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Abstract  
 
Objective: In this study, I have directly tracked the progression of angiogenesis for three different types of 

breast cancer cell lines; MDA-MB-231, MCF-7, and MDA-MB-468.  Each of these cell lines is known to 

overexpress different receptors, which may affect a tumor’s growth rate and perhaps its ability to undergo 

angiogenesis. Here, I measure and compare the growth, extent, and time of onset for angiogenesis. 

 

Methods: I used SCID mice to profile each of the different breast cancer cell lines. The growth rate of each 

tumor, along with its blood vessel development, was monitored and imaged using lipid-coated 

microbubbles and contrast-enhanced ultrasound (CEUS). A Vevo 2100 pre-clinical ultrasound machine 

was used for the imaging experiments. To track development of angiogenesis, mice were injected with 

perfluorobutane gas microbubbles of 1-2 microns diameter. Bubble perfusion into the tumor is an indicator 

of the presence of blood vessel formation. A custom image analysis program was developed in Matlab™ to 

eliminate breathing artifacts and track microbubble motion based on their high temporal frequency 

signature (“flicker”). 

 

Results: My experiments demonstrated that, although different cell lines grow at different rates, 

microbubbles begin to penetrate the tumor when it reaches approximately a size of approximately 3 mm in 

diameter. Therefore, the onset of angiogenesis occurred at different times (MCF-7 occurring first at around 

9 days, MDA-MB-468 occuring at 12 days post inoculation, and MDA-MB-231 occurring at 17 days post 

tumor cell inoculation). MatlabTM analysis demonstrates consistent angiogenic behavior among the three 

cell lines. 

 

Conclusion: For all cell lines, angiogenesis started when the volume of the tumor was approximately 21.76 

mm3, consistent with previous studies.  As angiogenesis progressed, there was a drop in tumor blood flow. 

This can be explained by the sudden influx of oxygen when angiogenesis first begins. This momentarily 

inhibits new blood vessel formation while the tumor continues to steadily grow. After this sudden drop, 

tumor vascularization resumes a steady increase.   

Introduction  
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 Over the past 20 years, mortality rates due to breast cancer have been declining due to improved 

early detection methods and medical advances in treatment. Nevertheless, the incidence of breast cancer 

still ranks first among all other forms of cancer in women [1]. In 2012, breast cancer in the United States 

was responsible for one-third of all cancers diagnosed in women. Yet despite medical advances, breast 

cancer is still the second leading cause of cancer related death among women [1]. Understanding the 

behavior of malignant breast tumors, in particular their vascular development, can lead to better diagnostic 

and therapeutic treatments that may decrease these staggering numbers.    

  Breast cancer is an extremely complex disease and there can be significant variation between the 

cancer cells of one patient and another [2].  One of these differences involves the receptors that are 

overexpressed on the surface of breast cancer cells.  Overexpression of specific receptors on the cell 

surfaces is considered a hallmark of cancer cells [3].  Cancer cells are capable of changing receptors they 

express in order to promote the transmission of pro-growth signals [3].  In breast cancer, the human 

epidermal growth factor receptor (EGFR) is the receptor most commonly overexpressed.  Nearly 10% of 

breast carcinomas have EGFR gene amplification and protein overexpression according to a previous study 

[4].  In addition, estrogen and progesterone receptors are also commonly overexpressed in breast cancer 

resulting in the observation that the growth of breast cancer cells is often regulated by steroid hormones and 

peptide hormone receptors [5].  In turn, these overexpressed receptors have become potential targets for 

breast cancer therapy due to the ability to selectively target therapeutic agents to tumor cells over healthy 

normal cells. For example, human epidermal growth factor gene (HER-2) is currently being targeted to 

prevent cancer cells from progressing into a metastatic state [6].  Figure 1 offers a schematic comparing the 

receptors on a normal cell with those on a cancer cell. The excessive number of HER2 is a focus of current 

treatments that are exploiting this difference in receptor population. A third breast cancer phenotype is 

defined as one lacking the expression of estrogen and progesterone receptors along with no overexpression 

of the HER-2 gene [7].  These triple-negative breast cancer cells are known for being difficult to treat, as 

they have less biomarkers to target. Despite these differences, all of these tumors share a common trait; that 

being the size for the time of onset for angiogenesis [8,9].   

