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Abstract: Vascular disrupting agents (VDAs) have been proposed as an effective broad spectrum approach to can-
cer therapy, by inducing ischemia leading to hypoxia and cell death. A novel VDA (OXi8007) was recently reported 
to show rapid acute selective shutdown of tumor vasculature based on color-Doppler ultrasound. We have now 
expanded investigations to noninvasively assess perfusion and hypoxiation of orthotopic human MDA-MB-231/luc 
breast tumor xenografts following the administration of OXi8007 based on dynamic bioluminescence imaging (BLI) 
and magnetic resonance imaging (MRI). BLI showed significantly lower signal four hours after the administration of 
OXi8007, which was very similar to the response to combretastatin A-4P (CA4P), but the effect lasted considerably 
longer, with the BLI signal remaining depressed at 72 hrs. Meanwhile, control tumors exhibited minimal change. 
Oximetry used 19F MRI of the reporter molecule hexafluorobenzene and FREDOM (Fluorocarbon Relaxometry using 
Echo Planar Imaging for Dynamic Oxygen Mapping) to assess pO2 distributions during air and oxygen breathing. 
pO2 decreased significantly upon the administration of OXi8007 during oxygen breathing (from 122 ± 64 to 34 ± 
20 Torr), with further decrease upon switching the gas to air (pO2 = 17 ± 9 Torr). pO2 maps indicated intra-tumor 
heterogeneity in response to OXi8007, though ultimately all tumor regions became hypoxic. Both BLI and FREDOM 
showed the efficacy of OXi8007. The pO2 changes measured by FREDOM may be crucial for future study of com-
bined therapy.

Keywords: Vascular disrupting agents (VDAs), bioluminescence imaging (BLI), oximetry, hypoxia, 19F MRI, hexafluo-
robenzene, OXi8007, CA4P 

Introduction 

Vascular disrupting agents (VDAs), a new class 
of anti-cancer drugs, selectively damage the 
endothelial cells of tumor blood vessels, induc-
ing hypoxia and necrosis of tumor cells [1-3]. 
They have attracted attention because vascu-
lar endothelial cells are readily accessible 
through the circulatory system [4], they are less 
likely to develop genetic mutations leading to 
drug resistance [5], and the damage to tumor 
cells should be amplified from the blood vessel 
to all downstream cells depending on the oxy-
gen and nutrition supply [6]. 

Many vascular disrupting agents target and 
bind tubulin, which is an important component 

of the cytoskeleton [1, 7]. Microtubules are cru-
cial in maintaining cell morphology and a num-
ber of important cellular processes, such as 
intracellular transport and mitosis. Tubulin-
binding VDAs destabilize microtubules leading 
to endothelial cell retraction, rounding and 
detachment, causing blood vessel leakage and 
increased resistance to blood flow [7, 8]. Loss 
of vessel wall rigidity may lead to vasoconstric-
tion and blood vessel collapse due to the high 
interstitial fluid pressure. Platelet activation 
and clotting cause further decrease of flow [7]. 
The tumor specificity of VDAs may be attributed 
to the immaturity of tumor vasculature, espe-
cially lack of pericytes and incomplete base-
ment membrane and endothelial cell lining [9]. 

