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Abstract 

Breast cancer continues to be the second leading cause of cancer-related death in 

women with over 40,000 deaths per year.  Sentinel lymph node (SLN) biopsy is 

considered imperative to the staging of breast cancer and is the most useful 

prognostic indicator of cancer survival. Current SLN location methods have 

substantial limitations and SLN biopsy is relatively invasive with risk of 

complications.  In this work, I propose a novel dual-contrast agent for ultrasound 

(US) and fluorine (19F) Magnetic Resonance Imaging (MRI) imaging of the local 

lymphatics for the purpose of locating and assessing the sentinel lymph node for 

metastasis with enhanced specificity and sensitivity.   

This work aims to first develop a decafluorobutane (DFB) nanodroplet(ND), 

imageable with 19F MRI and US, which can spontaneously change from liquid to 

gas phase upon US application. Since no LBPCCA, including DFB, has previously 

been imaged with MRI, full optimization was conducted.  NDs were, for the first 

time, imaged with both MRI and US and characterized for size and stability.  The 

second aim was to investigate the ability of DFB NDs to be taken up and retained 

by macrophages.  Raw 264.7 cells were incubated with DFB NDs to investigate 

their ND uptake, retention, and imageability.  

The results of these studies for the first time demonstrate the utility of DFB as a 

phase change dual contrast agent for 19F MRI and US.  In addition, these results 

show the potential of DFB NDs for cell tracking of macrophage migration into the 

lymphatics. 
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Chapter 1: Review of the Literature 

1.1 Breast Cancer 

Breast cancer continues to be the most commonly diagnosed cancer in the 

United States every year, with over 250,000 breast cancer diagnoses in 2017[1, 

2]. Breast cancer screening and diagnoses are currently conducted using digital 

mammography, ultrasound, or magnetic resonance imaging (MRI) depending on 

risk level [3, 4]. Despite the recent advances in breast cancer screenings and 

treatment, the United States experienced over 40,000 deaths in 2019 [2]. Breast 

cancer staging remains the most clinically important prognostic indicator, with 

advanced progression of disease to the lymphatics correlating with increased 

mortality. Many types of breast cancer demonstrate considerable heterogeneity 

although they stem from the same tissue. Extensive molecular and genetic work 

has been undertaken in the past to characterize these types of breast cancer and 

has succeeded in categorizing them into three main groupings based on their 

cellular markers: estrogen or progesterone receptor (ER or PR) positive, human 

epidermal growth factor receptor 2 (HER2) positive with or without ER or PR 

positivity, and triple negative breast cancer (TNBC) in which ER and PR are not 

expressed and HER2 is without amplification [5]. Sixty-two percent of breast 

cancers in the United States are diagnosed while the cancer is confined to the 

breast, while 31% of diagnoses have spread to the regional lymph nodes. Only 6% 

of cancers diagnosed in the United States are metastatic at the time of diagnoses, 

defined here as the cancer having spread to sites more distant than the breast 

and regional lymph nodes [6].For women with non-metastatic breast cancer, the 
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size of the tumor and the presence of local lymphatic involvement including the 

axillary lymph nodes correlates well with the patient’s risk for distant 

recurrence[7]. Reducing the number of deaths and increasing the mean survival 

time from breast cancer without diminishing quality of life should be a top 

priority for researchers by seeking new strategies to treat breast cancer.   

 

1.2 Lymphatic Anatomy of the Breast  

Due to the importance of the lymphatics in the progression of breast 

cancer metastasis and therefore the staging of breast cancer, the lymphatic 

anatomy of the breast is important to this work.  The lymphatic drainage of the 

breast consists of unidirectional flow of lymph, a combination of interstitial 

fluids, clotting factors, proteins, and leukocytes.   Lymphatic capillaries, which 

permeate most of the breast tissue, consist of a single endothelial layer with loose 

basement layer junctions to facilitate entry of macronutrients, cells, and fluids. 

Lymphatic capillaries drain into collecting vessels and lymph nodes, and finally 

into larger vessels such as regional lymphatic trunks[8].  Primary lymphatic 

vessels are similar in behavior to veins, they are made up of a smooth muscle 

endothelial layer and maintain unidirectional flow with valves along with muscle 

movement and respiration (Figure 1.1).  Finally, the lymph flows into either the 

right lymphatic duct or the thoracic duct and drains into the vasculature[9, 10].   
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Figure 1.1.  The lymphatic drainage of the breast to the vasculature. Adapted 

under open-use from [11] 

 

Located along the lymphatic vessels, the lymph nodes are bean-shaped structures 

which filter lymph using lymphocytes including primarily macrophages, B cells, 

and T cells.  Lymph nodes are commonly located where they may be well-

supplied with both lymphatic and blood vessels, they are usually about 20 mm in 

diameter.  Of all of the lymph produced in the breast, 75-90% drains to the 

axillary lymphatics, the sentinel lymph node of which is located at the lateral 

border of the pectoralis major[9]. 

 

1.3 Breast Cancer Metastasis and the Lymphatics 

Breast cancer typically arises from epithelial carcinoma, and while most 

breast cancers are categorized as a single disease, in truth they are a 

heterogeneous lesion that differs in biologic behavior and microscopic 
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appearance[12].  There are two in situ carcinomas of the breast, ductal and 

lobular, which are distinguished by the lesion growth and cytology.  Invasive 

breast carcinomas, however, are made up of several histological types including 

papillary, medullary, tubular, mucinous, ductal/lobular, invasive lobular, or 

infiltrating ductal.   

The most common types of breast cancer are ductal carcinoma in situ (DCIS), 

infiltrating ductal carcinoma, and infiltrating lobular carcinomas.  DCIS includes 

a heterogeneous group of cancers that offer different clinical presentation, 

histology, and biology; but without evidence of invasion into the surrounding 

stroma. Infiltrating ductal carcinoma is the most common form of invasive breast 

cancer, accounting for up to 80% of invasive breast cancers.  Infiltrating ductal 

carcinoma lesions are typically hard white/gray masses which are characterized 

microscopically by the cord and nest appearance of tumor cells.  Cytologically, 

these cancers demonstrate a range of malignancy, with those cancers of high 

malignancy inducing a fibrous response from breast tissues, which is a primary 

cause of palpable breast masses in these patients. Infiltrating ductal carcinomas 

tend to metastasize more rapidly than infiltrating lobular carcinomas.  

Infiltrating lobular carcinomas, while only making up five to ten percent of 

invasive lesions, have incidence rates which are rising rapidly, potentially due to 

the rise in use of post-menopausal hormone therapies[13]. These cancers 

generally do not produce palpable masses, and are microscopically characterized 

by smaller cells which are distributed through the mammary stroma and adipose 
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tissues, which substantially reduced fibrous response compared to infiltrating 

ductal carcinomas.  

In the case of non-invasive breast cancers, such as DCIS, cancer cells are unlikely 

to spread using the lymphatics.  However, in invasive breast cancers the 

lymphatics are typically the first method by which cancer cells metastasize, 

frequently to the sentinel lymph node.   

 

1.4 Current Breast Cancer Screening Techniques 

The standard of care for breast cancer screening has become routine 

mammography, and is proposed by the American Cancer Society (ACS) to be 

carried out every year starting at the age of 45 for women without increased risk.  

The ACS suggests that women at increased risk of breast cancer based on factors 

including personal history of breast cancer, dense breast tissue, first-degree 

relatives with breast cancer, presence of a BRCA1 or BRCA2 gene mutation, or 

other factors should begin routine mammography starting as early as age 25 

supplemented with yearly breast MRI.   

Mammography, a form of x-ray imaging specific to breast tissue, has been used 

extensively over the past 40 years as a part of breast cancer screening and 

diagnosis.  Mammographic images in a screening evaluation are taken in two 

views, the craniocaudal (CC) and mediolateral oblique (MO).  In the CC image, 

the breast is compressed from below and above and an image is taken from 

above, while in the MO view, the breast is compressed and imaged from the side. 
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These two views are necessary to distinguish between overlapping structures in 

the breast and abnormal tissues. Compression, in this case, is necessary to ensure 

relatively homogeneous breast tissue thickness to ensure even x-ray penetration, 

reduce motion artifacts, and improve imageability of the whole range of tissues.  

Mammography is not without radiation delivery, but dosage is minimal with an 

effective dose of each screening to be 0.7 mSv (712 BED)[14].  Abnormalities in 

mammography include masses, calcifications (micro and macro), asymmetries, 

breast density, and distortions, although many factors must be included by the 

interpreting radiologist to establish significance.   