 Tumors require a constant supply of nutrients in order for them to continue rapid growth.  A 

tumor’s limit of nutrient diffusion occurs when it is between 1-2 mm in diameter [8,9].  For tumors to grow 
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past this limit, they must have an increased blood supply.  The formation of new blood vessels, herein 

referred to as angiogenesis, is the mechanism by which a >2 mm tumor continues to receive the essential 

nutrients necessary for continued growth. The process of angiogenesis is initiated by cellular hypoxia, 

which allows hypoxic inducible factor-1 (HIF-1) protein to increase the synthesis of vascular endothelial 

growth factor (VEGF). VEGF, along with other pro-angiogenic factors, initiates new blood vessel 

formation in tumors. Angiogenesis may also be an indicator that a breast tumor is transitioning from a 

benign to a malignant state as new vessels increase the opportunity for cancer cells to undergo 

hematogenous spread via the circulation [10].  Therefore, being able to detect when new blood vessel 

formation begins could help lead to early detection of malignancy as well as possible therapeutic 

interventions.  Unfortunately, no form of breast cancer behaves exactly the same as another. Forms may 

grow and proliferate, or become malignant at different rates. To explore these possibilities, I attempted to 

profile three different forms of breast cancer development using breast adenocarcinoma cells that expressed 

the most common receptors.  In this study, we measure and compare the growth and angiogenesis rates of 

these different forms of breast cancer.   

 Microbubbles made from perfluorobutane gas with a lipid coating are stable at body temperature 

(37°C).  They resonate in an ultrasound beam, rapidly contracting and expanding in response to pressure 

changes of the wave. In 2-dimensional B mode imaging, these contrast agents are capable of reflecting the 

sound wave echoes at the same wavelength as they were administered. These microbubbles thus show a 

very bright display in the 2-dimensional ultrasound image, making them easily detectable [11]. These gas 

microbubbles can travel through the vasculature and have a life span (~4 minutes) sufficient to interrogate 

new vascular development in a tumor environment [12,13].  They are able to travel through the vasculature 

while being tracked via contrast–enhanced ultrasound (CEUS), making them ideal for following the 

progression of tumor angiogenesis.   In principle, as blood vessels in a tumor begin to form, the 

microbubbles will begin to perfuse through the tumor, making its angiogenic activity visible by clinical 

ultrasound.   

 Previous literature indicates that the initiation of blood vessel formation is only dependent on 

tumor size [8,9]. Therefore, I predict that all three different breast cancer cell lines being studied will begin 

angiogenesis at approximately similar tumor sizes. However, because of the different receptors being 
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expressed on the cancer cells, the timing of each tumor reaching that size may differ. Excessive EGFR 

mediated intracellular signaling has been shown to contribute to the transformation of cellular phenotypes 

and provide tumor cells with substantial growth and survival advantages [14].  Similarly, estrogen receptors 

overexpressed on breast cancer cells are responsible for excessive mitogenic signaling, which controls 

cellular proliferation and differentiation [15]. As such, it is possible that the cell lines that overexpress 

growth factor receptors (MCF-7s and MDA-MB-231s) will grow faster than the cells that lack receptor 

overexpression (MDA-MB-468).  There are no previous studies that suggest the progression of vessel 

formation will differ in these different breast tumors. Therefore, the progression of angiogenesis in all of 

these different tumors will follow a similar behavior if the null hypothesis is correct.  After the onset of 

angiogenesis, it is predicted that the rate of blood vessel formation will continue to increase linearly as the 

tumor continues to grow. 

 

	

	

	

	

	

	

	

	

	

	

	

Methods 

Microbubble preparation  
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Microbubbles were made by mixing 10 mol % 1,2-Distearoyl-sn-Glycero-3-Phosphoethanolamine-N-

[Maleimide(Polyethylene Glycol)2000]  (Ammonium Salt)(DPPE PEG2000), 82 mol % 1,2-Dipalmitoyl-

sn-glycero-3-phosphocoline (DPPC), 8 mol % 1,2-Dipalmitoyl-sn-glycerol-3-phosphate (Monosodium 

Salt)(DPPA). These lipids were then dispersed in a solvent comprising 80% saline, 15% propylene glycol, 

and 5% glycerol by volume (1 mg/mL). Approximately 1.5 mL of the mixture was placed in a vial. The 

vials were capped and purged with perfluorobutane gas for 30-45 seconds. The purged vials were then 

placed in a modified dental amalgamator (VialmixTM) for 45 seconds at 4000 RPM to create the 

microbubbles. On the day of the experiments, the bubbles were further diluted to a 1:3 suspension with 

0.85% (w/v) saline prior to intravenous injection.  

