) was administered

intramuscularly. Abdominal skin of each recipient rabbit was

shaved and disinfected with ethanol and povidine iodine. Then an

18-gauge coaxial trocar was inserted percutaneously into the left

lobe of the liver using CT-guided method. A tumor block was

pushed into the tip of the trocar by a priming wire and embedded

in the liver. The tumor blocks were allowed to grow in the rabbit

livers for 2 weeks to develop solitary lesions with a diameter of

approximately 2 centimeters.

Study Protocol
Twenty qualified liver tumor models were enrolled in this study.

CA4P was dissolved in 2 ml sterile saline and given via marginal

ear vein as single injection at a dose of 20 mg/kg. MRI scan were

performed in all rabbits before (baseline) and at 24 hours, 4 days,

8 days and 12 days after CA4P treatment. For postmortem

verification of the imaging findings, 2 rabbits were sacrificed at

each time point immediately after MR scan.

MR Imaging
MRI was performed at a 3.0 T MR unit (Signa HDx, General

Electric Medical Systems, USA) with a maximum gradient

strength of 40 mT/m equipped with a HD Quadrature Knee/

Foot Coil. The rabbits were anesthetized with intramuscular

injection of 3% soluble pentobarbitone (1.0 mg/kg; Sigma). To

keep a symmetrical supine position, the rabbits were fixed on a

home-made plastic holder which was matched with the knee coil

in diameter.

Sagittal, coronal, and axial pilot images were first obtained to

localize subsequent MRI acquisitions. For each imaging sequence

except DCE-MRI, 18 axial images were obtained with a section

thickness of 3.0 mm and an intersection gap of 1.0 mm. All

sequences were performed with the same geometry to maintain

comparability between the different imaging sequences.

For fast spin-echo (FSE) T2WI: repetition time (TR)/echo time

(TE) of 5120/85 ms; field of view (FOV) of 1606160 mm;

imaging acquisition matrix of 2566192; and total acquisition time

of 2 minutes 24 seconds.

For spin-echo (SE) T1WI: TR/TE of 200/5.8 ms; FOV of

1606160 mm; imaging acquisition matrix of 2566192; and total

acquisition time of 3 minutes 1 second.

DCE-MRI was performed using a 3-dimensional T1-weighted

gradient-echo sequence with fat saturation: TR/TE of 5/2.1 ms;

FOV of 1606160 mm; imaging acquisition matrix of 2726160;

and total acquisition time of 1 minute 57 seconds. In total, 60

measurements were acquired. An intravenous bolus of gadodia-

mide (GE Healthcare AS) was administered with a manual

injection at a dose of 0.1 mmol/kg after the first 12 measurements.

DWI was acquired with a 2-dimensional SE echo-planar

imaging sequence: TR/TE of 5000/77.3 ms; FOV of

1606160 mm; imaging acquisition matrix of 1286128; b values

of 0 and 1000 mm2/s along axial direction; and acquisition time of

41 seconds.

Contrast enhanced T1 weighed images (CE-T1WI) were

acquired after intravenous bolus injection of gadodiamide at

0.2 mmol/kg.

Image Analysis
The acquired images were sent to a dedicated workstation

(Advantage Workstation, ADW 4.5, GE Medical Systems) and

analyzed by two experienced radiologists.

The tumor volume was calculated on the basis of fast spin-echo

T2WI. By using an operator-defined region of interest (ROI), the

area of tumor was manually delineated on each tumor-containing

slice. The total area of tumor for the slices was calculated after

summation and then multiplied by the slice thickness plus gap to

obtain the total tumor volume, see formula (1). The doubling time

(DT) of tumor volume was calculated with formula (2), where T–

T0 indicates the length of time between two measurements, and

V0 and V denote the tumor volume at two consecutive points of

measurement.