Suspicious mammography results may illicit follow up via ultrasound imaging, 

and while whole-breast ultrasound screening may detect additional breast lesions 

invisible to mammography, this method is prone to false-positive results with 

negative results such as patient anxiety, unnecessary biopsies, and follow-up 

imaging[15].  In patients who have undergone mammography and have a 

detected suspicious mass or architectural distortion, ultrasound may help to 

further elucidate the malignancy of the mass, however a benign appearance on 

ultrasound does not negate the need for biopsy in mammographically suspicious 

masses.  Ultrasound is useful to identify breast cysts, which provide little to no 

risk of cancer.  In women with dense breast tissue, ultrasound is commonly used 

to improve visualization of masses which may be difficult to see in 

mammography or have been detected by physical examination.   

Patients at high risk of breast cancer are encouraged to have yearly breast MRI in 

addition to mammography.  With gadolinium contrast agents, many invasive 
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breast cancers will show substantial T1-weighted enhancement and, indeed, the 

sensitivity of MRI to breast sarcomas has been reported as high as 100 percent, 

however low specificity due to enhancement of benign lesions as well has limited 

MRI’s ability to replace biopsy [16-18]. 

 

1.5 Sentinel Lymph Node Biopsy 

Lymphatic metastasis is the most useful prognostic indicator for survival 

of patients with breast cancer, and previous work has shown how breast tumor 

lymphangiogenesis promotes the metastatic spread of breast cancer through the 

lymph system [19, 20].  

Even in early breast cancer, the American Society of Clinical Oncology (ASCO) 

recommends sentinel lymph node biopsy, in which 1 to 3 sentinel lymph nodes 

are removed for pathogenic analysis, or axillary lymph node dissection, where 

many more axillary nodes are removed and examined for signs of metastasis. 

Lymph node dissection is considered standard of care for patients with tumors in 

more than one location in the breast, DCIS and are having a mastectomy, or with 

a single breast tumor but with a history of breast cancer.   
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Figure 1.2. Conceptualization of sentinel lymph node, being the first lymph node 

draining from the primary tumor, as the first site of tumor cell migration before 

migrating to second and third tier lymph nodes.  Adapted with permission from 

[21].   

 

In the breast, the sentinel lymph node is the initial node the drains the lymph from 

the breast before passing that lymph on to subsequent nodes (Figure 1.2), and the 

ability of sentinel lymph node biopsy to accurately depict the status of an entire 

lymph basin has been demonstrated[22]. Sentinel lymph node biopsy has become 

a standard staging tool in breast cancer although the significance of tumor 

lymphatics in tumor progression continues to be debated [23]. Axillary lymph node 

involvement in breast cancer has been established to be an indicator of poor 

prognosis, with 5-year survival for these patients decreasing by as much as 48% 

[24]. Sentinel lymph node identification is currently carried out in one of two ways, 

using a technetium-labeled sulfur colloid (Tc99m SC) which can be measured 
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using a handheld probe or using a isosulfan blue dye, which visually stains lymph 

tissue (Figure 1.3).  After localization of the sentinel lymph node by one of these 

methods, a surgeon may extract the sentinel lymph node and surgical pathology is 

conducted to assess whether or not the sentinel lymph node contains metastases. 

It has been found that isosulfan dye has limited utility when compared to Tc-99m 

SC due to lower specificity and therefore increased false negative findings, in 

addition to risk of anaphylaxis and cosmetic issues such as long-term skin 

discoloration [25-28]. In addition, isosulfan dye has been reported to have 

unpredictable and rapid clearance from the lymphatics, which varies by patient 

[22, 29].Although Tc-99m SC also has shortcomings such as a shortage of tracer 

and nuclear medicine units, low half-life, and difficulty in safe waste disposal.   

 

Figure 1.3. Current Standard of care sentinel lymph node assessment using either 

radioactive dye (Tc-99m) or isosulfan blue dye, followed by probing and removal. 

[Figure from NCI under open-use] 

 

In cases where a patient is suspected to have regional metastatic spread of breast 

cancer, a definitive diagnosis and staging must be conducted. The first regional 
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site of metastasis is the lymph node, and is critical for staging and 

prognosticating. In the breast, dissemination in the lymphatics occurs most 

commonly through the thoracic duct or the right lymphatic duct leading to the 

subclavian veins [30]. Cancers almost always invade lymph nodes in sequence 

from the primary tumor, starting with the nearest, or sentinel, lymph node, 

typically invading into the axillary lymph nodes from the breast.  

There are 4 primary methods by which axillary lymph node assessments are 

made: Mammography, Computed Tomography (CT), Ultrasound Imaging, and 

Magnetic Resonance Imaging (MRI).   

 

1.6 Mammography  

Mammography is a specific type of X-ray imaging, specific to the breast 

tissue, which delivers a low dose of radiation (30 KVp). X-ray imaging, credited 

to have been invented by Wilhelm Röntgen in 1985, utilizes a cathode and anode 

where electricity flows through the vacuum tube through he cathode and to the 

anode of the X-ray generator. The anode, typically of tungsten-rhenium or 

tungsten molybdenum, emits X-radiation which is typically directed via a 

collimator, a device or plate of a heavy metal construction designed to reduce 

scattering and direct X-rays toward an indirect flat panel detector (iFPD). The 

iFPD converts the incoming X-ray, which has passed through the tissue of 

interest, into a visible light photon via the scintillator, which is then converted to 

a digital output signal. Mammography has some unique considerations when it 

comes to X-ray design, considering that it is commonly used in screening, 
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keeping radiation dosage low is imperative. Unlike conventional X-ray, the 

anode is designed to operate at a low KVp (17 – 30 KVp can be used) and design 

considerations are made to ensure that the X-ray spectrum is relatively 

monoenergetic, to minimize patient dose. The use of a molybdenum filter in 

mammography both reduces patient overall dose and can reduce K-shell binding 

energy and, as a result, can reduce contrast of the imaging. In mammography, it 

is important to take the breast shape into consideration as, due to the 

intentionally low X-ray dose that is applied, penetration can be limited. 

Considering that the thickest portion of tissue in the breast is nearest to the chest 

wall, mammography X-ray units can be designed to take advantage of the Heel 

effect to increase penetration in this region. To take advantage of this, the 

cathode of the X-ray tube is directed toward the patient such that the X-rays 

passing through the patient nearest to the chest wall are the most intense.   

Mammography is the standard imaging modality for screening of breast cancer.  

It can be used to detect enlarged lymph nodes, and therefore prompt further 

examination of the lymph node. However, it is not widely considered to be 

reliable for evaluating lymph nodes relating to breast cancer diagnosis primarily 

because parts of the axillary area are either unable to be visualized or are poorly 

captured by mammography [31]. In addition, mammography is not capable of 

fine soft tissue contrast which may, in some cases, be necessary to evaluate lymph 

nodes. Of the methods discussed here, mammography has been reported to have 

the highest false-negative rate in detecting metastasis to sentinel lymph nodes in 

patients with breast cancer [32].   
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1.7 Ultrasound 

Unlike X-rays, sound is a wave which must transmit through a medium. 

Sound waves, described by their wavelength, frequency, and amplitude, are used 

in ultrasound imaging, typically in the frequency range of 2 to 10 MHz [33]. 

Sound wave frequency and wavelength have an inverse relationship; this affects 

the choice of frequency used in each ultrasound imaging protocol. Higher 

frequency ultrasound enables higher resolution imaging at the expense of 

penetration depth, and lower frequency ultrasound has reduced resolution, but 

enables imaging of more deeply set objects. The velocity of a wave within the soft 

tissues of the body are considered to be about 1540 m/s, and the following 

equation described the relationship between velocity, wavelength, and frequency.   

 

𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦 (𝑚
𝑠𝑒𝑐⁄ ) = 𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 (𝐻𝑧) ∗ 𝑊𝑎𝑣𝑒𝑙𝑒𝑛𝑔𝑡ℎ (𝑚)              (𝐸1) 

 

In order to generate images from ultrasound waves there are two primary 

principles which must be understood, the piezoelectric effect and the pulse-echo 

principle. The piezoelectric effect, first described by Pierre and Jacques Curie, is 

the ability of certain materials to generate an electric charge when exposed to 

mechanical stress.  

Interestingly, this effect is reversible, if a high enough voltage pulse is applied to 

these material, they can deform. This technology has a variety of more mundane 

applications, such as vibration of a smart phone or the ignition source in a lighter, 
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but also has more pertinent applications such as atomic force microscopy, the 

ability to detect and produce sound, and high electronic frequency generation. In 

ultrasound, the piezoelectric effect describes how ultrasound is generated from 

applied high voltage pulses to ceramic crystals in the ultrasound transducer [38]. 

The pulse-echo principle explains how images in ultrasound are generated. In 

ultrasound, sound waves are transmitted and received by the same piezoelectric 

crystals; crystals are stimulated with an electronic pulse, those waves are 

transmitted through the tissue in the path of the ultrasound beam and are 

reflected back by structures in that beam’s path. These reflected waves are 

received by the piezoelectric crystals in the ultrasound transducer and converted 

from mechanical waves to electrical impulses to be interpreted into ultrasound 

images.   