Mice Models  

Female SCID mice were anesthetized with isoflurane and the ventral side of the left hind leg was shaved 

and surgically cleaned.  In lieu of tail-vein injections, femoral catheters were placed for microbubble 

injection. An incision ~ ½ cm long was made over the top of the femoral vein and artery. The vein was 

isolated with 6-0 silk suture, a small cut made, and a mouse femoral vein catheter (SAI Infusion 

Technologies) was advanced into the vein and tied in. The catheter was then tunneled subcutaneously to the 

back of the head and tied in. Wound clips were used to close both wounds and the animal was allowed to 

recover. Breast cancer cells (MDA-MB-231, MCF-7, and MDA-MB-468) were grown in culture for 

several days until they were about 80% confluent.  The cell count was then approximated using a 

hemocytometer.  Approximately 5 X 105 cells were injected subcutaneously into the mammary fat pad. 

MCF-7 cells were additionally injected with an estrogen pellet of 0.25 mg with a 21 day release. The mice 

were ready to be imaged 2 days after inoculation of cells.  

Cell lines: MDA-MB-231 cells overexpress EGFR on their surface. MCF-7s have estrogen receptors 

overexpressed on their surface, and MDA-MB-468s are triple negative breast cancer cells, lacking the 

expression of estrogen and progesterone receptors along with no overexpressed EGFR.  

Contrast Enhanced Ultrasound Imaging 

Mice models inoculated with one of three different breast cancer cell lines, were imaged beginning two 

days after implanting tumor cells.  The mice were anesthetized by being individually placed in a chamber 

and induced with 4% isoflurane gas followed by 1.5-2% maintenance. The mouse was then placed on the 
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platform of the Visualsonics VEVO 2100 pre-clinical ultrasound machine. A 40 MHz transducer was used 

to image these animals and the VEVO machine was set to 5% power with a frame rate of 10-25 frames per 

second (fps) and a dynamic range of 70 db.  The area of interest on the mouse was covered with ultrasound 

gel and the transducer lowered until the tumor was clearly seen on the VEVO screen.  A series of 2-

dimensional images 0.05 mm apart spanning the length of the entire tumor were taken for 3-dimensional 

reconstruction on post-image processing.  This was used to estimate the tumor volume. Doppler mode was 

also used to determine directional blood flow as well as to potentially view new blood vessel formation via 

inward and outward movement. Doppler flow was also used to observe and compare changes with time. 

Finally, B-mode (2-dimensional imaging) was used to view the tumor before and after the injection of 

approximately 150 µL of gas-filled microbubbles.  A total of two injections per animal were recorded for 

each experiment. Mice were imaged twice weekly beginning two days post-inoculation.  Once the 

microbubbles were seen to clearly penetrate the tumor, the mouse was imaged two additional times for 

confirmation and for further analysis of vascular development. After mice demonstrated microbubble 

penetration for a total of three consecutive experiments, they were sacrificed and the tumor excised for 

histology.   

Quantifying Microbubble Activity with MATLAB® Data Processing  

In B-mode, motion artifacts such as the flow of microbubbles produce ”flicker” from frame to frame.  As 

such, with the help of a collaborating lab, a Matlab program was created in order to isolate and quantitate 

bubble density inside the tumor. The Matlab code allowed for the suppression of low frequency 

components such as breathing artifacts and peristaltic bowel movement on the ultrasound movie. 

Suppressing these elements as dark background would allow the fast moving, high frequency microbubbles 

to be highlighted in green. For each experiment with the VEVO pre-clinical ultrasound machine, the largest 

tumor cross –sectional areas were displayed in B-mode and it was that “slice” that was analyzed for 

microbubble penetration with the MatlabTM software. 