TumorVolume~STumor area on each tumor containing

slice| Slice thicknesszGapð Þ
ð1Þ

DT~ T{T0ð Þ log 2= logV{ logV0ð Þ ð2Þ

The DCE images were analyzed using the FuncTool (version

4.5.5). The signal range was adjusted to clearly show both liver

and tumor. According to the parameter selection method

described previously, maximum slope of increase (MSI) and

positive enhancement integral (PEI) were selected as the param-

Figure 1. Tumor volume at different time points. Tumor volume
was showed as Mean6SD. Because a couple of animals were sacrificed
at each time point, the number of the animals was 20, 18, 16, 14, 12
respectively at the five time points from baseline to 12 d. The tumor
grew gradually with time. Initially, the tumor grew slowly but
accelerated since 4 d. The mean tumor volume was significantly larger
than that at previous time point at 8 d and 12 d. *P,0.05.
doi:10.1371/journal.pone.0082649.g001

VDT of Liver Cancer Evaluated by Functional MRI
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eters. The corresponding pseudo-color images were automatically

generated. Based on the original image, a ROI was delineated

along the tumor on the central slice with a free-hand tool. The

value of corresponding parameter of the whole tumor was

calculated automatically. The values of MSI and PEI of liver

were generated by placing circular ROIs containing at least 40

pixels on corresponding locations in central slices.

The DW images were also analyzed using the FuncTools in the

workstation. Apparent diffusion coefficient (ADC) maps were

generated automatically from the DW images, and values were

calculated by placing a ROI on ADC maps. To calculate the ADC

of the entire tumor, the tumor was delineated with an operator-

defined ROI for each tumor-containing slice. The corresponding

ADC values were summed and then averaged using formula (3).

To calculate the ADC of the periphery and of the center of the

tumor, three circular ROIs containing at least 40 pixels were

placed in the periphery as well as in the center of the tumor on the

central tumor-containing slice, and the mean value was calculated

as the ultimate ADC value. Similarly, three circular ROIs were

placed on the livers surrounding the tumor to calculate the ADC

of the livers.

ADCof Entire Tumor~SADCof each tumor containing

slice=Number of slice
ð3Þ

Histological Analysis
The rabbits were sacrificed immediately after MR scan by

intravenous injection of 10 ml of 10% kalium chloratum. After

fixation in 10% formaldehyde solution, the tumors harvested from

the rabbit livers were sliced at approximately 5 mm intervals in the

axial plane corresponding with the MR images. The regions of

interest were resected from the histological slices and embedded in

paraffin. Then, 3 mm sections were stained with hematoxylin-eosin

(HE), which were evaluated by an experienced pathologist. The

sections were visualized with an Olympus CH30 Microscope and

assessed for viable tumor cells, interstitium and necrosis with

magnification of 6100 to 6400. Thereafter, the histological

sections were compared visually with the corresponding conven-

tional images and the functional maps.

Figure 2. Conventional MRI, DWI and DCE MRI at different time
points. (a) Representative T1WI, T2WI, CE-T1WI, DWI-derived ADC map
and DCE MRI-derived MSI and PEI maps were enumerated in the figures.
Twenty four hours after CA4P treatment, the enhancement of tumor
was sharply decreased but the ADC map was similar to that at baseline.
An obvious hyperintense center was noticed at day 4 and day 8 with
only a thin hypointense peritumoral rim. On T1CE images, at same time,
there was still no enhancement in the center, but a progressively
enhanced rim was observed. At day 12, inhomogeneous enhancement
was seen on the entire tumor with irregular nodules from the rim
towards the center on both CE-T1WI and ADC map. The blood
perfusion of tumor sharply decreased at 24 h because the shut-down of
the tumor vessels on both MSI and PSI maps at 24 h, and gradual

decrease was also observed at afterward time points. However, a
recovery of blood perfusion on MSI map at 4 d might be due to the re-
growth of tumor cells on the periphery. (b, c) Quantitative MSI (b) and
PEI (c) values of tumor and liver were showed and compared with bar
charts. (d) Quantitative ADC values of entire tumor, center or periphery
of tumor, and liver were showed and compared with a bar chart. *The
values had statistical changes compared with those at previous time
point (P,0.05).
doi:10.1371/journal.pone.0082649.g002

Table 1. MSI values of tumor and liver at different time
points.