http://www.ajnmmi.us


Evaluation of novel vascular disrupting agent using BLI and 19F MRI

144 Am J Nucl Med Mol Imaging 2015;5(2):143-153

OXi8007 (Figure 1) is a water soluble phos-
phate prodrug of OXi8006, a newly developed 
indole-based VDA inspired by combretastatin 
A-4 phosphate (CA4P) and colchicine [10-13]. 
Recent work (manuscript in preparation) has 
shown potent microtubule disrupting activity 
caused by extensive reorganization of the cyto-
skeletal network in rapidly proliferating human 
umbilical vein endothelial cells (HUVECs). In a 
separate study, color Doppler ultrasound 
revealed rapid acute selective shutdown of vas-
culature in a PC3 human tumor xenograft grow-
ing orthotopically in a SCID mouse, while nor-
mal surrounding tissue was spared [12]. 
Bioluminescence imaging (BLI) is a noninvasive 
technique based on the expression of lucifer-
ase enzyme, and the presence of the substrate 
luciferin, oxygen and ATP. It is widely used to 
monitor tumor growth [14]. Recently dynamic 
studies have been used to assess vascular 
impairment caused by VDAs [1, 15], based on 
the reduced delivery of substrate luciferin and 
consequent diminished light emissions. Dyna- 
mic BLI is attractive as a sensitive, cost effec-
tive high throughput imaging technique and 
has been validated against dynamic contrast 
MRI, power Doppler ultrasound and histology 
[15-17]. 

The rapid shut down of tumor vasculature is 
expected to cause tumor hypoxia [1, 18-21], a 
vital parameter, if the drug were to be used in 
combination with radiotherapy [21, 22]. While 
many diverse invasive and non-invasive tech-
niques may be used to assess tumor oxygen-
ation [23, 24], here we have used a quantita-
tive 19F MRI method. FREDOM (Fluorocarbon 
Relaxometry using Echo Planar Imaging for 
Dynamic Oxygen Mapping) is a 19F based oxim-

etry technique that provides quantitative 
dynamic maps of the partial pressure of oxygen 
(pO2) based on the spin-lattice relaxation of the 
reporter molecule hexafluorobenzene (HFB) 
[25]. 

In this study, we have applied dynamic biolumi-
nescence imaging to assess the time course of 
changes in the overall tumor perfusion induced 
by OXi8007 up to 72 hours in an orthotopic 
breast cancer mouse model. Consequent acute 
hypoxiation has been measured using FREDOM 
MRI. 

Materials and methods

Cell preparation

MDA-MB-231/luc (231/luc) cells (original 
source ATCC, immediate source from Dr. 
Graves), a human breast cancer cell line, were 
stably transfected to express luciferase via len-
tivirus as described previously [26]. Cells were 
incubated in Dulbecco’s modified Eagle’s medi-
um (DMEM) with 10% FBS, 1% L-glutamine and 
1% penicillin-streptomycin at 37°C with 5% 
CO2. Once 80% confluence was reached, the 
cells were harvested, and suspended in serum-
free medium. 

Animals

All animal procedures were approved by the 
Institutional Animal Care and Use Committee of 
the University of Texas Southwestern Medical 
Center. Female SCID mice (n = 14 for BLI and n 
= 6 for MRI; 10-12 weeks old; weighing 20-25 
g; obtained from the UT Southwestern breeding 
colony) were anesthetized with inhalation of 2% 
isoflurane. 231/luc cells (1 × 106 in 100 μl of 
PBS and Matrigel® solution, 1:1) were injected 
directly into the left upper mammary fat pad 
and tumors were allowed to grow to about 5-8 
mm in diameter prior to imaging. 

Bioluminescence imaging

BLI was performed using an IVIS® Spectrum 
system (Perkin-Elmer (Xenogen), Alameda, CA). 
Anesthesia was induced in an induction cham-
ber (breathing O2 plus isoflurane (Henry Schein, 
Inc., Melville, NY) and maintained with isoflu-
rane (2%) in oxygen (1 dm3/min). D-luciferin 
(128 mg/kg in PBS in a total volume of 80 µl; 
Gold Biotechnology Inc., St. Louis, MO) was 

Figure 1. Molecular structure of OXi8007.
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administered subcutaneously (SC) in the fore-
back neck region. Immediately after luciferin 
injection, a series of BLI images was acquired 
over a period of 25 minutes using auto expo-
sure time (ranging from 1 to 60 s depending on 
the intensity; f-stop = 1, stage setting = D, bin-
ning = 16). Following baseline BLI, mice were 
treated intraperitoneally (IP) with VDA dissolved 
in saline. Six mice received OXi8007 (350 mg/
kg; synthesized by the Pinney Research Group, 
as reported [12]), four received CA4P (120 mg/
kg; OXiGENE Inc., South San Francisco, CA) and 
four received saline vehicle as control. Dynamic 
BLI was repeated 4, 24, 48 and 72 hours 
post-treatment. 