 

Results 

Table 1:  
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Cell Line Number 
of Mice 

Used 

Average Time to 
Microubble 

Perfusion (Days) 

Range for 
microbubble 

perfusion (Days) 

Average Tumor 
Volume at time 
of microbubble 
perfusion (mm3) 

Range of 
Volume 
(mm3) 

MDA-MB-468 
(Triple Negative) 

7 12.1 +/- 2.6 9 - 16 17.4 +/- 6.2 6.5 – 25.4 

MDA-MB-231 
(EGFR 

overexpression) 

9 17 +/- 7.0 7 - 27 23.3 +/- 6.9 10 – 30.9 

MCF-7 
(Estrogen 
receptor 

overexpression) 

8 9.4 +/- 2.0 7 - 14 24.6 +/- 6.9 16.5 – 34 

 

Table 1 provides data of the three cell lines used for this study including; 1) time of microbubble perfusion 

in days; and 2) volume of the tumors in mm3. Microbubble perfusion inside the tumor was used as an 

indicator for blood vessel formation. The data indicates that among all three different cell lines, there is no 

significant difference in what the size of the tumor is when angiogenesis begins. Across all cell lines, the 

average size of the tumor when microbubble perfusion is first observed is 21.76 +/- 3.8 mm3.  Assuming a 

spherical structure, microbubble perfusion begins when the tumor diameter is 3.46 mm on average. This is 

a larger diameter than what Folkman had previously claimed to be 1-2 mm.  One aspect of the data that 

does vary between all three-breast cancer cell lines is the time it takes to see microbubble perfusion in these 

tumors. This may be due to the fact that these cell lines are growing at different rates as shown in Figure 2.  

MCF-7s, for example, show the most rapid growth compared to the other two cell lines. If the start of 

angiogenesis (as indicated by CEUS) depends only on tumor size, then it would be expected that MCF-7 

cells would begin blood vessel formation earlier than the other two cell lines. This was confirmed by the 

data in Table 1.   

 

MCF-7  

The MCF-7 cell line, which is estrogen and progesterone receptor positive, clearly showed the fastest 

growth rate. Figure 2 shows that this cell line grows nearly twice as fast as the MDA-MB468s and the 

MDA-MB 231s. However, when inoculating mice with this cell line it is standard to promote growth via 

implanting an estrogen pellet. This estrogen is probably the reason why MCF-7 cells are observed to grow 



	 XII	

so much faster. Regardless of the growth rate, microbubble perfusion consistently began when the tumor 

was approximately 24.6 +/- 6.9 mm3 in volume at an average of 9.4 +/- 2 days after inoculation of the 

cancer cells.  

Assessment of Angiogenic Vessel Density: Using a code written in MatlabTM, videos obtained using the 

VEVO ultrasound machine were processed to eliminate breathing and motion artifacts. Once these artifacts 

were removed, the code allowed for the measurement of intensity changes over a specified area throughout 

the image. Figure 3 shows a series of experiments performed on one mouse that was injected with the 

MCF-7 breast cancer cell line.  The images depict the tumor development 2, 9, 11, 16, and 18 days after 

initial inoculation. The green color on the images indicates intensity changes (movement) recorded over 

time.  Initially, there is no green inside the tumor, which is outlined in red. This lack of “flicker” inside the 

tumor indicates that blood vessels have not yet formed two days post inoculation. This is expected, as the 

cross-sectional area of the tumor is only 1.95 mm2 at this time. Nine days post-inoculation, microbubble 

perfusion was observed and in Figure 3, the movement and intensity changes (flicker) that result because of 

the bubble perfusion are captured and highlighted in green.  The image now shows the “flicker”, an 

indication that microbubbles have penetrated the tumor demonstrating that the process of angiogenesis is 

occuring. At this point, the cross-sectional area of the tumor is considerably larger at 4.14 mm2 and it has 

exceeded the tumor’s limit of nutrient diffusion.  The next recorded experiment again showed microbubbles 

perfusing the tumor but this time, interestingly, the recorded tumor blood flow relative to the tumor area 

decreased.  The following two data acquisitions showed a steady increase in tumor blood flow. This 

behavior was consistent among all of the MCF-7 mice models. The MatlabTM software allowed us to obtain 

percentage values for the tumor blood flow relative to the cross-sectional area of the tumor for every 

experiment. A graph plotting the average tumor blood flow percentage vs. time in days after breast cancer 

cell inoculation is shown in Figure 5. Average tumor growth vs. time using the cross-sectional area of the 

tumors is also shown in Figure 6. On average, the cross-sectional area of MCF-7 tumors increased by 0.3 

mm2 per day and displayed a linear relationship with an R2 value of 0.924.  