Baseline 24 h 4 d 8 d 12 d

Tumor 6696153 4246212* 5966304* 3756197 247690

Liver 9336250 7926191 8896210 10336257 8396201

*P,0.05.
doi:10.1371/journal.pone.0082649.t001

VDT of Liver Cancer Evaluated by Functional MRI
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Statistical Analysis
Statistical analysis was performed by using Graphpad Prism 5.0

software demo. Numerical data are reported as the mean 6

standard deviation. For statistical comparison of values of

functional parameters obtained at two consecutive time points,

unpaired two-tailed Student t tests were performed. Results were

considered significant at p,0.05.

Results

General Conditions
Rabbit liver tumor models were successfully established for this

experiment. All animals survived the surgical procedures, drug

injection, tumor growth and in vivo imaging sessions except one

which died of anesthesia overdose during the last MR imaging

session.

Tumor Growth
The average tumor volume was 23446739 mm3 at baseline.

The tumors grew quickly, as shown in Figure 1. The average

volume of tumors was 26816824, 351461024, 613461563 and

1017062019 mm3 at 24 h, 4 d, 8 d and 12 d, respectively. The

mean tumor volume at 8 d and 12 d was significantly larger than

that at previous time points (p,0.05, Figure 1). Tumor doubling

time was 6.3162.67 days during the 12 days.

Conventional MR Images
At baseline, the tumors showed a spherical, oval or spindle

shape with a clear border easily demarcated from the surrounding

liver with all imaging sequences. The tumor appeared hyperin-

tense on T2WI and hypo-intense on T1WI. After injection of

contrast agent, the tumors were enhanced. After administration of

CA4P at the different time points, conspicuous changes were

noticed on CE-T1WI images (Figure 2A). Twenty-four hours later,

enhancement was sharply decreased. In most cases, thin enhanced

rings around the tumor appeared at day 4 and became thicker at

day 8 on CE-T1WI. Nodules from the enhanced rings oriented

toward the unenhanced center were noticed in some cases at the

later time points (Figure 2A). Meanwhile, the center of tumor was

not enhanced at all follow-up time points until day 12 when some

irregular enhanced regions appeared (Figure 2A).

Dynamic Contrast-enhanced MR Images
The continuous changes of tumor blood perfusion were shown

by CE-T1WI images and corresponding MSI and PEI map in

figure 2A. The corresponding quantitative values of MSI and PEI

are shown in Figure 2B,C and table 1,2. At baseline the tumor

showed abundant blood perfusion on PEI map and MSI map

especially on the periphery of tumor. Twenty-four hours after

administration of CA4P, blood perfusion of the tumor was sharply

decreased on both MSI (P,0.05) and PEI (P,0.05) maps. Blood

perfusion gradually decreased on both MSI and PEI maps with

tumor growth, although there was no statistically significant

difference in quantitative values between continuous two time

points except an increase of MSI from 24 h to 4 d (P,0.05).

Diffusion-weighted MR Images
The tumors appeared hypointense on DWI-derived ADC maps

at baseline. The corresponding ADC values for the entire tumor,

tumor center, tumor periphery and liver are shown in figure 2 and

table 3. Changes were noticed on DWI images with the growth of

the tumor at different time points (Figure 2A, D). Twenty-four

hours after administration of CA4P, the ADC maps were similar

in appearance to those obtained before drug administration

(Figure 2A). The corresponding ADC values (Figure 2D and

table 3) showed no significant differences except a slight decrease

in the periphery of tumor (P,0.05 vs. baseline). At day 4 and day

8, obvious large-scale changes of hyperintense signals appeared in

the center of the tumor (Figure 2A). Compared with measure-

ments at the 24-hour time point, the mean ADC values increased

significantly in both the center and peripheral regions at day 4,

leading to an increase in ADC in the entire tumor (Figure 2D and

table 3). The mean ADC values increased progressively in the

center at day 8, but the change in ADC ceased in both the

peripheral and central tumors (Figure 2D and table 3). The mean

ADC decreased in the periphery at the 12-day point, leading to a

decrease in ADC in the entire tumor, although the ADC values

had no significant changes in the center (Figure 2D and table 3).

The mean ADC of the surrounding liver did not show any

significant changes during the entire follow-up period (Figure 2D

and table 3).