Data were quantified with the Living Imaging© 
software as total flux (photons/s) in a region-of-
interest (ROI), manually drawn to outline the BLI 
signal of each tumor region and automatically 
applied to serial images. Maximum radiance 
and area under the curve (AUC) for the first 
twenty minutes were calculated from each 

dynamic curve. Data are presented as mean ± 
standard error (SE).

MRI

MRI used a horizontal bore 4.7-T magnet 
(Varian, Palo Alto, CA) with homebuilt 2 or 3.5 
cm single-turn solenoid coils, tunable to 1H or 
19F. Animals were anesthetized with isoflurane 
(1.5%) in air (1 L/min) and kept warm using a 
circulating warm water blanket. Animal body 
temperature and respiration were monitored 
with a small animal physiological monitoring 
system (Small Animal Instruments, Inc. Stony 
Brook, NY) throughout the experiment.

Quantitative pO2 measurements were achieved 
using the FREDOM approach. Briefly, hexafluo-
robenzene (HFB, 50-100 µl, Lancaster, 
Gainesville, FL) was injected directly into the 
tumor with a custom-made fine sharp needle 
(32G; Hamilton syringe, Reno, NV). Injection 
was performed in a fan shape in a single plane, 

Figure 2. BLI monitoring of 231/luc orthotopic breast tumor response to IP administration of saline, CA4P or OXi8007. 
A. Maximum BLI signal was observed around 15 minutes post SC injection of luciferin at baseline, 4, 24, 48 and 72 
hours post injection of saline (control), CA4P and OXi8007 in representative mice. B-D. Corresponding dynamic time 
courses of total flux obtained at the five time points for these three mice (B. Saline; C. CA4P; D. OXi8007). 
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as recommended [25], to ensure distribution of 
HFB. Pulse burst saturation recovery (PBSR) 
echo planar imaging (EPI) was used to measure 
the spin-lattice relaxation rate, R1, of HFB by 
arraying 14 delay times (Tau). The FREDOM 
parameters were: TR = 50 ms, TE = 21 ms, Tau 
range = 0.2 to 90 s, NEX = 1 to 12 (depending 
on Tau), FOV = 40 × 40 mm with 32 × 32 acqui-
sition matrix, slice thickness 10 mm, giving a 
total acquisition time of 6½ minutes. As a 
baseline, three pO2 measurements were 
obtained breathing air, and four with oxygen 
breathing challenge. OXi8007 was adminis-
tered IP in situ (350 mg/kg) and eighteen more 
pO2 measurements were obtained over 2 hours 
followed by three to five measurements with air 
breathing. 

MRI data were processed using Matlab 
(MathWorks Inc., Natick, MA) scripts. Tumor 
pO2 was measured using FREDOM and R1 (= 1/
T1) was estimated on a voxel-by-voxel basis 
using a monoexponential function:

1SI S e k1

O
/TTau= - +-^ h                                         [1]

where SI is signal intensity at recovery time 
Tau, S0 represents the original magnetization 
and k is a constant. pO2 (Torr) was determined 
using the calibration curve (reported at 37°C 
and 4.7 Tesla) [25]:

2
1

0.001876
R 0.0835pO
-

=                                           [2]

Voxel-by-voxel measurements allowed calcula-
tion of HF5, 10 (hypoxic fractions of voxels with 
pO2 < 5 Torr and < 10 Torr, respectively). Only 
voxels with consistently reliable relaxation 
curve fitting (coefficient of determination, R2 > 
0.95) throughout the experiment were selected 
for further statistical analysis [27].