 

MDA-MB-231 
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The MDA-MB-231 cell line, which overexpressed EGFR, displayed the most inconsistent behavior among 

all three cell lines studied. On average, their growth rate was slower than the MCF-7s and slightly faster 

than the MDA-MB-468s. However, the standard deviation for the growth rate was too high to conclude that 

this was significant. The average volume of the tumor when blood vessel perfusion was first observed was 

23.3 +/- 6.9 mm3. This volume is similar to the volume when angiogenesis was first seen on MCF-7 cells 

(24.6 mm3 vs. 23.3 mm3). 

Assessment of Angiogenic Vessel Density:  Blood flow in these tumors showed very similar behavior to the 

MCF-7 cell line. An initial increase in vasculature nine days after inoculation was seen followed by a 

sudden decrease in day 12. On average, the tumor blood flow as a function of tumor area decreased by 5% 

during this drop. This was again followed by an increase in tumor blood flow as shown in Figure 7. The 

growth of the tumor, by cross-sectional area, is shown in Figure 8.  The cross sectional area in these tumors 

is increasing in a linear fashion.  

 

MDA-MB-468 

The MDA-MB-468 cells, which are triple negative, appeared to grow at approximately the same rate as the 

MDA-MB-231 cell. On average, microbubbles were observed to penetrate the tumor when it reached a 

volume of 17.4 +/- 6.2 mm3. This was a slightly smaller volume than what was observed for the other two 

cell lines but still within one standard deviation, meaning this small difference was insignificant.  

Assessment of Angiogenic Vessel Density: Tumor blood flow in this cell line appeared to be much less than 

the other two cell lines. In Figure 9, we can see that the highest percentage of blood flow per tumor area is 

only 20%. However, it follows a very similar behavior to the other two cell lines; there is a peak at day 16 

followed by a sudden drop leading up to day 20.  Prior to day 16, there appears to be a smaller peak 

between days 5-10. The percentage of tumor blood flow is only 10% and this does not consistently 

correlate with when the “flicker” created by the bubbles first appeared in these experiments. That small 

peak could be a result of not having a large enough sample size. This apparent bimodal distribution could 

be a result of outlier mice that showed bubble perfusion sooner than the majority. Figure 10 shows that the 

cross-sectional area of this cell line is increasing in a linear manner 

Figures 
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Figure 1 

	

Figure 1. Increase in number of human epidermal growth factor receptors on the surface of cancer cells. 

Normally, one cell will express an estimated 20,000 of these receptors. Cancer cells however, will express 

as many as 2 million of these receptors on their surface, highly promoting receptor activation which leads 

to increased signaling, excessive cellular division, and tumor formation [15]. This principle applies when 

describing the overexpression of different receptors such as estrogen and progesterone.  

 

 

 

 

 

 

 

 

 

 

Figure 2 
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Figure 2. Average tumor growth for three different breast cancer cell lines as a function of the number of 

days after inoculation. It is clear that MCF-7s proliferate much faster than the other two cell lines.  There is 

no significant difference between the growth rates of the MDA-MB-231 and the MDA-MB-468 cell lines. 

Based on this data, it is expected that MCF-7 cells will begin angiogenesis before the other two cell lines. 

However, because of the estrogen pellet that is also added upon cell inoculation, it is not likely that the rate 

of growth for MCF-7s is much faster than the others.	

	

	

	

	

 

 

 

 

 

Figure 3 
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Figure 3. Extracted frames from the ultrasound B-mode movie immediately following microbubble 

injection.  On the right, the images have the tumor area outlined in red and the green corresponds to the 

intensity changes caused by the fast moving microbubbles. Green inside the tumors indicates angiogenic 
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vessel development in tumors. For every set of images, the number of days after cancer cell inoculation at 

which they were taken is given, along with the area of the outlined tumor region. The Matlab program also 

gave a percentage value for the amount of high intensity shown inside the outlined tumor area, labeled here 

as perBubroi. A higher percentage value corresponds to more vasculature inside the tumor. The images 

show that 4 days post-inoculation, there are almost no intensity changes seen inside the tumor. At day 9, 

there is a huge jump in perBubroi, indicating that angiogenesis has started. This data was obtained for all of 

the experiments that were performed. 