Histopathologic Findings
Histology showed VX2 carcinoma cells rich in mitosis with

central irregular necrosis at baseline (Figure 3A). Twenty-four

hours after administration of CA4P, although the tumor cells

experienced heavy edema, the membranes of most tumor cells

were still intact (Figure 3B). At 4 days and 8 days, HE sections

showed a large, thoroughly necrotic area, which appeared

eosinophilic (Figure 3C, D). Viable tumor cells were seen only in

the outer peripheral rims. The nodules shown on MR images were

verified as re-growing tumor tissue via histology. The irregular

enhanced regions appearing in the center of tumors at 12 d were

verified as central necrosis mixed with re-growing tumor via

histology (Figure 3E).

Discussion

The present study has unambiguously demonstrated that

continuous changes in rabbit VX2 liver tumors after the treatment

of vascular disrupting agent CA4P can be monitored using a

clinically available 3.0-T MRI scanner. MRI is currently the most

Table 2. PEI values of tumor and liver at different time points.

Baseline 24 h 4 d 8 d 12 d

Tumor 118661 57629* 46623 38619 48624

Liver 197652 190679 220688 184647 184661

*P,0.05.
doi:10.1371/journal.pone.0082649.t002

Table 3. ADC values (mm2/s) of tumor and liver at different
time points.

Baseline 24 h 4 d 8 d 12 d

Entire tumor 1.0960.27 0.9660.30 1.3560.34* 1.4960.28 1.2960.34

Periphery
of tumor

1.1260.19 0.9060.24* 1.2260.26* 1.1760.20 0.9460.18*

Center
of tumor

1.0360.48 1.1060.46 1.5760.66* 2.0960.63* 2.0160.56

Liver 1.4260.18 1.3860.17 1.4960.27 1.4660.23 1.4060.17

*P,0.05.
doi:10.1371/journal.pone.0082649.t003

VDT of Liver Cancer Evaluated by Functional MRI
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versatile method for noninvasive assessment of malignant tumor

responses to therapy [18–26]. It is realized that a comprehensive

array of MRI-derived parameters have been used as morphologic,

physiological, and metabolic/molecular biomarkers for detection,

characterization, and therapeutic evaluation of malignancies [27–

29]. Multiparametric functional MRI was employed in this study

to quantitatively evaluate intratumoral therapeutic events which

were demonstrated by postmortem histopathology.

Rabbit VX2 liver tumors are the most commonly used large

animal models to imitate primary or secondary liver cancers in

humans [30–33]. Recently, several studies had reported the

functional MRI characteristics of experimental liver tumors

treated by CA4P in rat and mouse models, with similar results

to the present study [20,24,27,34,35]. To our knowledge, this

study is the first time that a liver tumor model in large animals has

been used to evaluate the dynamic characteristics of vascular

disrupting treatment using functional MRI.

DCE-MRI and DWI are newly developed, noninvasive imaging

techniques for monitoring the effectiveness of a variety of

treatments, including chemotherapy, hormonal manipulation,

radiation therapy, and drug therapy with new antiangiogenic

agents and vascular targeting agents [27,36,37]. DCE-MRI may

provide functional information about vascularity, blood perfusion

and vascular permeability. MSI and PEI are selected parameters

that reflect changes in blood perfusion or vascular permeability.

DWI has been used to differentiate between viable and necrotic

tumor tissue in animal tumor models. This MR imaging technique

enables the depiction of molecular diffusion, which is the

Brownian motion of water protons in biologic tissues [38]. The

calculation of the ADC allows for the quantification of this motion.

As presented in the study, 24 hrs after treatment with CA4P,

conspicuous changes appeared on DCE-MRI. Both MSI and PEI

maps showed sharp decreases in blood perfusion both in the center

and periphery of the tumor; quantitative values showed statistical

difference from baseline measures. However, no obvious changes

were found on DWI-derived ADC maps except a decrease in the

periphery of the tumor. Microscopic findings showed tumor cell

edema and loss of connection between cells caused by ischemia,

Figure 3. Histology under microscope with H&E staining. (a) VX2 carcinoma cells rich in mitosis were observed at baseline. (b) Twenty-four
hours after administration of CA4P, although the tumor cells experienced heavy edema, the membranes of most tumor cells were still intact. (c, d) At
4 d and 8 d, H&E sections showed large thorough necrotic area, which appeared unanimously eosinophilic. (e) Central necrosis mixed with re-
growing tumor cells were seen in the outer peripheral rims. *4006 for (a) and (b); 1006 for (c), (d) and (e).
doi:10.1371/journal.pone.0082649.g003