Ultrasound images interact with tissue in 5 major ways: attenuation, reflection, 

scattering, absorption, and refraction. As the ultrasound wave passes through 

tissue it is gradually weakened, or attenuated; this can be caused by reflection, 

scattering, or absorption and is usually compensated by the ultrasound device. 

Reflection takes place when ultrasound waves bounce back to the ultrasound 

transducer, the time between the production and the absorption of these 

reflected waves at the transducer is how ultrasound images are generated. 

Reflection takes place when there is a difference in acoustic impedance in the 

imaging medium.   
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𝑅𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛 𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 =  
𝑍2 −  𝑍1

𝑍2 +  𝑍1
              (𝐸2) 

 

Acoustic impedance, here, is a physical property of a tissue that describes how 

much resistance the tissue has to an ultrasound beam passing through the tissue 

and is dependent on tissue density and sound wave speed. The amount of the 

wave that is reflected back to the transducer is the Reflection Fraction which is 

calculated as E2 where Z1 and Z2 are the acoustic impedances of 2 adjacent 

tissues in the beam path.  

 

 Table 1. Acoustic Impedance values of bodily tissues  

Tissue  
Impedance  

(kg/(m2s)) x 106  

Air  0.0004  

Lung  0.18  

Fat  1.34  

Water  1.48  

Kidney  1.63  

Blood  1.65  

Liver  1.65  

Muscle  1.71  

Bone  7.8  

 



15 
 

Ultrasound waves interacting with small or rough structures and being 

redirected is referred to as scattering. Scattering is more visible on higher 

frequency transducers and is partially responsible for the finer detail at these 

higher frequencies. Absorption occurs when ultrasound energy is absorbed by 

tissue in the form of heat, this is generally undesirable unless a contrast agent 

requires it. Refraction occurs when ultrasound waves interact with a structure at 

an oblique angle, this change in acoustic impedance causes the ultrasound beam 

to bend, which can cause artifacts in the ultrasound image.   

In order to produce an ultrasound beam, more than one transducer is required. 

There are three primary forms of transducer arrays that make up ultrasound 

probes, linear arrays, convex arrays and phased arrays (Figure 1.4). A linear 

array, as seen in Figure 1.4a, is used by directing a voltage pulse to each element 

of an array in turn, producing a simple scanning motion. These more traditional 

transducers use each element to produce one “scan line” to produce an image. A 

convex, or curved linear, array functions similarly to the linear array, but are 

arranged along a curved surface in order to deliver a trapezoidal field of view 

(Figure 1.4b). This delivers a wider field of view at the cost of lower lateral 

resolution, particularly as depth increases. Finally, the phased array utilizes all 

elements near simultaneously to create a single waveform (Figure 1.4c). Small 

delays can be added between each element firing to steer or focus the waveform 

without moving the ultrasound transducer. The image sensitivity and lateral 

resolution are highest at the focal point of these images due to this beam 

steering.   
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Figure 1.4. Common ultrasound transducer configurations. a. Linear Array, b. 

Convex Array, c. Phased array with beam steering. Original work of Dr. Rachael 

Nightingale adapted under open-use.   

 

Ultrasound is a relatively affordable, common, and simple to use imaging 

method without ionizing radiation which has been used extensively in breast 

cancer lymph node metastasis diagnosis, but has not seen extensive use in 

therapy [3].  Ultrasound is the most common imaging modality choice 

worldwide to assess lymph nodes for breast cancer metastasis in patients with 

known breast cancer [34]. It has been noted that the size of lymph nodes on 

ultrasound are less important than morphology, with morphological 

characteristics indicative of metastasis including cortical thickening (greater 

than 2.5mm), focal cortical lobulation, loss of fatty hilum, having a round shape, 

and having abnormal cortical blood flow (Figure 1.5) [35, 36]. While Ultrasound 

can be highly specific when interrogating nonpalpable metastatic lymph nodes, 
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the sensitivity ranges from 26% to 76% and specificity ranges from 88 to 98% 

due to intra-operator variability [31], this wide range of sensitivities is likely due 

to the lack of standard or consensus for lymph node imaging with ultrasound.   

 

 

   

Figure 1.5. An example ultrasound image of a metastatic auxillary lymph node, 

note the asymmetric cortical thickening and hypoechoic cortex/loss of hilum.  

Adapted from [32] with permission.  

 

Ultrasound-guided lymph node sampling has been useful for verifying the 

presence of metastasis in a suspicious node through methods such as fine-needle 

aspiration and core-needle biopsy. Fine-needle aspiration (USFNA) is quick and 

well tolerated by patients, but has mixed sensitivity (25 – 87.2%) depending on 

the experience of the operator and pathologist [37]. Core-needle biopsy 
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(USCNB), however, is equally safe to USFNA, but has a higher sensitivity, 

leading some institutions to favor USCNB over USFNA.   

Preclinically, ultrasound has been used previously to image the lymphatics, with 

some success assessing the sentinel lymph node.  In 2002, Mattrey et al. for the 

first time published images of the sentinel lymph nodes with a microbubble 

contrast agent, showing that this imaging is indeed possible.  Mattrey et al. used 

a rabbit squamous cell carcinoma model injected with AF0150, a 

tetradecafluorohexane-based ultrasound contrast agent microbubble, and found 

that lymph nodes which contained cancer cells were found to have reduced 

microbubble filling when compared to those without cancer cells[38].  Indeed, 

research in a similar vein continues today, with more recent work investigating 

more successful modern microbubbles such as Sona Vue®, Sonazoid®, and 

Definity®.  In typical studies of ultrasound investigating the sentinel lymph node 

in breast cancer, contrast agents are injected subcutaneously or intradermally, 

but some evidence suggests that the best results come from injections 

subcutaneously to each quadrant surrounding the tumor site. Previous work 

comparing CEUS with Sonazoid® showed that while CEUS demonstrated 

sensitivity similar to that of isosulfan dye, it fell short of Tc99 dye (70% 

compared to 100% with Tc99)[39].  Similar results have been found by using 

Sona Vue®, but with improved sensitivity[40]. Increasing the stability of these 

contrast agents while maintaining sensitive contrast might improve the ability of 

ultrasound to assess the sentinel lymph node for metastasis.  
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1.8 Phase Change Contrast Agents 

Microbubbles have proven to be a breakthrough in ultrasound imaging 

technology, taking advantage of the large difference in echogenicity between the 

surrounding liquids and the gaseous core of the microbubble to produce robust 

ultrasound contrast enhancement.  These microbubbles have allowed ultrasound 

to be used effectively in a diverse set of imaging scenarios to great effect. 

However, they have been demonstrated to have substantial limitations. Due to 

their relatively large size, typically between 1 and 8 microns, microbubbles are 

generally restricted to the vasculature due to their inability to pass through the 

vascular wall, and are generally only well-suited to imaging targets therein.  

Perfluorocarbon gas core microbubbles typically have poor in vivo stability and 

dissolve into the blood rapidly.  In addition to poor physical stability, 

microbubbles are both actively and passively removed from circulation by the 

lungs and immune system, and by these mechanisms the stability of 

microbubbles in vivo is on the order of minutes.   

In the early 2000s, phase change contrasts agents (PCCA) were developed to 

overcome many of the limitations of microbubbles.  PCCAs are a liquid 

perfluorocarbon core material with a lipid or polymer shell, when these nano-

scale droplets are exposed to intense ultrasound energy they change phase into a 

gaseous microbubble, enabling robust ultrasound contrast similar to 

microbubbles (Figure 1.5) [41, 42].  While these PCCAs have been demonstrated 

to be able to extravasate from circulation and demonstrate improved in vivo 

stability when compared to microbubbles, they require intense ultrasound energy 
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to change phase, well outside of the FDA mandated 1.9 mechanical index limit, 

and carry the risk of excessive tissue heating, among other concerns[43].    

 

Figure 1.6.  Schematic of phase change contrast agents function.  A 

perfluorocarbon liquid filled lipid or polymer shell, when exposed to intense 

ultrasound energy will undergo phase change into a microbubble.   