 

 

Figure 4 

	

Figure 4.  VEVO 2100 software generated 3D reconstruction of an MDA-MB 468 tumor approximately 20 

days after inoculation. Tumor volumes are automatically calculated once the reconstruction is completed.  
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Figure 5 

	

Figure 5. Average percent tumor blood flow vs. time in days since inoculation with MCF-7 breast cancer 

cells. The data for the tumor blood flow was collected using developed MatlabTM software. The figure is 

significant for an increase in tumor blood flow between days 4 and 9 post-inoculation. The sharp increase 

in tumor blood flow indicates new blood vessel formation. Following this sharp increase, there is a sudden 

drop in the percent of tumor blood flow relative to the tumor area, between days 9-11. This is followed by a 

steady increase in blood flow after day 11.  

 

 

 

 

 

 

 

 

 

 

Figure 6 
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Figures 6. Average tumor cross-sectional area vs. time in days after injection. There appears to be a linear 

correlation in regards to tumor growth over time. The analyzed data indicates that the largest cross-

sectional area of MCF-7 tumors is increasing, on average, by approximately 0.30 mm2 per day. The data 

was calculated to have an R2 value of 0.923, indicating a linear correlation between tumor cross-sectional 

area growth and time. 

	

	

	

	

	

	

	

	

	

	

	

	

Figure	7	
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Figure 7. Average percentage of tumor blood flow vs. time in days for five mice inoculated with MDA-

MB-231 breast cancer cells. The figure shows a sharp increase in tumor blood flow between days 5 and 9. 

The sharp increase in tumor blood flow indicates new blood vessel formation. A sudden drop at day 11 

followed by a steady increase in tumor blood flow up to day 16.  

 

Figure 8 

 

Figures 8. Average tumor cross-sectional area vs. time in days after injection with MDA-MB-231 cells. 

This data was collected using the Matlab software. There is a linear correlation in regards to tumor growth 

over time. The graph indicates that the cross-sectional area of MDA-MB 231 tumors is increasing, on 
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average, by approximately 0.15 mm2 per day (R2 value=0.978, indicating a linear correlation between 

tumor cross-sectional area growth and time).  

	

Figure	9	

	

Figure 9. Average percentage of tumor blood flow vs. time in days for five mice inoculated with MDA-

MB-468 breast cancer cells. The figure initially shows an increase in tumor blood flow at day 5 with a 

minor dip before day 12. During this time period, the highest percent for tumor blood flow does not exceed 

12%. This makes it unlikely that the intensity changes recorded were due to microbubbles. At day 12, there 

is a large increase in tumor blood flow peaking at day 16. After that, a sudden decline is seen on the graph 

leading up to day 20. 
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Figure	10	

	

Figures 10. Average tumor cross-sectional area vs. time in days after injection with MDA-MB-468 cells. 

The data was fitted for a linear curve and an R2 value of 0.866 shows that there is a linear correlation 

between cross-sectional area and time. The graph indicates that the cross-sectional area of MDA-MB 468 

tumors is increasing, on average, by approximately 0.09 mm2 per day. 
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Discussion 

 The aim of this project was to profile the angiogenic as well as proliferative behaviors of three of 

the most common forms of breast adenocarcinomas; MCF-7s, MDA-MB 231s, and MDA-MB 468s using 

lipid-coated microbubbles and CEUS. Using a SCID mouse model, we were able to implement this non-

invasive technique and qualitatively determine the time of onset for angiogenesis in the breast cancer cell 

lines by looking at microbubble perfusion inside the tumors. Furthermore, using the Vevo LAB software, 

we were able to calculate the exact volume of the tumors throughout all of the experiments. This allowed 

for the comparison of the size of the tumors upon the onset of angiogenesis as well as the tracking of the 

growth rate for each tumor over time.  Among the three different breast cancer cell lines used in this study, 

there was no significant difference in the volume of the tumor when angiogenesis was first observed. The 

average volume for the start of angiogenesis among all 24 mice used in the study was 21.76 +/- 3.8 mm3. 