VDT of Liver Cancer Evaluated by Functional MRI
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especially in peripheral regions. This is likely the cause for the

decrease in ADC. Experiencing a short period of ischemia,

Na+,K+-ATPase pump in the membrane of tumor cell lost energy

and the concentration of K+ increased in the interstitial space,

which led to the inflow of hydrogen proton directly [39]. At this

time, the cytomembrane was still intact which restricted the

movement of more water protons. The free water molecules were

relatively reduced in interstitial space, hence decreased ADC

values in the tumor. Therefore, DCE-MRI quantitatively reflected

blockage of blood flow to the tumor, while DWI reflected earlier

changes in histology at both the cellular and subcellular scales.

At 4 days, when intracellular edema increased, the cellular

membrane was broken down and complete necrosis of tumor

appeared. Meanwhile, a thin ring of viable tumor cells were

noticed, which may lead to an increase in blood supply in the

periphery of the tumor, reflected by MSI. The ADC value

increased because of an increased flow of water molecules in

interstitial space. A large hyperintense area appeared in the tumor

center with only a thin hypointense rim remaining in the periphery

on the ADC map. The histological findings showed cytolysis of

tumor cells in the center but intact and viable tumor cells at the

periphery. Due to progressive necrosis, the ADC value became

higher at day 8. However, we also observed that the viable tumor

rim became thicker, leading to increased tumor volume. Indeed, a

rim of viable cells at the periphery is often observed after treatment

with CA4P [20,24,27]. There is a tendency of blood flow to

recover more quickly in the peripheral than central regions of the

tumor [40]. The response of the peripheral vessels to CA4P

treatment appears weaker relative to those in the center, although

the exact mechanism for this phenomenon is unclear. This limits

the effectiveness of CA4P, causing rapid re-growth of tumors after

treatment [41]. Accordingly, we observed an increase in tumor

volume and a decrease in ADC due to rapid re-growth in the rim

of tumor.

To deal with the rapidly growing rim of the tumor and to

improve therapeutic effects, measures such as adjuvant conven-

tional cytotoxic approaches or radiation therapies were taken [42].

Also, repeated drug administration at time intervals seemed more

effective, which could be accurately reflected by DCE-MRI and

DWI, as supported by the histological changes [43]. Recently, we

used a necrosis avid agent hypericin labeled with radioactive

iodine-131 to target the necrosis induced by CA4P. The tumor

growth was well controlled and was able to be clearly monitored

with functional MRI [34,35,44].

This study was limited by the use of VX2 tumors, which are of

non-hepatic origin. However, this tumor type is a convenient

model for the study of liver cancer in the animal because of the

similarities in blood supply, genotype, and metabolism to

advanced human hepatic carcinoma. Furthermore, abdominal

respiratory movement in rabbits could not be completely

eliminated during MRI. Movement continued to cause some

variations in the MRI measurements. Anatomic distortion was

present in the parameter derived functional maps when compared

with conventional images, which was caused by susceptibility

effects of the 3 T MR unit. Third, although by using DCE-MRI

with clinically available software we were able to quantitatively

measure the blood perfusion-related parameters, which are

particularly crucial for studying VTAs, the accuracy of the

method was not validated by other more delicate in vivo

techniques such as Doppler ultrasound and direct flowmetric

measurement. Further immunohistochemical staining such as

microvessel staining which may reflect blood perfusion parameters

of DCE-MRI were not performed. These shortcomings will be

addressed in our ongoing research.

Conclusion

CA4P proves to be an effective VTA to cause rapid vascular

shutdown and severe necrosis in rabbit VX2 liver tumors,

although recurrence appeared early at the periphery. The

therapeutic effects of CA4P can be noninvasively monitored with

functional MRI. DCE-MRI and DWI sequences provide potent

measures for assessment of anticancer treatment.

Acknowledgments

We thank E. Kale Edmiston from Vanderbilt University for the work of

language editing.

