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Introduction: 
Brain metastasis repre sents an imp ortant cause of morbidity and mort ality. Clinica lly 

overt brain metastases occur in approximately 10 ~ 15% of patients with breast cancer (1, 
2). The incidence of brain metastasis seems to have increased over the past decade, and 
may be th e paradoxical result of  effectiveness of drugs on primary breast cancer.  
Perhaps even more alarming are the growing n umbers of breast cancer patients who die  
from complications related to brain metastasis, at a time when systemic disease  is under 
good control. In part, this may be du e to the fact that chemotherapeutic agents that show 
efficacy against systemic disease, may have p oor penetration of the blood-brain barrier  
(BBB), which means that breast cancer metastasis in the brain may remain untreated and 
inaccessible to conventional chemotherapeutics (3-5).  

 Tumor microcirculation and oxygenation play important roles in malign ant progression 
and metastasis, as well as response  to various therapies. In particular, radiotherapy, and  
possibly some anticancer drugs, are less effect ive in hypoxic tumors (6, 7). There i s little 
knowledge about tumor hypoxia during intracran ial development of brain metastasis. We 
hypothesize that tumor hypoxia is major driv ing force for  progression of breast  cancer 
brain metastasis and re presents a critica l target for therapeutic strateg ies. Traditionally, 
pathophysiological and  biological studies of brain tumor models involve sacrificing  
animals at different time points, a nd thus req uire a large  number of animals. In vivo 
imaging promises greater efficiency  since each  animal serves as its own control and  
multiple time points can be examined sequen tially. In ad dition to an atomic information, 
magnetic resonance im aging (MRI) has been increasingly applied to  studying t umor 
pathophysiology. Blood Oxygenati on Level Dependent (BOL D) MRI based  on T 2

* 
contrast, deoxyhemoglobin, is sensitive to tumor vascular oxygenation. Recently, several 
studies have suggeste d a possibility of a ssessing tissu e oxygenati on by direct T 1 
shortening due to oxygen molecule (8, 9). We have developed a MRI approach based on 
an interleaved T2

*- and T1-weighted sequence, which provi des information of both t umor 
vascular an d tissue ox ygenation. Here, we plan to apply this new MRI approa ch to 
evaluating tumor hypoxia among various breast tumor lines growing intracranially.  

Bioluminescence imaging (BLI), based on in vivo expression of lucifera se, the light 
emitting enzyme of the firefly, is being rapidly a dopted in cancer resea rch. Luciferin, the 
substrate of  luciferase, crosses the cell membr ane and penetrates the intact  BBB after  
injection in mice (10, 1 1). Several studies have demonstrated that the BLI is capable of 
tracking intr acerebral neural cell migration (12) or monitoring intracranial tumor growth 
and its response to treatment (10), (13). Here, we propose to introduce a hypoxia reporter 
system, Hypoxia responsive element-luciferas e (5HRE-lu c), to vario us breast cancer  
cells. Hypoxia Inducible Factor-1alpha (HIF-1α) activity will be monitored via in vivo BLI 
by using a luciferase re porter gene under the re gulation of an artificial HIF-1-dependent 
promoter, 5 HRE (14, 1 5). Integrati on of MRI and BLI will provide temporal and spatial 
information of tumor hypoxia evolution.       

 
 

Body:  
The Statement of Work in this project had two major tasks: 
Task 1. Establish mouse xenograft  models of breast cancer brain metastasis an d 
evaluate differential biological features among various breast cancer cell lines (Months 
1-8): 

 
During the  previous periodr of the project, the model of breast cancer brai n 

metastasis has been successfully established by intracranial inoculation of breast 
cancer cells. The single nodule lesion was visualized and followed up by both BLI 
and MRI. I n addition to anatomic structure , functional MRI w as applied to stud y 
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tumor vascular perfusion (perfusion-w eighted MRI) and BBB perm eability (DCE 
MRI) and tumor hypoxia (BOLD and TOLD).  

 
To mimic the clinical situation, in w hich multiple lesions are often detected in  

patients of  breast ca ncer brain metastasis, we have  c reated a m ouse mode l to  
have numerous tumors in brain b y intracardiac (left ventricle) injection of breast 
cancer cells during this reported period.  

 

 
 

 

Fig. 1 Ultrasound guided intracardiac injection of human breast cancer MDA-MB-231-brain 
cells (obtained from Dr. Patricia Steeg). 
The left ventricle of a mouse was identified by Visualsonics Vevo ultrasound system (left) and 2 x 105 

cells in 100 μl of the serum-free medium were injected into it by using 25 G needle (right). 
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Fig. 2 A mouse model of breast cancer brain metastasis with multiple intracranial lesions. 
Twenty days after intracardiac injection of human breast cancer MDA-MB-231-brain-GFP cells, 
numerous  brain lesions were visualized after the whole brain dissection by using optical imaging 
system. The lesions were found to distribute throughout the brain. 