Assuming a spherical structure, microbubbles were able to perfuse inside the newly formed vasculature in 

the tumor when it reached a diameter of approximately 3.46 mm. While this is slightly above the limit of 

nutrient diffusion as predicted by Folkman and others, this may be due to the infrequency of our 

observation or the irregular shapes of the actual tumors [8,9]. Tumors do not grow in a spherical manner. 

The 3-dimensional images of the tumors show that they are far from spherical and this could be a reason 

why the approximated diameter was slightly larger than the standard. Furthermore, tumors were analyzed 

bi-weekly, meaning there were several days in between experiments. Depending on the growth rate of the 

tumor, it is highly likely that angiogenesis may have begun on a non-experimental day, which could have 

slightly skewed the calculated volume for the onset of angiogenesis to a higher number than it should have 

been. Nevertheless, these experiments showed that tumor size is the only determinant for the initiation of 

angiogenesis. The overexpression of different receptors on the breast cancer cells seemed to have no effect 

on the onset of angiogenesis. The data indicated that reaching the limit of nutrient diffusion, which leads to 

cellular hypoxia, is what begins the process of angiogenesis.  

 The growth rate of the three different tumors varied according to the data collected. In a clinical 

setting, breast tumors vary tremendously in terms of their aggressiveness. Those that overexpress 

extracellular receptors may grow at a faster rate because the increased intracellular signaling provides for 
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increased cell growth and survival [14,15]. Therefore, I predicted a similar behavior would be observed in 

our own in vivo experiments. The estrogen and progesterone receptor positive cells (MCF-7s) had a growth 

rate significantly higher than the other two cell lines. Seven days after the inoculation of the cancer cells in 

the mice, the tumor size began to linearly increase with its volume shown to increase by an average of 9.33 

mm3 per day. By comparison, the MDA-MB 231 and the MDA-MB 468 cell lines steadily increased in 

volume by 0.50 mm3 and 0.47 mm3, respectively, starting at two days post inoculation.  This difference in 

growth rates leads to a variation in the time of onset for angiogenesis. Not surprisingly, mice inoculated 

with MCF-7 cells showed new blood vessel formation the earliest, as they reached the critical volume much 

earlier than MDA-MB 231 and MDA-MB 468 tumor models. Again, it is important to note that MCF-7 

mice models were injected with an estrogen pellet and this could explain why this cell line was growing 

much faster than the others. Unfortunately, there is no way to inoculate mice with MCF-7 cells without also 

adding the estrogen pellet to induce growth and therefore, we cannot make the claim that this cell line has 

the fastest growth rate. Nevertheless, the perfusion of microbubbles inside the tumor was observed, on 

average, 9 days post inoculation for the MCF-7 cell line, just over 12 days post inoculation for the MDA-

MB 468 cell line, and 17 days post inoculation for the MDA-MB 231 cell line. MDA-MB-468 and MDA-

MB-231s were not shown to significantly differ from each other in terms of growth rate. These results do 

not support the idea that the increased cell signaling resulting from the overexpressed receptors may have 

an observed impact on the growth rate of tumors only. The start of angiogenesis, among the 3 different 

tumor models studied, was conserved and shown to be dependent on tumor size alone.  

 The progression of angiogenesis in all three different tumor models showed similar behaviors. 

Using the MatlabTM software, we were first able to confirm that what we classified as microbubbles on the 

live B-mode ultrasound movies were indeed microbubbles. The “flicker”, non-existent prior to microbubble 

injection, was a result of the microbubbles reflecting the sound waves being generated from the ultrasound 

transducer. Furthermore, using the “flicker” we were able to track the progression of this vascular 

development by looking at the percentage of bubbles inside the tumor as a function of the cross sectional 

area of these tumors. Analyzing this data would give us a better understanding of the rate of vascular 

development in comparison with the growth rate of the tumors. As expected, the results showed a sharp 

increase in tumor blood flow right at the onset of angiogenesis. But to our surprise, this was followed by a 
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sharp decline in tumor blood flow several days later. After this unexpected decline, tumor blood flow 

seemed to steadily increase. To our knowledge, this is the first study on angiogenesis that has tracked and 

quantified the formation of blood vessels in this manner. A mechanism that we propose for the obtained 

results is the following; Focusing on the molecular initiation of vascular formation, angiogenesis begins 

when pro-angiogenic factors such as the vascular endothelial growth factor (VEGF) are being synthesized 

at high levels. This happens when cells are under hypoxic stress and the process is mediated by the hypoxic 

inducible factor 1 protein (HIF-1).  Under normoxia, the product of the Von Hippel-lindau (VHL) gene, a 

tumor suppressor, binds to the HIF1 protein and degrades it to prevent the transcription of pro-angiogenic 

factors [16]. When a tumor reaches its limit of nutrient diffusion, it is undergoing hypoxic stress. With such 

minimal amount of oxygen entering the cells, HIF-1s become stabilized and are no longer hydroxylated. 