Author Contributions

Conceived and designed the experiments: HS YN KX. Performed the

experiments: HS YN JZ. Analyzed the data: HS YN KX. Contributed

reagents/materials/analysis tools: JZ FC XD GF ZS. Wrote the paper: HS

KX.

References

1. Shojaei F (2012) Anti-angiogenesis therapy in cancer: current challenges and

future perspectives. Cancer Lett 8: 1249–1254. doi: 10.1016/j.can-

let.2012.03.008.

2. Eichten A, Adler AP, Cooper B, Griffith J, Wei Y, et al. (2013) Rapid decrease in

tumor perfusion following VEGF blockade predicts long-term tumor growth

inhibition in preclinical tumor models. Angiogenesis 16: 429–441. doi: 10.1007/

s10456-012-9328-3.

3. Wang YQ, Miao ZH (2013) Marine-Derived Angiogenesis Inhibitors for Cancer

Therapy. Mar Drugs 11: 903–933. doi: 10.3390/md11030903.

4. Gaya AM, Rustin GJ (2005) Vascular disrupting agents: a new class of drug in

cancer therapy. Clin Oncol 17: 277–290.

5. Sersa G, Jarm T, Kotnik T, Coer A, Podkrajsek M, et al. (2008) Vascular

disrupting action of electroporation and electrochemotherapy with bleomycin in

murine sarcoma. Br J Cancer 98: 388–398. doi: 10.1038/sj.bjc.6604168.

6. Salmon HW, Siemann DW (2006) Effect of the second-generation vascular

disrupting agent OXi4503 on tumor vascularity. Clin Cancer Res 12: 4090–

4094.

7. Siemann DW, Shi W (2008) Dual targeting of tumor vasculature: combining

Avastin and vascular disrupting agents (CA4P or OXi4503). Anticancer Res 28:

2027–2031.

8. Kanthou C, Tozer GM (2009) Microtubule depolymerizing vascular disrupting

agents: novel therapeutic agents for oncology and other pathologies. Int J Exp

Pathol 90: 284–294. doi: 10.1111/j.1365-2613.2009.00651.x.

9. Wang ES, Pili R, Seshadri M (2012) Modulation of chemotherapeutic efficacy

by vascular disrupting agents: optimizing the sequence and schedule. J Clin

Oncol 30: 760–761. doi: 10.1200/JCO.2011.39.3934.

10. Palma MD, Nucera S (2012) Circulating endothelial progenitors and tumor

resistance to vascular-targeting therapies. Cancer Discov 2: 395–397. doi:

10.1158/2159-8290.CD-12-0137.

11. Millward M, Mainwaring P, Mita A, Federico K, Lloyd GK, et al. (2012) Phase

1 study of the novel vascular disrupting agent plinabulin (NPI-2358) and

docetaxel. Invest New Drugs 30: 1065–1073. doi: 10.1007/s10637-011-9642-4.

12. Nathan P, Zweifel M, Padhani AR, Koh DM, Ng M, et al. (2012) Phase I trial of

combretastatin A4 phosphate (CA4P) in combination with bevacizumab in

patients with advanced cancer. Clin Cancer Res 18: 3428–3439. doi: 10.1158/

1078-0432.CCR-11-3376.

13. Ng QS, Mandeville H, Goh V, Alonzi R, Milner J, et al. (2012) Phase Ib trial of

radiotherapy in combination with combretastatin-A4-phosphate in patients with

non-small-cell lung cancer, prostate adenocarcinoma, and squamous cell

carcinoma of the head and neck. Ann Oncol 23: 231–237. doi: 10.1093/

annonc/mdr332.

14. Rajak H, Dewangan P K, Patel V, Jain DK, Singh A, et al. (2013) Design of

Combretastatin A-4 Analogs as Tubulin Targeted Vascular Disrupting Agent

with Special Emphasis on Their Cis-Restricted Isomers. Curr Pharm Des 19:

1923–1955.