Fig. 3 MRI follow-up of the intracranial tumor growth. MRI started on Day 22 after intracardiac 
injection of tumor cells. Consecutive 1 mm thick MRI sections on T2- (top row) and T1-weighted 
contrast enhanced (bottom row) MRI showed no obvious tumor lesions. However, follow-up MRI on day 
29 revealed wide spreading hyperintensity lesions from frontal lobes to posterior fossa on both T2- and 
T1-weighted contrast enhanced images. 

Day 22 

Day 29 

 

Fig. 4 Distribution of the intracranial metastases based on MRI. The total number of metastases 
located at different regions of mouse brain was determined on T2-weighted MRI and shown on the 
diagram. Metastatic lesions were found to spread widely from frontal lobe to posterior fossa. 
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Our data, as shown above, clearly demonstrated that the intracardiac model can produce 
multiple metastatic lesions, varying in tumo r size. Non- invasive MRI is capab le of detect ing 
early stage of the lesions at a size as small as < 0.5 mm and followed up their growth. These 
intracranial metastases w ere found to d istribute throughout the w hole brain w ith a  
preferable site at cortex.    

 
Task 2.   Multimodal imaging evaluation of intr acranial tumor hypoxia development and 
its correlation with blood  brain barrier as well as  aggressiveness of breast cancer brain  
metastasis (Months 9-24).    

During the first reported period, perfusion-w eighted DSC MRI w as initially incorporated 
into this project to evaluate tumor vascular perfusion. In the current period, the technique 
has been implemented with improved mathematic modeling and allowing more MRI slices to 
be interrog ated. The follo wing graphs demonstrated th e model a nd curve-fi tting used for 
generation of relative cerebral blood volume, rCBVmap. 

                                             i.v. Gd-DTPA 

 Normal Brain Tumor

Raw data MSD

0R2*

FPPM fitting 
and baseline 
correction

Gamma‐variate
function fitting 

and CBV 
calculation

Fig. 5 Data analysis strategy for rCBV.  
1. Raw data time curve is extracted from DSC image series.  
2. DR 2* is calculated from raw data time curve.  
3. FPPM is applied to detect the general trend of DR2*. Then, a three segment baseline is generated.  
4. Gamma-variate fitting is applied to corrected DR2*, and the area under the bolus is proportion to   
            CBV.  
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Fig. 6 Diagrams illustrate calculation of rCBV. A, Signal intensity decrease during passage o f 
contrast agent bolus is measured from a series of gradient-echo echo-planar MR images. B, Change in 
the relaxation rate (R2*) is calculated from signal intensity, and a baseline subtraction method is applied 
to measured data. C, Corrected R2* curve. D, rCBV is proportional to the area under curve (shaded 
area).  

 
  

Tumor ROIs            Normal ROIs

0.83 0.86
1.29 1.68
0.79 0.78
0.85 1.03
1.15 1.00
0.94 1.26
1.14 1.51
0.54 0.76
0.63 1.17
0.97 1.18
0.55 1.43
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Fig. 7 Study of rCBV of breast cancer brain metastases. Left: Metastatic lesions were seen on T2-
weighted MRI slice of a representative mouse brain 14 days after intracardiac injection od breast cancer 
MDA-MB-231-br cells. ROIs of individual tumo rs we re outlined. Reference ROIs were selected fro m 
normal brain tissues contralateral to the tumor lesions (right). Map of rCBV was created and overlapped  
on the anatomic image . Values for individual ROIs of t umors and contrlateral normal brain were  
obtained from the map showing tumors have sig nificantly lower rCBV (mean = 0.88 ± 0.25) than normal  
brain regions (mean = 1.15 ± 0.3; p < 0.01).   

 

 Table 2. Comparison of rCBV of tumor vs. normal brain in breast cancer brain metastases 

 
 

 
Table 3. Compariso n of rCBV of metas tatic lesions located betw een parenchyma and 
leptomeninges 

 
Metastatic lesions at brain parenchyma sho wed significan tly more perfusion, as 

compared to those l ocated at l eptomeninges (p < 0 .05), but n o distincti on in lesio n size  
between the regions.  
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Fig. 8 Correlation bet ween tumor rCBV and  size of bre ast cancer brain metastases. Tumor size 
was measured based on the number of pixels in the  ROI outlined on high resolution T 2 weighted 
images. Tumor sizes were separated into three groups: 1) smaller than 0.5mm 2,n=79, mea n 
rCBV=0.88±0.54; 2) between 0.5 and 1mm2, n=45, mean rCBV=0.93±0.37;  3) bigger than 1mm2, n=17, 
mean rCBV=0.84±0.25. Standard e rror was plo tted in the g raph. No significant diffe rences were found  
between these three groups. 

 

 

Fig. 9 Differential vascular structures between leptomeningeal and parench ymal metastases. 
Left: H&E staining of a whole mount brain section revealed nume rous lesion s varied in size and  
location. Middle and Right: Enlargement of a region of leptomeninges (middle) and parenchyma (right) 
showed peritumoral development of angiogenic vessels in parenchymal lesions (arrows, right), whereas 
no marked neovasculature observed in the leptomeningeal lesion (arrow, middle).   
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Table 3 Comparison of tumor vascular perfusion betw een the i ntracardiac brain metastatic  
model and intracranial implants of glioma or breast cancer model. 