Results

Monitoring efficacy of OXi8007 with BLI

Bioluminescence images and time courses of 
three representative mice showed differential 
response to the VDAs (Figure 2). Maximum BLI 
signal occurred about 15 minutes after SC 
injection of luciferin. Of the 14 mice used for 
BLI, two (one saline control and one in the CA4P 
group) were only monitored for baseline, 4 and 
24 hours. One mouse receiving CA4P died 
before the 72 hour time point; all the others 
were monitored for up to 72 hours and statis-
tics are based on those tumors monitored for 
the full 72 hrs. Light emission tended to 
increase for the control tumors on the animals 
receiving saline on the five occasions over a 
period of 72 hours, with maximum total flux 
ranging from 1.6 × 107 to 4.3 × 108 p/s (mean 

Figure 3. Summary of BLI results for the treatment groups. (A) Relative maximum light flux and (B) integrated area 
under the light emission curve following treatment: saline (control, n = 4), CA4P (120 mg/kg; n = 4) and OXi8007 
(350 mg/kg; n = 6). Error bars represent standard error.
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± SE = 1.5 × 108 ± 1.54 × 108 p/s; n = 4; mean 
baseline tumor volume = 544 ± 40 mm3). 
Following CA4P administration the maximum 
total BLI signal flux was significantly lower at all 
time points up to 48 hours. The lowest signal 
was observed at 4 hours (2.1 × 106 vs. 8.5 × 
107 p/s baseline), representing a 97% average 
reduction, for the four tumors (mean baseline 
tumor volume = 569 ± 83 mm3). BLI signal 
remained low (less than 10% of baseline signal 
intensity) until 48 hours after injection, but 
recovered to 45% of original signal by 72 hours. 
For OXi8007, the signal decreased from mean 
baseline of 2.2 × 108 to 4.7 × 106 p/s at 4 hours 
(98% decline, n = 6; mean baseline tumor vol-
ume = 705 ± 50 mm3), and remained signifi-
cantly depressed compared with baseline after 
72 hrs. Up to 48 hrs both the CA4P and OXi8007 
signals were significantly decreased compared 
with saline, but did not differ between agents. 

At the 72 hour time point the integrated BLI 
(area under the curve) of OXi8007 remained 
significantly depressed compared with base-
line (p < 0.0001). Data are summarized for the 
groups in Figure 3. Although tumor volumes of 
the cohorts at baseline were slightly different 
there was no significant difference based on 
two-way Student’s t-test.

Changes of tumor pO
2
 assessed by FREDOM

Dynamic pO2 maps are shown for a representa-
tive tumor with respect to oxygen gas breathing 
challenge and administration of OXi8007 
(Figure 4). Baseline pO2 was measured in about 
50 voxels simultaneously (Figure 4A shows the 
40 common voxels which could be followed 
over 200 minutes) revealing heterogeneity in 
pO2. The tumor was mostly well-oxygenated 
(mean pO2 = 47 ± 25 Torr) with small hypoxic 

Figure 4. Dynamic pO2 changes assessed using FREDOM. A. pO2 maps of a representative tumor during baseline 
air breathing; 20 mins after switch to O2-breathing; 2 hours after administration of OXi8007 (350 mg/kg), while 
continuing to breathe O2 and after final switch back to air (left to right). B. Histogram showing pO2 distributions 
at the four stages. Mean pO2 and hypoxic fractions (HF5 and HF10) were respectively: baseline air-breathing (three 
dynamics), 47 Torr, 4%, 5%; baseline O2-breathing (last three dynamics before VDA administration), 228 Torr, 0.7%, 
0.7%; O2-breathing two hours post OXi8007 administration (last five dynamics with stable pO2 measurements be-
fore switching gas back to air), 58 Torr, 5%, 7%; air-breathing post OXi8007 (last three dynamics with stable pO2 
measurements), 12 Torr, 29%, 40%.
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fractions (HF5 and HF10 = 4%, and = 5%, respec-
tively; Figure 4B). Hypoxia was essentially elimi-
nated with O2-breathing and pO2 increased sig-
nificantly to mean pO2= 228 ± 80 Torr (p < 
0.001). Two hours post OXi8007 administra-
tion, pO2 decreased approaching the baseline 
values (mean pO2= 58 ± 40 Torr, HF5 = 7%, HF10 
= 9%) although the mouse continued to breathe 
oxygen. Upon switching to air-breathing, pO2 
declined further (mean pO2 = 12 ± 22 Torr, HF5 
= 24%, HF10 = 33%). Baseline heterogeneity 
was apparent in individual tumor regions as 
well as differential response to oxygen breath-
ing and OXi8007 (Figure 5). 