15. Sosa JA, Balkissoon J, Lu S, Langecker P, Elisei R, et al. (2012) Thyroidectomy

followed by fosbretabulin (CA4P) combination regimen appears to suggest

VDT of Liver Cancer Evaluated by Functional MRI

PLOS ONE | www.plosone.org 6 December 2013 | Volume 8 | Issue 12 | e82649



improvement in patient survival in anaplastic thyroid cancer. Surgery 152:

1078–1087. doi: 10.1016/j.surg.2012.08.036.
16. Baguley BC, McKeage MJ (2010) ASA404: a tumor vascular-disrupting agent

with broad potential for cancer therapy. Future Oncol 6: 1537–1543. doi:

10.2217/fon.10.122.
17. Cummings J, Zweifel M, Smith N, Ross P, Peters J, et al. (2012) Evaluation of

cell death mechanisms induced by the vascular disrupting agent OXi4503
during a phase I clinical trial. Br J Cancer 106: 1766–1771. doi: 10.1038/

bjc.2012.165.

18. Nathan P, Vinayan A (2013) Imaging techniques as predictive and prognostic
biomarkers in renal cell carcinoma. Ther Adv Med Oncol 5: 119–131. doi:

10.1177/1758834012463624.
19. Nielsen T, Bentzen L, Pedersen M, Tramm T, Rijken PF, et al. (2012)

Combretastatin A-4 Phosphate Affects Tumor Vessel Volume and Size
Distribution as Assessed Using MRI-Based Vessel Size Imaging. Clin Cancer

Res 18: 6469–6477. doi: 10.1158/1078-0432.CCR-12-2014.

20. Li J, Chen F, Feng Y, Cona MM, Yu J, et al. (2013) Diverse Responses to
Vascular Disrupting Agent Combretastatin A4 Phosphate: A Comparative

Study in Rats with Hepatic and Subcutaneous Tumor Allografts Using MRI
Biomarkers, Microangiography, and Histopathology. Transl Oncol 6: 42–50.

21. O’Connor JPB, Jackson A, Parker GJM, Roberts C, Jayson GC (2012) Dynamic

contrast-enhanced MRI in clinical trials of antivascular therapies. Nat Rev Clin
Oncol 9: 167–177. doi: 10.1038/nrclinonc.2012.2.

22. Linnik IV, Williams SR, Davies KE, McGown AT, Hadfield JA, et al. (2012)
Pre–clinical assessment of anti–vascular drugs using quantitative dynamic

contrast–enhanced MRI. Int J Med Eng Inform 4: 362–372. doi: 10.1504/
IJMEI.2012.050277.

23. Li SP, Padhani AR (2012) Tumor response assessments with diffusion and

perfusion MRI. J Magn Reson Imaging 35: 745–763. doi: 10.1002/jmri.22838.
24. Chen F, Feng Y, Zheng K, De Keyzer F, Li J, et al. (2012) Enhanced antitumor

efficacy of a vascular disrupting agent combined with an antiangiogenic in a rat
liver tumor model evaluated by multiparametric MRI. PLoS One 7: e41140.

doi: 10.1371/journal.pone.0041140.

25. Therasse P, Arbuck SG, Eisenhauer EA, Wanders J, Kaplan RS, et al. (2000)
New guidelines to evaluate the response to treatment in solid tumors. J Natl

Cancer Inst 92: 205–216.
26. Husband JE, Schwartz LH, Spencer J, Ollivier L, King DM, et al. (2004)

Evaluation of the response to treatment of solid tumours–a consensus statement
of the International Cancer Imaging Society. Br J Cancer 90: 2256–2260.

27. Wang H, Sun X, Chen F, De Keyzer F, Yu J, et al. (2009) Treatment of rodent

liver tumor with combretastatin a4 phosphate: noninvasive therapeutic
evaluation using multiparametric magnetic resonance imaging in correlation

with microangiography and histology. Invest Radiol 44: 44–53. doi: 10.1097/
RLI.0b013e31818e5ace.

28. Padhani AR, Miles KA (2010) Multiparametric Imaging of Tumor Response to

Therapy. Radiology 256: 348–364. doi: 10.1148/radiol.10091760.
29. Tozer GM (2003) Measuring tumour vascular response to antivascular and

antiangiogenic drugs. Br J Radiol 76: S23–S35.
30. Ko YH, Pedersen PL, Geschwind JF (2001) Glucose catabolism in the rabbit

VX2 tumor model for liver cancer: characterization and targeting hexokinase.
Cancer Lett 173: 83–91.