 

Recently, low-boiling point phase change contrast agents (LBPCCA) have been 

introduced.  These LBPCCAs utilize a perfluorocarbon core material with boiling 

point significantly lower than body temperature, and reduce the ultrasound 

energy required to initiate phase change[44].  The superheated liquid core is only 

maintained by the excessive pressure which is exerted upon the core by the shell, 

referred to as the Laplace pressure (E3)  

∆𝑃𝑙𝑎𝑝𝑙𝑎𝑐𝑒 =
2𝜎

𝑟
               (𝐸3) 

Where σ is the surface tension between the droplet core and shell, r is the radius 

of the droplet, and ΔPlaplace is the difference in pressure across the shell of the 

droplet [45].  By increasing the surface tension between the core and shell 
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material and decreasing the radius the liquid perfluorocarbon core may be 

superheated and maintain its liquid phase. Care must be taken when utilizing 

these droplets, as they are sensitive to both pressure changes and temperature 

and may phase change if temperature rises above a certain threshold or pressure 

drops. These droplets were first used primarily for ex vivo cell imaging and direct 

tumor injections in mice, to validate their potential for use.  LBPCCAs have only 

in the last 3 years begun to be used in vivo in animal models in any systemic 

manner, Rojas et al, demonstrated their use for in vivo molecular imaging to 

image intravascular integrin ɑvβ3 using a cyclic RGD peptide mechanism in a rat 

model of fibrosarcoma.  Here, they showed that while the overall contrast 

provided by traditional contrast agents was greater than that of PCCAs, they were 

more easily able to image small quantities of binding agents with the PCCAs[46].  

Unfortunately, this work does not demonstrate one of the largest advantages of 

PCCAs when compared to traditional contrast agents, the ability to escape the 

vasculature.  In another example, Gao et al. developed a dodecafluoropentane 

(DDFP) nanodroplet which was encased in a polymer shell and combined with a 

doxorubicin prodrug.  In this work, Gao et al. demonstrated this droplet’s ability 

to target and deliver drugs to HepG2 and CT-26 cells, demonstrating another way 

in which these LBPCCAs can be used to both target cells and deliver therapeutics 

[47].  It should be noted, however, that although these core materials are 

primarily carbon and fluorine, no fluorine MRI has previously been conducted on 

any LPBCCA or the materials that make up the core, nor has any work been 

published demonstrating the utility of LBPCCAs as a dual contrast agent.   
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1.8 Magnetic Resonance Imaging 

Magnetic resonance imaging (MRI) is an imaging tool that uses strong magnetic 

fields and low energy radio signals to gather information from certain atomic 

nuclei to produce images. As such, MRI does not require ionizing radiation to 

produce images. Quantum mechanics is required to describe a tissues behavior 

when subjected to MRI fields, however classical models have been demonstrated 

that adequately describe the atomic-level physics. In clinical imaging, hydrogen 

is the most commonly interrogated nucleus, however other nuclei are able to be 

imaged such as carbon-13, phosphorus, and fluorine-19. Under normal 

conditions, these hydrogen atoms, presented as a nucleus spinning about its own 

axis, are arbitrarily distributed within space, with magnetic fields produced from 

each nucleus spin cancelled out in the bulk of atoms, thus demonstrating a net 

magnetic vector of zero (Figure 1.6).   

However, when a strong magnetic field is applied to these atoms (B0), the nuclei 

can adopt one of two orientations: one which is parallel to the magnetic field, or 

one that is antiparallel to that field. Parallel alignment is the lower energy state 

of the two, and is therefore slightly more common, with a population ratio of 

approximately 100,000 to 100,006. In this state, a net magnetization vector (Mz) 

is aligned to the external magnetic field and results from the difference between 

the two atomic populations. It is an oversimplification to suggest that these 

atoms are directly lined up with the magnetic field as these atoms, importantly, 
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process about the direction of the external field at a frequency given by the 

Larmor equation (E4).   

 

𝑓 =  
𝛾𝐵0

2𝜋
                   (E4) 

 

Here, f is the precessional frequency (Hz), γ is the gyromagnetic ratio of the 

nucleus of interest, and B0 is the magnetic field strength (T).   

 

  

Figure 1.6. Cartoon of atomic precession within a strong external magnetic field, 

B0. A. Net magnetization occurs in the same direction as the main magnetic field. 

B. Atoms precess around the main magnetic field lines but are out of phase.  
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In this equilibrium state, there is no useful measurable signal from the net 

magnetization. In order to get useful information from these spins, the direction 

of the net magnetization must be altered, or excited. To excite the nuclei, brief 

RF pulses are applied at the Larmor (resonant) frequency of the atoms in a 

direction perpendicular to B0. The absorption of this RF pulse by the atoms pulls 

the precession of the atoms into phase at an angle from the main magnetic field. 

When this RF field is released the atoms will slowly relax back to their original 

states. There are two independent processes of relaxation that demonstrate 

different characteristics. The process of atomic magnetic spins realigning with 

the main magnetic field is called the longitudinal, or spin-lattice, relaxation 

process, and is characterized by the T1 relaxation time, defined as the time 

required for the system to recover to 63% of its equilibrium value after exposure 

to a 90° RF pulse. The second process of relaxation is referred to as transverse, 

or spin-spin, relaxation and refers to the dephasing of spins due to small 

differences in the Larmor frequency induced by spin-spin interactions, local 

magnetic inhomogeneity, and inhomogeneity of the main magnetic field. This 

process is characterized by the T2 relaxation time; the time it takes for dephasing 

to decay the signal by 63% of its original value.   
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Figure 1.7. Top: The T2 relaxation process showing the dephasing of atomic 

spins. Bottom: The T1 relaxation process, showing the realignment of the net 

magnetization to B0. 

 

  

Figure 1.8. Typical T1 and T2 relaxation curves showing decay back to baseline in 

both cases over time. The time it takes for the T2 relaxation to decay to 37% of its 

initial value is the T2 relaxation time, similarly the time for T1 relaxation to reach 

63% of its final value is the T1 relaxation time.   
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To create an image in MRI, the MR signal must contain information about the 

location of the signal nuclei, this is done in 3 steps, slice selection, frequency 

encoding, and phase encoding. Slice selection is done by adding a magnetic 

gradient (typically 15 – 70 mT/m) along the main magnetic field. Because the 

precession frequency is dependent on the local field strength, as described in the 

Larmor Equation (E3), some narrow band of frequencies will only excite a slice 

of spins in the body. For slices in any direction, directional gradients can be 

applied to acquire a slice in any direction.   

Frequency and phase encoding are used to obtain information about individual 

voxels within a slice. To conduct phase encoding, a short gradient pulse is 

applied between the RF excitation and the signal readout along a second axis, 

causing the atoms along that gradient to spin at different frequencies for a short 

period of time. Once that gradient pulse ends, however, they resume spinning at 

the same frequency, but with different phase. The precessing nuclei are 

frequency encoded by applying a magnetic gradient in the direction of the third 

axis, typically for the duration of MR signal collection, causing the atoms along 

this axis to precess at different frequencies.   

MR signal is collected and stored in what is called “k-space”, which requires 

Fourier reconstruction to form an anatomical image. Each point in k-space 

represents a spatial frequency of the object being imaged, and the strength of 

MR signal, the value of the data point in k-space, indicates the strength of that 

frequency within the object imaged. Lower spatial frequencies, those nearer the 
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center point in k-space, contain information about the contrast and shape; 

higher frequencies contain information related to image sharpness and detail.   

  

  

Figure 1.9. K-space reconstruction of anatomical wrist image. A. Original k-space 

data. B. Image reconstructed from Fourier analysis of A. C. Center portion of k-

space data with higher frequency data removed. D. Image reconstruction from C, 

structures are visible and contrast is good, but poor detail and sharpness. E. Outer 

portion of k-space data with low frequency components removed. F. Image 

reconstruction from E, low structural contrast, but high detail and sharpness. 

Image used with permission from [48] . 

 

Once images have been converted into an anatomical image, it is important to 

consider that the intensity of any tissue or voxel is directly related to the 
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magnitude of MR signal and is dependent on the net tissue magnetization in that 

voxel in the z (or slice encoding direction) as well as the magnetization in the x-y 

plane (the frequency and phase encoding plane). In order to vary the contrast of 

MRI images to acquire the best image of a specific tissue of interest, pulse 

sequences were designed. A pulse sequence is a specific application of RF pulses, 

gradients, and signal acquisition. Pulse sequences are defined using multiple 

parameters, the most important of which are the echo time (TE), repetition time 

(TR), flip angle (FA), field of view, matrix size, echo train length (ETL), and 

diffusion weighting (b-value). TE refers to the time between the RF pulse to 

excite atoms and the peak of the signal induced within the coil, measured in 

milliseconds; the TE controls the amount of T2-relaxation. TR is the time 

between one RF excitation pulse and the next RF excitation pulse, determining 

how much longitudinal recovery occurs between RF pulses. The flip angle 

describes the extent to which the axis of rotation of the atoms shifts from the 

longitudinal plan (B0) into the transverse plane (XY). The field of view is the 

geometric space within which imaging occurs. The matrix size is the 

dimensionality of the matrix of pixels contained in the field of view in each axis. 