Changes in mean pO2 for the group of six mice 
are summarized in Figure 6A. Baseline pO2, 
while breathing air was relatively stable for indi-
vidual tumors (e.g., Figure 5B) and ranged from 
a mean of 6 to 50 Torr with a population mean 
31 ± 18 Torr (Figure 6). A significant increase 
accompanied oxygen breathing challenge 
(Figure 6; mean pO2 = 123 ± 64 Torr, p < 0.001). 
Following administration of OXi8007, the pO2 
decreased significantly and stabilized around 
the baseline pO2, although mice were still 
breathing oxygen (mean pO2 = 34 ± 20 Torr). A 
further decrease in pO2 was observed upon 
switching back to air breathing (mean pO2 = 17 

Figure 5. Intra-tumoral heterogeneity of response to O2 breathing and OXi8007. A. Two ROIs were identified as more 
and less responsive in the tumor presented in Figure 4. B. Mean pO2 of each region revealing differential dynamic 
response. Error bar representing standard error is used to demonstrate the spread of pixel pO2 values within ROIs.

Figure 6. Tumor oxygenation with respect to intervention. Population mean and standard deviation of tumor pO2 (A) 
and hypoxic fraction, HF5 (B) in response to gas intervention and OXi8007. **indicating p < 0.005, *indicating p < 
0.05.
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± 8 Torr). Meanwhile, hypoxic fraction (HF5) was 
initially 16 ± 16% when the animals were 
breathing air, which decreased to 7 ± 6% when 
breathing oxygen (p < 0.05), rose to 16 ± 14% 
two hours after OXi8007 administration, and 
increased further to 24 ± 11% with final air 
breathing (Figure 6B).

Discussion

Serial BLI and FREDOM MRI were successfully 
applied to examine perfusion changes and 
hypoxiation induced by the novel VDA prodrug 
OXi8007 in orthotopic MDA-MB-231/luc human 
breast cancer xenografts in mice. BLI showed 
rapid vascular shut-down after administration 
of OXi8007 and the effect was greater and pro-
longed compared to a standard dose of the 
well-established VDA, CA4P. FREDOM revealed 
acute progressive hypoxiation in response to 
OXi8007. pO2 maps indicated intra-tumor het-
erogeneity both with respect to oxygen breath-
ing challenge and in response to OXi8007, 
though ultimately all tumor regions became 
hypoxic. 

Many studies have demonstrated the rapid vas-
cular shutdown caused by various VDAs in 
diverse tumor types including both human 
tumor xenografts in mice, as well as various 
other species [1, 8, 15-17]. Indeed, CA4P is 
subject to ongoing clinical trials [2, 28, 29]. 
However, the vascular effects were often found 
to be transient, e.g., CA4P showed vascular dis-
rupting effects followed by partial or full recov-
ery as early as 24 hours both in clinical trials 
[28] and animal studies [30, 31]. Notably, a sur-
viving ring of peripheral tumor is often observed 
[20, 30, 32, 33], which leads to rapid regrowth 
and little tumor growth delay following a single 
dose of CA4P [34]. CA4P has shown efficacy in 
combination with additional treatments such 
as irradiation and various chemotherapeutics 
[21, 32, 35, 36], but  there is an active search 
for more effective agents, ideally demonstrat-
ing prolonged efficacy, while retaining selectivi-
ty and avoiding systemic toxicity. The synthesis 
of OXi8007 was recently described together 
with a preliminary indication of selective tumor 
vascular shutdown based on color-Doppler 
ultrasound over a period of 90 minutes [12]. 
The goal of the current study was to demon-
strate efficacy in an alternate tumor type (here 
breast cancer as opposed to previous PC3 

prostate cancer), explore longer term sequelae 
(up to 72 hours) and detail the consequences 
of induced ischemia in terms of induced 
hypoxia. 