31. Yoon CJ, Chung JW, Park JH, Yoon YH, Lee JW, et al. (2003) Transcatheter

Arterial Chemoembolization with Paclitaxel-Lipiodol Solution in Rabbit VX2

Liver Tumor. Radiology 229: 126–131.

32. Guo Y, Zhang Y, Jin N, Klein R, Nicolai J, et al. (2012) Electroporation-

Mediated Transcatheter Arterial Chemoembolization (E-TACE) in the Rabbit

VX2 Liver Tumor Model. Invest Radiol 47: 116–120. doi: 10.1097/

RLI.0b013e31822e57cc.

33. Wijlemans JW, Deckers R, van den Bosch MA, Seinstra BA, van Stralen M, et

al. (2013) Evolution of the Ablation Region After Magnetic Resonance-Guided

High-Intensity Focused Ultrasound Ablation in a Vx2 Tumor Model. Invest

Radiol 6: 381–386. doi: 10.1097/RLI.0b013e3182820257.

34. Li J, Cona MM, Chen F, Feng Y, Zhou L, et al. (2013) Sequential Systemic

Administrations of Combretastatin A4 Phosphate and Radioiodinated Hypericin

Exert Synergistic Targeted Theranostic Effects with Prolonged Survival on

SCID Mice Carrying Bifocal Tumor Xenografts. Theranostics: 27–137. doi:

10.7150/thno.5790.

35. Li J, Oyen R, Verbruggen A, Ni Y (2013) Small molecule sequential dual-

targeting theragnostic strategy (SMSDTTS): from preclinical experiments

towards possible clinical anticancer applications. J Cancer 4: 133–145. doi:

10.7150/jca.5635.

36. Padhani AR, Husband JE (2001) Dynamic contrast-enhanced MRI studies in

oncology with an emphasis on quantification, validation and human studies. Clin

Radiol 56: 607–620.

37. Dyke JP, Panicek DM, Healey JH, Meyers PA, Huvos AG, et al. (2003)

Osteogenic and Ewing Sarcomas: Estimation of Necrotic Fraction during

Induction Chemotherapy with Dynamic Contrast-enhanced MR Imaging.

Radiology 228: 271–278.

38. Bihan DL, Breton E, Lallemand D, Aubin ML, Vignaud J, et al. (1988)

Perfusion in intravoxel incoherent motion MR imaging. Radiology 168: 497–

505.

39. Gadsby DC, Takeuchi A, Artigas P, Reyes N (2009) Peering into an ATPase ion

pump with single-channel recordings. Philos Trans R Soc Lond B Biol Sci 3:

229–238. doi: 10.1098/rstb.2008.0243.

40. Prise VE, Honess DJ, Stratford MR, Wilson J, Tozer GM (2002) The vascular

response of tumor and normal tissues in the rat to the vascular targeting agent,

combretastatin A-4-phosphate, at clinically relevant doses. Int J Oncol 21: 717–

726.

41. Tozer GM, Kanthou C, Parkins CS, Hill SA (2002) The biology of the

combretastatins as tumour vascular targeting agents. Int J Exp Pathol 83: 21–38.

42. Rustin GJ, Shreeves G, Nathan PD, Gaya A, Ganesan TS, et al. (2010) A Phase

Ib trial of CA4P (combretastatin A-4 phosphate), carboplatin, and paclitaxel in

patients with advanced cancer. Br J Cancer 102: 1355–1360. doi: 10.1038/

sj.bjc.6605650.

43. Thoeny HC, Keyzer FD, Chen F, Vandecaveye V, Verbeken EK, et al. (2005)

Diffusion-weighted magnetic resonance imaging allows noninvasive in vivo

monitoring of the effects of combretastatin a-4 phosphate after repeated

administration. Neoplasia 7: 779–987.

44. Li J, Sun Z, Zhang J, Shao H, Cona MM, et al. (2011) A dual-targeting

anticancer approach: soil and seed principle. Radiology 260: 799–807. doi:

10.1148/radiol.11102120.

VDT of Liver Cancer Evaluated by Functional MRI

PLOS ONE | www.plosone.org 7 December 2013 | Volume 8 | Issue 12 | e82649