The ETL is the number of echoes acquired within a single TR interval. In 

diffusion weighted imaging (DWI), the b-value is a measure of the degree to 

which diffusion weighting is applied to an image sequence and is calculated 

based on the intensity of gradients, the duration of gradients, and time between 

applied gradients. The most basic pulse sequences are spin echo (SE) and 

inversion recovery (IR) sequences. In an SE pulse sequence (Figure 1.10, left), 

there are two variables of particular interest, the relaxation time (TR) and the 
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echo time (TE). This basic MRI sequence timing can be adjusted to deliver T1-

weighted, proton density, or T2-weighted images. Fast Spin Echo (FSE) reduces 

imaging time relative to SE sequences by recording multiple echoes in each 

repetition (Figure 11, center), the number of echoes in each TR is known as the 

ETL. FSE, or Rapid Acquisition with Refocused Echoes (RARE), pulse 

sequences, however, has a few shortcomings including reduced signal to noise 

ratio (SNR) and less specific T2-weighted imaging.  

 

  

Figure 1.10. Conventional Spin Echo, Fast Spin Echo, and Inversion Recovery 

pulse sequences.  Fast Spin Echo sequences have similar structure to Spin Echo 

sequences, however they refocus and capture multiple echoes within a single TR. 

Inversion recovery sequences add an inverting RF pulse that precludes the SE 

sequence. Original work adopted with permission from Dr. Frank Gaillard.  

 

Inversion recovery pulse sequences are typically used clinically to remove the 

signal of specific tissues, such as fat, and was initially designed to generate 
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heavily T1-weighted images (Figure 1.10, right). The inversion recovery pulse 

sequence is similar to an SE sequence, but is precluded by a 180° pulse. This RF 

pulse flips the net magnetization of the tissue and, as tissues return to the 

baseline magnetization at a rate determined by their T1 relaxation time, the spin 

echo sequence is initiated at a time precisely then the tissue the operator wishes 

to suppress is at zero magnetization.   

In regard to T1 and T2-weighting, a T1-weighted image relies on the longitudinal 

relaxation of the net magnetization of a tissue back to the main magnetic field. A 

pulse sequence can be tuned to better display the difference in how quickly 

tissues recover their longitudinal relaxation by using short TE and TR times. T1-

weighted sequences provide hyper-intense contrast for paramagnetic contrast 

agents. In a T2-weighted image, the transverse relaxation (or dephasing) of the 

atomic spins contributing to the net magnetization is relied on, typically 

requiring longer TE and TR times. T2 decay in a tissue is both inherent to that 

tissue as well as dependent on some extrinsic factors including field homogeneity 

which can be captured by T2* weighted images. To exclude the T2* effects, 

refocusing pulses are applied to a spin-echo image. Many paramagnetic contrast 

agents result in a hypo-intense T2-weighted image. T2*-weighted images take 

into account both T2-effect as well as magnetic susceptibility effects due to 

magnetic inhomogeneity in the image, T2*effects are observed in gradient echo 

imaging and can be useful for imaging inherently inhomogenous tissues.   

At this time, MRI only has a minor role in the evaluation of axillary lymph nodes, 

primarily due to the artifacts that can occur clinically from the pulsatile action of 
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the heart and the limited field of view when breast coils are utilized. MRI has 

been used to evaluate axillary lymph nodes using lymph node size as a predictor 

of metastasis, however this has been shown to be a poor method of analysis as 

size is not always an accurate predictor of metastasis. In MRI, features which 

have been shown to be indicative of malignancy include cortical thickening, loss 

of fatty hilum, a round shape, and a low long axis to short axis ratio (< 2) [17, 49, 

50]. In addition to these morphological indicators, which correspond well with 

those in ultrasound, the present of perifocal edema, indicated by significant T2 

elongation surrounding a node, has a high positive predictive value of 

malignancy, on the order of 100% [51]. Ultra-small superparamagnetic iron 

oxide (USPIO) has been fabricated from a small iron oxide crystalline core with a 

low molecular-weight dextran coating. These particles are able to cross the 

vascular wall in capillaries into the interstitial space, where they drain into 

lymphatic vessels and to lymph nodes. These particles are actively taken up by 

macrophages in healthy and benign nodes, which causes a loss in signal intensity 

in T2-weighted imaging as a result of the particles’ superparamagnetic 

properties. Nodes which are metastatic will either not take up the USPIO 

particles at all or only partially, so these nodes remain relatively bright compared 

to those which have substantially taken up USPIO (Figure 1.11) [19, 52]. 

However, as these are negative contrast agents they carry the potential for “false 

positive” signals in lymphatics that they have either passed through or not yet 

reached as well as difficulty in quantification and the potential for inherited 

signal to prevent accurate diagnoses.   
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Figure 1.11. Diagnostic criteria of USPIO in the diagnosis of metastatic lymph 

nodes using T2*-weighted imaging. Used with permission from [53].  

 

1.9 Fluorine MRI 

Because of the unique method by which MRI functions, imaging the net 

decay of resonant magnetic spins on an atomic level, MRI can be “tuned” to 

specific atoms’ resonant frequencies to stimulate only those atoms, providing 

highly specific imaging. In traditional MRI, hydrogen atoms are the target of the 

resonant frequency, however, most clinical MRI machines are capable of a range 

of resonant frequencies that include that of Fluorine-19 (19F). 19F MRI has a long 

history of pre-clinical use, given that it has several advantages to other 

“alternative” MRI techniques such as 13C and 31P. 19F MRI has 100% natural 

abundance and NMR sensitivity 83% that of hydrogen [54]. While humans have 

limited fluorine atoms in our bodies, the fluorine we do have is in a solid form in 

the teeth and bones, which results in an extremely short spin-spin relaxation 
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time (T2) which causes them to be invisible to all but the most exotic MRI 

methods. The lack of background signal in 19F MRI provides a high contrast-to-

noise ratio and specificity in vivo when a contrast agent is successfully utilized 

[55].   

Fluorine-MRI has been used to track many different cell types including T-cells, 

cancer cells, stem cells, and dendritic cells, among others [56-58]. Specifically, 

Fluorine-MRI has been used to investigate the role of macrophages in head 

tumors in a murine model [59].  In the work of Khurana et al. a perfluorocarbon 

(Perfluoropolyether) emulsion was systemically injected to label macrophages 

and visualize their accumulation in the squamous cell carcinoma tumor 

periphery using an 11.7T Bruker scanner with a dual-tuned birdcage coil. This 

study, and similar studies, rely on ex vivo cell labeling to achieve fluorine-MRI 

cell tracking.  A common contrast agent for fluorine-MRI, perfluorocarbons have 

been well-established as they have been used for this purpose for decades.  

Perfluorocarbons (PFCs) are organic compounds containing only covalently 

bonded carbon and fluorine atoms, they are considered among the most 

chemically and biologically inert substances produced.  These materials are 

strongly hydrophobic and, in many cases, lipophobic. In the past, researchers 

found that the high oxygen solubility in certain PFCs facilitated their use in 

liquid breathing and as a blood substitute, validating their safety and utility in 

vivo [60-63].    
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1.10 Dual-Contrast Agents 

Dual contrast agents are typically selected with complementary imaging systems 

to take advantage of the strengths of each system, improving imaging sensitivity 

and specificity.  Historically, MRI dual contrast agents are discussed as T1-T2 

dual contrast agents, which dramatically impact both the T1 and T2 relaxation 

times of affected tissues to either enhance or reduce the local signal intensity of 

an image[64, 65].  While these methods and contrast agents do produce useful 

information about the tissue and contrast agent, they do not produce data that is 

substantially different from a single contrast agent for most purposes. Of more 

interest is the dual contrast agents which utilize two different imaging modalities.  

MRI has been used as one of the contrast agent use cases for many of these dual 

contrast agents alongside several other imaging modalities including positron 

emission tomography, computed tomography, fluorescence imaging, and 

ultrasound.   