As reported previously, BLI generally provided a 
reproducible indication of tumor perfusion 
based on repeat measures [16, 17]. We have 
previously found that sequential measure-
ments are usually consistent within about 20%, 
including in MDA-MB-231/luc tumors in mice 
[16]. In the past, we have sometimes observed 
a significant increase in BLI signal within 24 
hours attributable to rapid tumor growth and 
increased volume generating greater signal, 
most notably in the fast growing MCF7 [16, 17]. 
Here we found very similar results at baseline 
and 4 hours , as well as 24 and 48 hours (Figure 
2, control), but overall trend of increased signal 
for 5 measurements, as expected to accompa-
ny tumor growth. Many studies have shown that 
in the absence of therapy, the BLI intensity is 
proportional to tumor burden, although reach-
ing a plateau for larger tumors [14, 16, 17, 37, 
38].

As expected the control VDA, CA4P, caused 
extensive vascular shutdown within 4 hours. 
We previously reported 99% lower BLI signal in 
this tumor type at 4 hours after CA4P [15]. In 
this study we observed some recovery after 4 
hours (2.6%) and return to 77% of baseline by 
72 hours. The time to recovery appeared some-
what longer than we have observed previously 
in other tumors types (e.g., MCF7) and using 
other modalities (e.g., dynamic fluorescent 
imaging (DyCE) [31]). 

The new experimental agent OXi8007 showed 
a very similar early response to CA4P with simi-
lar effectiveness at 4 hours (99% vs. 97%), 
though BLI signal was lower after 72 hours. The 
initial shutdown is in line with our previous pre-
liminary observation using color-Doppler ultra-
sound in a PC3 prostate xenograft in a SCID 
mouse [17]. We have also examined a separate 
cohort of MDA-MB-231/luc tumors with respect 
to OXi8007 dose escalation over the acute 24 
hrs timeframe and found very similar results 
(manuscript in preparation). We note that few 
investigations have reported long-term physio-
logical effects of VDAs in tumors, generally 
reporting acute response over the first 2 to 4 
hours or up to 24 hrs [1, 4, 18, 28, 29, 39, 40]. 
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As expected vascular shutdown was accompa-
nied by hypoxiation, with HF10 reaching 23% 
after 2 hours. This is in line with a previous 
study in a 13762NF syngeneic rat tumor grow-
ing in rats following CA4P administration, 
although in that case the hypoxia appeared 
more extensive [20]. VDAs are unlikely to be 
used as a mono-therapeutic agent, but rather 
in combination with other therapies [2, 18, 29, 
41]. Thus, the time course of physiologic chang-
es is important. Vascular shutdown would likely 
impair delivery of other chemotherapeutics, so 
that timing of administration is crucial [41]. 
Irradiation may be particularly appropriate 
since it targets the well vascularized and oxy-
genated regions most effectively; primarily the 
tumor periphery which appears to resist the 
action of VDAs [18, 42]. However, VDAs cause 
hypoxiation and thus could be expected to 
reduce the efficacy to irradiation, if inappropri-
ate sequence or timing are applied. Therefore, 
the sequence and interval of treatment plan-
ning has shown strong influence towards effi-
cacy when combining VDA with irradiation [42]. 
Many studies have shown VDAs induce hypoxia 
in the tumor, which is known to cause radiation 
resistance [43]. Horsman et al. measured pO2 
using Eppendorf electrodes and showed that 
pO2 decreased significantly three hours after 
the administration of ZD6126 (a colchicine 
inspired experimental VDA) in a C3H mammary 
carcinoma mouse model [19]. Zhao et al. 
showed pO2 decreased significantly within 90 
minutes of CA4P injection using FREDOM in a 
13762NF rat breast carcinoma model [20]. In 
our study, pO2 decreased significantly from 122 
± 64 Torr (HF5 = 7 ± 7%) to 34 ± 20 Torr (16 ± 
14%) reaching a plateau 60-90 minutes after IP 
injection of OXi8007, while the animals were 
breathing oxygen. Evidence has been present-
ed in human melanomas growing in nude mice 
that reduced bioluminescent light emission 
accompanying vascular disruption caused by 
the agent DMXAA was primarily attributable to 
hypoxiation [44]. We have not attempted to 
separate the effects of luciferin delivery versus 
hypoxiation here, but note that both are rele-
vant. Oximetry was only performed for 2 hours 
following OXi8007 administration due to the 
relatively invasive procedure and fragility of 
mice under anesthesia. Generally, fresh hexa-
fluorobenzene reporter molecule would be 
required at later time points, although we were 