This prevents VHL from binding and degrading HIF-1 [16].  HIF-1s are thus allowed to contribute to 

carcinogenesis by stimulating the expression of vascular endothelial growth factor as well as a number of 

other genes that drive angiogenesis and metastasis.  When new vasculature is formed inside the tumor, 

there will be a huge influx of oxygen that will be delivered to the “starving” cells.  This influx of oxygen 

will lead to hydroxylation of the HIF-1 protein and it would thus be tagged for degradation by VHL. 

Without HIF-1, there is no synthesis of VEGF meaning no angiogenesis. Consistent with our current 

results, it is possible that after the initial formation of new vasculature, the sudden influx of oxygen 

momentarily inhibits angiogenesis. The tumor however, continues to steadily increase in size. If this is true, 

it could potentially explain the behavior of angiogenic progression that was observed from the MatlabTM 

analysis. As seen in the figures, when angiogenesis begins, there is a huge spike in vessel formation 

followed by a drop a few days later due to the momentary inhibition of angiogenesis and the continued 

growth of the tumor.  As the tumor continues to grow, it once again becomes hypoxic and vessel formation 

progressively follows. 

 As previously mentioned, this proposed mechanism is just one possibility for the obtained results. 

Because this behavior was consistent among nearly all of the mice studied, the confidence on the results is 

high. There are however, several factors that need to be considered.  First, it is important to note that we are 

only analyzing one slice of the three dimensional tumor. In each experiment, we look at the slice with the 

largest tumor cross-sectional area, but it is possible that we are not observing exactly the same slice in 
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every experiment. This would also imply that the rate of growth inside the tumor is not uniform which 

indeed is a possibility. In fact, it is doubtful that the rate of angiogenesis is uniform from one section to the 

next. This could potentially impact the percentage of vessel formation recorded on different experimental 

days. There may have also been an error when outlining the tumor area in the Matlab software. If the 

periphery of the tumor was outlined, it could give us a false indication of vessel formation. This can 

become an even bigger problem if there is substantial movement of the mouse during the image processing. 

Movement of the mouse could shift the outlined tumor area towards the tumor periphery or even further 

out. This potential phenomenon was taken into consideration when outlining the tumors and closely 

monitored when analyzing the data. By playing the videos that were being analyzed, we were able to 

confirm that what we outlined as tumor at the start of the video remained the area of interest throughout. If 

this was not the case, the area of interest was adjusted. 

 This study demonstrated the potential of gas-filled microbubbles as contrast agents for monitoring 

angiogenesis. Their ability to track the start and the progression of angiogenesis means they may have the 

potential to be used as a diagnostic as well as therapeutic tool. Here, we were able to profile three different 

forms of breast cancer cells. First, we showed that the initiation of angiogenesis for the three cell lines 

depends on the size of the tumors. This study further supported previous research by Folkman and others, 

who predicted that angiogenesis would begin when a tumor is between 1-2 mm in diameter. We were also 

able to track the growth rate of the three different tumors, and though it appeared that the cell lines that 

overexpressed receptors grew at a faster rate, the difference was not statistically significant to make that 

claim. Finally, we were able to track the progression of angiogenesis, something that has never been done 

using microbubbles and CEUS. The progression of new vascular development in the tumors showed an 

unexpected behavior; a sharp increase in tumor blood flow per percent area after the tumor reached its limit 

of nutrient diffusion followed by a sudden drop. The proposed mechanism that explains this observed 

behavior clearly needs to be further studied, perhaps by using markers against HIF-1 or VEGF and 

monitoring their expression levels. Nevertheless, we were able to show progressive behaviors of 

angiogenesis that have not been previously reported. Developing a better understanding for this process can 

lead to more effective therapeutic targets that will aid in the fight against breast cancer.  
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