MRI-CT Dual contrast agents have been typically used to better resolve hard-

tissues such as bone cements or hard-soft tissue contrast such as cardiovascular 

plaque imaging, although limited to the preclinical setting[66, 67].  There has, 

however, been some development of MRI-CT imageable nanoparticles for a wide 

range of applications [68-71].  MRI-PET dual contrast agents have seen relatively 

widespread preclinical use in tumor imaging due to PET’s high sensitivity and 

MRI’s high resolution.  Upon first introduction, MRI-PET dual contrast agents 

were a simple cocktail of MRI and PET probes, which was found to be extremely 

risky for patients[72].  More recently, probes designed for the purpose of dual 
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imaging MRI and PET have been developed, the most popular of which is a 

version of the USPIO nanoparticle discussed as an MRI contrast agent, and 

shares its weaknesses as a negative contrast agent.  Of more interest, due to the 

content of this dissertation, is MRI-US dual contrast agents, which have had 

some preclinical success in the past, but no clinical use.  There have been several 

examples of recent MRI-US contrast agents, but the majority of them rely on a 

similar strategy of MRI to the USPIO nanoparticles discussed as an MRI contrast 

agent, and share those limitations.  In these nanoparticles, a core-shell 

nanodroplet with a liquid perfluorocarbon (typically perfluoropentane, perfluoro-

15-crown-5-ether, or another high boiling point perfluorocarbon) core is used to 

provide ultrasound contrast after phase change is initiated by either intense 

ultrasound energy or optical stimulation via laser.  This intense ultrasound 

energy is substantially higher than FDA allowance and laser stimulation is only 

feasible within 1-2 cm of the skin without surgery[73-76]. Commonly, dual 

contrast agents including MRI will use paramagnetic contrast agents to 

dramatically shorten T1 relaxation times.  Recent work on dual MRI and 

Ultrasound contrast agents includes that of Li et al, who used a hollow iron-

doped silica nanoparticle to provide both MRI and Ultrasound contrast.  In this 

work, Li et al developed this HER2 targetted nanoparticle to provide positive 

ultrasound contrast from the hollow core and negative T2-weighted MRI contrast 

from the iron within the shell of the particle [77].  While they were able to target 

cancer cells and provide positive ultrasound contrast, negative MRI contrast has 

been the subject of criticism in the past as previously described.   
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1.11 Macrophage Targeting  

Macrophages are a specialized cell type which originate from monocytes 

and are involved in the detection and destruction of foreign cells or particles.  

Macrophages utilize an arsenal of recognition receptors which interact with 

different pathogen components including sugars, RNA, DNA, and proteins.  

There have been a variety of investigations into the design of particles to 

facilitate preferential macrophages uptake of nanoparticles, and one primary 

finding is that the physicochemical properties of the nanoparticle is largely 

determinative of macrophage uptake.  A common method of avoiding 

macrophage interacting in systemic nanoparticle delivery is through the use of 

PEGylation, where nanoparticles are surface-coated with polyethylene glycol.  

With PEGylation, macrophage uptake can be reduced by 40 to 70% [78, 79]. 

Macrophage targeting has been accomplished by coating nanoparticles with 

Phosphatidylserine to emulate the natural “eat me” markers which occur in 

apoptotic cells [80, 81].  Macrophage binding to nanoparticles is also dependent 

on surface charge of the nanodroplet.  Macrophages exhibit sialic acid on their 

surface, contributing to a slightly negative surface charge [82, 83]. Because of 

this negative charge, nanoparticles with a positively charged surface are more 

likely to bond with the macrophage and subsequently be phagocytosed, although 

some evidence exists which suggests that the key factor is a non-neutral surface 

charge, as negatively charged nanoparticles bond well to the plasma membrane 

[84, 85].  Indeed, a linear relationship has been established between absolute 
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nanoparticle surface charge and likelihood of phagocytoses by macrophages 

[86].  A negative surface charge may increase the likelihood of nanoparticle 

uptake resulting in endocytosis, which is preferable in cases where the 

preservation of the nanoparticle surface structure is required[87].  

While there have been numerous previous attempts to assess the sentinel lymph 

node non-invasively, none have successfully delivered a clinically feasible 

method of assessment that can rival the sentinel lymph node biopsy.  Here, I 

propose the use of a low boiling-point phase change contrast agent to serve as 

Fluorine-MRI and Ultrasound positive contrast to effectively be taken up by 

macrophages in sufficient quantities to be imaged, indicating it’s potential as a 

tool for sentinel lymph node assessment.  
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Chapter 2: Research Motivation, Specific Aims, and Significance 

2.1 Research Motivation 

Breast cancer is the most diagnosed cancer in women and the second leading 

cause of the cancer-related death in women.  Current breast cancer screening is 

carried out primarily by mammography and physical examination, while 

ultrasound and MRI serve as secondary screening and diagnostic roles.  One of 

the primary challenges in breast cancer diagnosis is staging of breast cancer, due 

to the difficulties associated with sentinel lymph node identification and biopsy 

including complications and invasiveness of surgery, potential for anaphylaxis, 

radiation dose, and limited nuclear medicine units.    

One of the key shortcomings of current sentinel lymph node assessment is the 

need to first a locate the sentinel lymph node using a potentially hazardous 

method such as isosulfan dye or technetium 99 sulfur colloid, then either surgery 

is required to remove and assess the lymph node, or a less invasive, but 

potentially less accurate core biopsy or fine needle aspiration is conducted.  Some 

work has been done before in an attempt to improve the assessment of the 

sentinel lymph node, but these works have limited sensitivity, selectivity or were 

impractical in the clinic.  With new advances in the field of phase-change contrast 

agents, I believe it is possible that a novel nanodroplet-based contrast agent 

could be developed to better assess the status of the sentinel lymph node by 

taking advantage of the availability and sensitivity of ultrasound imaging and the 

selectivity or fluorine MRI.   
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The long term goal of this work is to develop a decafluorobutane phase change 

contrast agent for use in locating, diagnosing, and staging of breast cancer 

metastasis in the lymphatics using 19F MRI and ultrasound. 

2.2 Specific Aims 

Aim 1: Develop a decafluorobutane nanodroplet which may be used for 19F MRI 

and ultrasound imaging.  (Presented in Chapter 3) 

 

Hypothesis:  Decafluorobutane nanodroplets are hypothesized to provide robust 

fluorine-MRI contrast with substantial sensitivity and stability.   

 

Approach: Nanodroplet formulation will be optimized for particle size and 

stability.  TEM will be conducted to assess droplet morphology. NMR will be 

conducted on nanodroplet formulations to ensure DFB content and assess MRI 

feasibility.  MRI optimization will be based initially off of NMR spectra, then 

iteratively tuned.  Ultrasound contrast will be verified and stability will be 

assessed with NMR.   

 

Innovative Features: This work for the first time will demonstrating the imaging 

potential of DFB NDs using fluorine MRI.  Droplet tuning will provide improved 

stability.   
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For Aim 1, the main objectives of this study include: 

 Fabrication of an optimized nanodroplet 

 Assessment of nanodroplet stability using NMR 

 Validation of nanodroplet Ultrasound phase change behavior 

 Imaging of DFB nanodroplets using 19F MRI.  

 

Aim 2: To establish DFB NDs as a means of tracking macrophage transportation 

to the lymphatics.  (Presented in Chapter 4) 

 

Hypothesis: DFB NDs will be favorably taken up and retained by macrophages in 

sufficient quantities to conduct imaging.   

 

Approach:  Nanodroplets will be incubated with Raw 264.7 cells for up to 8 hours 

and fluorine-NMR will confirm droplet uptake and retention by macrophages.  

Nanodroplet-bearing macrophages will be imaged using ultrasound.   

 

Innovative Features: This work will, for the first time, assess the ability of 

macrophages to take up a LBPCCA.  Using fluorine-NMR this is the first time a 

study will investigate the fluorine-MRI imageability of macrophages labeled with 

DFB NDs.   
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Main objectives: 

 Assess macrophages uptake of DFB NDs 

 Investigate the time-course of DFB ND uptake by macrophages 

 Observe the retention of DFB NDs by macrophages 

 Assess the imageability of DFB NDs labeled macrophages  

 

2.3 Research Significance 

  This project is expected to have a significant impact by addressing the 

shortcomings of many clinical sentinel lymph node identification methods, 

including risk of anaphylaxis by isosulfan dye and limited nuclear medicine units 

and radiation exposure by technetium-labeled sulfur colloid. In addition, this 

work could reduce the need for surgeries or biopsies to assess the sentinel lymph 

node once it has been located. This work builds on previous ultrasound contrast 

agent work establishing the functionality of DFB NDs as an ultrasound contrast 

agent and work on liquid perfluorocarbons as fluorine-MRI contrast agents.  

Although only macrophages will be investigated as a target in this work, these 

droplets have the potential to be used in a variety of contexts where the 

sensitivity of Ultrasound and the selectivity of fluorine-19 would be useful.  
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Chapter 3: Development of a Decafluorobutane dual-contrast agent 

for MRI and Ultrasound imaging 

3.1 Abstract 

Dual contrast agents for Ultrasound and MRI have seen increased interest 

in recent years, taking advantage of the high spatial resolution and soft tissue 

contrast of MRI and the real-time temporal resolution and low cost of 

ultrasound.  Here, a simple fabrication of decafluorobutane nanodroplets, which 

has been presented for use as a contrast agent in ultrasound, is assessed for use 

with fluorine-19 MRI and it’s potential as a dual-contrast agent.  DFB NDs were 

fabricated by a modified condensation method and were found by DLS to be 278 

± 12nm and by NMR to have marked stability at 37°C, losing 57% of encapsulated 

DFB after 8 hours.  NMR revealed narrow peaks on the 19F NMR spectrum at -

84.5 and -129.9 ppm and subsequent 19F MRI found promising imageability of 

DFB NDs and sensitivity of 79 µM.  Ultrasound sonication and MRI found phase 

change to occur predictably within clinically available ultrasound mechanical 

indices.  These properties demonstrate the potential of DFB NDs as a dual 

ultrasound and 19F MRI contrast agent.   