able to evaluate pO2 in rat tumors with respect 
to CA4P up to 24 hrs [20]. 

The MDA-MB-231 tumor is particularly popular 
in many investigations of breast cancer thera-
py, being triple-negative [45]. As such charac-
terizing the extent of hypoxia pre therapy is 
itself important. It has often been assumed 
that tumors are hypoxic and therefore the small 
hypoxic fractions observed at baseline here, 
and ability to increase pO2 with oxygen breath-
ing may be important in using this model for 
studies of radiation response. 

In presenting the dynamic BLI and FREDOM 
assessments here, it is important to note the 
many other approaches to assessing dynamic 
response to therapy, specifically in relation to 
vascular disruption [1]. Notably, rapid vascular 
shut-down in tumors after administration of 
CA4P to animals and patients has also been 
observed using radionuclides based on count-
ing excised tissues following administration of 
86RbCl [46] or positron emission tomography 
(PET) of the distribution of 15O water [47], 
Gd-DTPA dynamic contrast enhanced (DCE) 
MRI [15, 48, 49], DCE computed tomography 
(CT) of iobitridol [50], DCE fluorescent imaging 
of indocyanine green (DyCE) [31], 19F MRI of 
tumor oxygenation using hexafluorobenzene 
[20], 1H MRI of tumor oxygenation using hexa-
methyldisiloxane [24], Laser Doppler flowmetry 
[51], near infrared spectroscopy [21], intersti-
tial fluid pressure (IFP) [51] and intra vital 
microscopy [8]. 

Advantages of dynamic BLI are high sensitivity, 
high throughput and cost efficiency. However, it 
indicates global perfusion changes of the tumor 
without revealing heterogeneity. BLI also 
requires cells transfected to express luciferase. 
FREDOM MRI revealed the spatial heterogene-
ity in response to VDA treatment and the onset 
of hypoxia. Other oximetry techniques could be 
applied such as electrodes, though they gener-
ally sample a single location only. Non-invasive 
imaging techniques usually require systemic 
delivery of a reporter molecule, and a recent 
study suggested that distribution of an agent 
such as nitroimidazole may be seriously per-
turbed by the ischemia, therefore failing to 
reflect hypoxia [39]. FREDOM using intra-
tumoral injection of reporter molecule can pro-
vide absolute pO2 measurements regardless of 
the perfusion changes, therefore providing lon-
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gitudinal pO2 assessment even in areas with 
limited blood access. It will be interesting to 
see whether new non-invasive approaches 
such as MRI-based Oxygen imaging (MOXI) [52] 
and mapping of oxygen by imaging lipids relax-
ation enhancement (MOBILE) [53] are able to 
provide reliable measurements of pO2 in tumors 
with respect to VDAs in the future. We have suc-
cessfully applied NIR non-invasively, but this 
reflected global vascular hypoxiation without 
providing spatial resolution [21].

Conclusion

In this study, we demonstrated the vascular dis-
ruption effect of the indole-based, small-mole-
cule VDA referred to as OXi8007 both using BLI 
and FREDOM MRI. OXi8007 showed both a 
stronger and longer vascular disrupting effect 
than CA4P. FREDOM showed a significant 
decrease of pO2 immediately after the adminis-
tration of OXi8007. The response in the tumor 
is heterogeneous, but eventually a similar level 
of hypoxia was reached throughout the tumor. 
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