 
In conclusion, significantl y lower rCBV values w ere observed for brain metastases than 

contralateral normal brain (p < 0. 05; Table 2). In contrast, a parallel study of gliomblastoma by 
us found that GBM has significantly higher rCBV than  contralateral normal brain. This finding,  
if confirmed, ma y ha ve diagnostic value in terms of differential diagnosis betw een primary 
brain tumor and meta stases. Moreover, rCBV of the metastases located in  leptomeni ngeal 
regions had significantly higher values than those of parenchema (p < 0.01; Table 3). This may 
result from differential vascular development bet ween these regions, of which parench ymal 
lesions showed peritumoral formation of neovasculature at very earl y stage, w hile no distinct 
angiogenesis was seen for those leptomeningeal lesions. Our data also sug gest no significant 
correlation between the size of metastases and rCBV (Fig. 8). 

 
 
 
 
 

b. Continuing in vivo st udies of  tu mor hypoxi a. 5 x 10 4 MDA-MB231-HRE-ODD-luc cells were  
directly inje cted into caudal nucle ar area of right side mouse brain. BLI was applied to 
monitoring temporal development of intratumoral hypoxia. 
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Fig. 10 In vivo detection of evolution of tumor hypoxia in MDA-MB231 cells with stable HRE-
ODD-luc transfection. 50K cells were injected into the right side brain of a nude mouse. A week signal 
was found 6 wks post implantation, whic h increased in light in tensity in follow-up studies. A series of 
MRI T2-weighted images confirmed an intracranial tumor (arrows).  

 
 

Table 4. BOLD and TOLD 
MRI study of tumor 
hypoxia 
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The major goal of thi s project is to integrate multiple parameters of tumor h ypoxia 

and vasculature acquired b y mul timodal imaging to co rrelate w ith tumor aggressiveness 
and understand pathoph ysiological mechanism underl ying the  clinical benefits fro m 
antiangiogenic treatment. Thus, in addition to anatomic MRI, fun ctional MRI  of stud ying 
tumor vascular and tis sue oxygenation and its correlation with tumor perfusion has be en 
initiated. Interleaved T1-weighted (TOLD) and T2*-weighted (BOLD) sequence was used to 
assess tumor h ypoxia. Dy namic susceptibility  contrast (DSC) sequence w as applie d to 
study tum or perfusio n (relative  tumor blo od volume, rTBV).  More importantl y, spati al 
correlation between TOLD, BOLD and rTBV was performed (Figs 9 and 10). 

 
 
 

Key Research Accomplishments 
 

• Establishment of a new mouse model of model breast cancer brain metastasis to mimic 
clinical situation. 

 
• Successful applicatio n of in vi vo BLI and MRI to stud y intra cranial metastases 

distribution and monitoring their growth.  
 

• Implement functional MRI of measuring tumor vascular perfusion rCBV.  
 

• Data of rCBV show significantl y low er rCBV valu es in brai n metastases than 
contralateral normal brain. This finding, if confirmed, may have diagnostic value in terms 
of differential diagnosis between primary brain tumor and metastases.  

 
• Moreover, rCBVs of the metastases located in leptomeningeal regions are significantl y 

higher tha n those at parenche ma (p < 0. 01; Table 3). This m ay implicate differenti al 
vascular structure. 

 
• Histological studies confirmed the difference in vascular development betw een 

parenchemal and leptomeningeal lesions. 
 

• In vivo ass essment of tumor h ypoxia by BLI monitoring of the h ypoxia reporter gene,  
HIF-1 promoted luciferase expression.  

 
• In vivo MRI study of tumor oxygenation (BOLD and TOLD MRI) and correlate with tumor 

perfusion.  
 

• Spatial correlation between these MRI parameters is performed.   
 

Technique problem 
 
4.7 T MRI s ystem, proposed to u se in this  project, has been under console u pgrade. The 
machine has been unavailable for operati on since this last may , w hich is  supposed to  
resume soon.   
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Reportable Outcomes 

 
Abstract (Published Conference Proceedings): 
 

1) Heling Zhou, Am yn Habib, Peter Antich, Ra lph P. Mason, Dawen Zhao. In vivo 
Imaging of Tum or Hypoxia and Vasculatur e of Orthotopic Mouse Brain Tum or 
Models. Journal of Nuclear Medicine, Vol. 51, p830, 2010.  

 
Employment or research opportunity: 
The PhD student and research assistant, Heling Zhou, continues to work on this project.    

 
Conclusion:  

  During the second year of this pro ject, we have established a new mouse model o f breast 
cancer brain metastases. Multiple  intracrania l tumor lesions can b e achieved using this 
intracardiac model. No n-invasive BLI and MR I have be en performe d for early detection a nd 
tumor follow up. Interest ing results of in vivo imaging suggest characteristic vascular  perfusion 
in these br ain metastases, which  may pro vide us eful information to facilitate  differential 
diagnosis. Taken together, the first and second year research has built a strong fou ndation for 
further evaluation of tumor response to therapeutics.  
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