3.2 Introduction 

3.2.1 Ultrasound Contrast Agents 

The addition of contrast agents to ultrasound imaging has delivered a 

range of enhancements and extensions to clinical practice.  Microbubbles (MBs) 

are micron-sized gas filled spheres which have been designed to produce contrast 

in ultrasound imaging [88, 89].  These MBs are currently used extensively in the 
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clinic and have been improved over the decades, but due to their structure, MBs 

are inherently fragile, and are typically destroyed within minutes of intravenous 

administration; due to their size MBs are also limited to the intravascular space 

[44, 45, 90, 91]. More recently, smaller ultrasound contrast agents, phase change 

contrast agents, have opened up new opportunities for ultrasound diagnosis and 

therapy.  Phase change contrast agents (PCCAs) PCCAs are sub-micron droplets 

or particles which typically take the form of a lipid or polymer shell filled with a 

liquid perfluorocarbon; due to their smaller size they are able to extravasate into 

tissue through leaky endothelium and could be used for cancer extravascular 

imaging.  Once PCCAs have reached their target, high intensity focused 

ultrasound (HIFU) can be applied to the target area to spontaneously change the 

phase of the liquid perfluorocarbon core into a gas which can be imaged using 

ultrasound [92].  The primary limitation of PCCAs, initially, was the necessity of 

using intense ultrasound energy to drive this phase change [44, 93].  To reduce 

the energy required to initiate phase change, low boiling-point perfluorocarbons 

with boiling points below 37°C have been used including Decafluorobutane 

(DFB) (-4°C), Octofluoropropane (OFP)(-34°C), and Dodecafluoropentane 

(DDFP) (28°C).  Of these low-boiling point perfluorocarbons, DFB and OFP 

nanodroplets have the key advantage of being able to phase change within the 

FDA mandated ultrasound Mechanical Index (MI) limit of 1.9 when 

appropriately encapsulated [94].  The fabrication of these nanodroplets is slightly 

complicated by the necessity to condense the gaseous perfluorocarbon into its 

liquid phase.  Previous work on low boiling-point phase change contrast agents 

(LBPCCAs) has shown that they can be relatively more stable than microbubbles 
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with stability of up to one hour and have been shown to, when phase changed, 

produce ultrasound contrast [44].   

 

3.2.2 Fluorine MRI  

As a result of MRI’s ability to image the net decay of resonant atomic spins, MRI 

can ben “tuned” to specific atoms’ resonant frequencies to specifically stimulate 

those atoms, providing highly specific imaging [95].  In traditional MRI, 

hydrogen atoms are the target of the resonant frequency; however, many clinical 

MRI machines are capable of a range of resonant frequencies, including that of 

Fluorine-19 (19F).  19F MRI has a long history of pre-clinical use, given its 

numerous advantages to other “alternative” MRI strategies such as 13C and 31P.  

19F MRI has 100% natural abundance and NMR sensitivity 83% that of 

hydrogen[54, 96, 97].  While humans have limited fluorine in our bodies, the 

fluorine which we do have is in solid form in the bones and teeth, which results in 

extremely short spin-spin relaxation time (T2), which causes this fluorine to be 

invisible to all but the most exotic MRI methods [54].  This lack of background 

signal in 19F MRI provides a high contrast-to-noise ratio and specificity in vivo 

when used in conjugation with a fluorine contrast agent. While much work has 

been done on 19F contrast agents, with some work including perfluorocarbons 

such as perfluoro-15-crown-5-ether (PFCE), no work has investigated the use of 

any low boiling point perfluorocarbon-based 19F MRI contrast agent  including 

DFB[98-100].  In this work, we seek to develop a low boiling-point phase change 

contrast agent for use as a dual contrast agent for 19F MRI and Ultrasound.   
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3.3 Materials and Methods 

3.3.1 Materials 

1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino(polyethylene 

glycol)-2000] (ammonium salt) (DSPE-PEG2000) and 1,2-distearoyl-sn-glycero-

3-phosphocholine (DSPC) were purchased from Avanti Polar Lipids.  

Decafluorobutane gas was purchased from Synquest labs.   

 

3.3.1 Fabrication of DFB Nanodroplets 

DFB nanodroplets were fabricated by mixing a 9:1 molar ratio of DSPC and 

DSPE-PEG(2000) in 1 mL of phosphate-buffered saline (PBS), propylene glycol, 

and glycerol mixed at a 16:3:1 ratio in a 2 mL vial. The vial was capped with an 

airtight screw-type lid with a rubber septum, the headspace was first vacuumed 

to remove air and degas the lipid solution, then filled with pressurized DFB gas, 

and the vial was shaken with a Vialmix medical shaker (Lantheus, Billerica, MA)  

for 135 seconds, yielding microbubbles. Microbubbles were then condensed into 

nanodroplets by cooling to -10°C in an isopropyl bath, at which point most of the 

microbubbles had been condensed, and then applying 700 kPa of room air to the 

headspace of the vial to complete condensation (Figure 3.1).   
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Figure 3.1. Scheme of LBPCCA fabrication. From left to right, lipids were added 

to a 2 mL vial with PBS, Glycerol, and Propylene Glycol.  The headspace of the 

vial was capped with a rubber septum, air was removed from the headspace, and 

DFB was added at 600 kPa.  The vial was shaken vigorously to create 

microbubbles, which were then cooled to -10°C to condense the core material and 

create nanodroplets, then stabilized by increasing the pressure to 700 kPa.   

 

3.3.2 Characterization of DFB Nanodroplets 

Initial characterization of DFB Nanodroplets was done via dynamic light 

scattering (DLS) using a Zetasizer ZS90 (Malvern Panalytical, Malvern, UK) to 

measure nanodroplets diluted 1:20 in deionized water. To assess stability, 

nuclear magnetic resonance (NMR) was used over 48 hours. DFB nanodroplets 

were stored depressurized at 4, 25, and 37°C and prepared as above for NMR. An 

unpaired t-test was used to assess the change in DFB content over time relative to 

the initial value of each temperature. A Bruker 400 MHz system (Bruker Biospin, 

Billerica, MA) was used for 19F NMR of DFB nanodroplets mixed with deuterium 

oxide (D2O) and trifluoroacetic acid (TFA) was used as a standard. To further 
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characterize the size of the nanodroplets and assess nanodroplet morphology, 

Transmission Electron Microscopy (TEM) measurements were performed on an 

FEI Bio Twin TEM (FEI, Hilsboro, OR).  

 

3.3.3 Ultrasound Contrast and Phase Change 

Ultrasound imaging of phase change behavior was imaged using a Philips Sparq 

clinical ultrasound unit and sonication was conducted using a Philips iu22. Here, 

a custom phantom was designed using Autodesk Inventor and 3D printed in PLA 

using an Ultimaker S3 to co-localize a sonicating transducer with an imaging 

transducer on an 8mm OD x 5 mm ID silicone tube filled with a 1% concentration 

of DFB suspended in 0.5% Agarose gel.  The phantom was placed in a 37°C 

water-bath and loaded with a 1% concentration of DFB nanodroplets in 1% 

agarose gel and waiting 5 minutes for the sample to come up to 37°C. The droplet 

containing agarose was moved through the imaging field via a 5 mL syringe. 

Imaging was done on samples (n = 3 per MI) before and just after sonicating at 0, 

0.6, 0.9, 1.2, or 1.5 MI and images were analyzed with MATLAB. An unpaired t-

test was used to assess the change in signal intensity with changing mechanical 

index of the sonicator.   

 

3.3.4 MRI Contrast and Contrast Shift 

MRI imaging was conducted using a 7T Bruker small animal scanner (Bruker 

Biospin, Billerica, MA) over three studies, first an optimization and identification 

*** 

*** 

** 
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study, second a sensitivity and characterization study, and third an ultrasound 

mediated phase change study. Optimization began with a basic 19F MRI imaging 

study of PFCE, a similar perfluorocarbon to DFB, followed by using the NMR 

spectrum of DFB to begin optimizing the MRI protocol to properly image DFB by 

modifying the bandwidth and chemical shift offset to image a single peak of the 

NMR spectrum and avoid broadening effects from imaging two substantially 

offset NMR peaks. Once optimization yielded satisfactory results, DFB could be 

characterized using MRI on a custom 3D printed phantom for MRI. DFB ND T1 

relaxation time was measured using multiple Relaxation Time (TR) images and a 

RARE sequence with TR values of [475, 600, 750, 1000, 1400, 1800, 2500, 3500, 

4500, 6000] ms, TE of 220 ms, NSA of 128, and ETL of 8.  T2 relaxation time 

was measured using a multi-slice multi-echo (MSME) sequence with TR of 2200, 

32 TEs between 9.5 and 285 ms, and NSA of 128. MRI sensitivity to DFB NDs 

was examined using a Rapid Acquisition with Refocused Echoes (RARE) 

sequence with TR/TE of 1000/20 ms, NSA of 512, ETL of 16, Slice Thickness of 

25mm, and Scan Time of 25 min 36 sec.  A custom 3D printed phantom was 

imaged with 7 DFB samples embedded in 1% agarose gel with 3%, 1.5%, 0.75%, 

0.33%, 0.17%, 0.08%, and 0% DFB NDs. It was found that, with a 24-minute 

scan time, the 19F MRI sensitivity was about 1% DFB NDs. To determine if the 

phase change of DFB nanodroplets was complete enough to measure a change in 

liquid DFB content with 19F MRI, samples were heated to 37°C unpressurized, 

then initial 19F MRI imaging was conducted on 3% DFB NDs in 0.5% agarose gel 

inserted into an MRI phantom and imaging was done using a RARE sequence 

with TR of 2500 ms, Echo Time (TE) of 50 ms, RARE factor of 6, Slice Thickness 
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(ST) of 1 mm, matrix size of 128 x 128, a field of view (FOV) of 40 x 40 mm, 10 

slices, and 6 averages giving a total scan time of 5 minutes. In order to selectively 

image DFB nanodroplets, 19F MRI will be conducted using a RARE sequence with 

TR/TE of 1000/16.7 ms, RARE Factor of 8, ST of 10 mm, matrix size of 64 x 64 

pixels, a FOV of 40 x 40 mm with a scan time of 12 minutes to set a baseline. 

Then samples were added to an ultrasound phantom system and sonicated at 0, 

0.6, 0.9, 1.2, and 1.5 MI before being reloaded into the MRI phantom for post-US 

19F MRI imaging.  MRI images were analyzed using custom MATLAB scripts. A 

paired t-test was used to assess the change in SNR before versus after sonication.  

 

Figure 3.2. Left.  The ultrasound phantom used in this work, a sonicating 

transducer is mounted to the top of the phantom holder and the imaging 

transducer is mounted on the right side of the phantom holder.  A silicone tube 

with two petcocks attached to 5 mL syringes holds the agarose gel suspended in a 

water bath.  Right.  The MRI phantom used in this work.  Ultrasound transducers 

would be similarly positioned in this platform, however the phantom holding 

portion is capable of being removed from the base to fit a 40 mm diameter MRI 

coil.   
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3.4 Results 

3.4.1 Characterization of DFB NDs 

Upon fabrication of DFB NDs, DL S was conducted on a Zetasizer ZS90 with 

droplets suspended in PBS and Nanodroplets were found to have a mean 

diameter of 278 ± 12 nm with a relatively monodisperse PDI of 0.174±0.05.  

Freshly fabricated nanodroplets subjected to NMR revealed two distinct NMR 

peaks, with one primary peak at -84.5 ppm and a secondary peak at -129.9 ppm. 

Both peaks appear sharp in appearance without indication of broadening effects.  

The separation and sharpness of these peaks indicated the potential for robust 

MRI signal when the primary, -84.5ppm, peak is targeted.    

 

3.4.2 DFB ND Stability 

As one of the key disadvantages of LBPCCAs when compared to conventional 

PCCAs is their reduced stability, investigation of the droplet’s ability to remain in 

the liquid phase was vital.  With this in mind, NMR was chosen as the tool to 

measure the stability of the droplets at storage temperatures (4°C), room 

temperature (25°C), and body temperature (37°C).  Droplets which have phase 

changed into gas phase will not contribute to NMR signal.  NMR revealed robust 

stability of DFB NDs at storage and room temperatures, with losses of 24% and 

42% after 24 hours, respectively; and a 57% loss of DFB content after 7 hours at 

37°C (Figure 3.3).   
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Figure 3.3. Decafluorobutane nanodroplet characterization and stability.  a) 400 

MHz 19F NMR showed two distinct spectral peaks at -84.5 ppm and -129.9 ppm. 

The 19F NMR spectra (b) and integrals (c) from DFB NDs stored at 4, 25, and 37 

°C for up to 48 hours.  d) DFB ND size was measured using DLS and fresh 

nanodroplets were found to have a hydrodynamic diameter of 278 ± 12 nm with a 

polydispersity index of 0.174 ± 0.05.  e) TEM was used to verify nanodroplet 

morphology. (4°C: ▫ p<0.05, ▫▫ p<0.01, ▫▫▫ p<0.001; 25°C: ◊ p<0.05, ◊◊ p< 0.01, 

◊◊◊ p<0.001; 37°C: * p<0.05, ** p<0.01, *** p<0.001 relative to baseline) 
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3.4.3 MRI Optimization and Contrast 

A 7T Bruker Biospin small animal scanner was used for three studies with a 

40mm volumetric dual-channel transmit/receive coil for 1H and 19F imaging, first 

an optimization study to target the primary NMR spectrum peak, second a 

sensitivity and characterization study, and finally an ultrasound mediated phase 

change assessment.  Successful optimization involved adjusting the chemical 

shift offset and bandwidth of the protocol to accurately target the primary NMR 

peak without capturing the secondary peak and maximize image SNR.  Multi-TR 

imaging yielded a T1 value of 1371 ms and MSME images yielded a T2 value of 38 

ms (Figure 3.3).  A T2-weighted RARE imaging sequence of DFB samples of 

decreasing concentration of DFB revealed the sensitivity of DFB ND imaging to 

be 79 µM for this imaging system, approximately a 1% dispersion of nanodroplets 

in the voxel.   
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Figure 3.4. a) Sensitivity study of DFB NDs in 0.5% agarose gel in a custom 3D 

printed phantom. 19F MRI (red) overlaid on Proton MRI (white) shows 

substantial contrast at concentrations above 79 uM (1%). b) T1 curve fit as the 

result of Multi-TR imaging yielded a T1 relaxation time of 1371 ms. c) T2 curve fit 

as the result of MSME imaging yielded a T2 relaxation time of 38 ms.   

 

To investigate the ability of ultrasound to phase change the nanodroplets, MRI 

was conducted on DFB ND phantoms in a custom 3D printed phantom before 

and after ultrasound sonication of droplets at mechanical indices between 0 and 

1.5 using a Philips iu22 clinical ultrasound unit with an S5-1 transducer operating 

at 5 MHz.  It was found that droplets exposed to sonication above 0.8 MI had 

substantially reduced SNR compared to those with lower mechanical index 

exposure and that as the sonication intensity increased further, SNR reduction in 

19F MRI was more clear (Figure 3.5). At a mechanical index of 1.2, SNR changed 
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from 5.84 ± 0.36 to 4.92 ± 0.30 (p = 0.0275), and at a MI of 1.5, SNR shifted 

from 6.10 ± 0.53 to 4.41 ±0.18 (p = 0.0054).  

 

Figure 3.5. Fluorine MRI (red) overlaid on proton MRI (white). Ultrasound 

sonication-mediated MRI SNR change demonstrating that with low US 

sonication there is little change in SNR, but after sonication at 1.2 MI and above 

there is substantial SNR loss in 19F MRI.  * p<0.05, ** p<0.01 

 

3.4.3 Ultrasound Phase Change and Contrast 

Imaging of nanodroplets was conducted using a Philips Sparq clinical ultrasound 

unit with the phantom and transducer in a 37°C water bath.  When imaging 
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control nanodroplets, signal enhancement was observed at all mechanical indices 

relative to control (PFCE) nanodroplets. When sonicated using a Philips iu22 

ultrasound unit, image SNR increased in the phantom from 9.46 ± 2.35 at a 0.3 

MI to 14.04 ± 1.26 (p = 0.0413), 23.58 ± 4.33 (p = 0.0077), 22.32 ± 2.28 (p = 

0.0024), and 18.81 ±1.76 (p = 0.0053) at 0.6, 0.9, 1.2, and 1.5 MI, respectively.  
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Figure 3.6. Ultrasound Signal to noise ratio (SNR) enhancement with DFB 

nanodroplets show some SNR enhancement even at the low (0.3 MI) 

imaging mechanical index compared to control droplets. SNR appears to 

peak between 0.9 and 1.2 MI, and there appears to be interference or excess 

gas at 1.5 MI.  * p< 0.05, ** p<0.01. 
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3.5 Discussion 

In this work, we show the potential for Decafluorobutane nanodroplets to be used 

as a dual fluorine MRI and ultrasound contrast agent by demonstrating its ability 

to be imaged successfully with 19F MRI.  Nanoparticles were successfully 

formulated using a similar strategy to those employed in previous work, here we 

combined DSPC and PEG-2000 DSPE with PBS, Propylene Glycol, and Glycerol 

in a vial, applied a strong vacuum to the headspace to remove air and degas the 

solution, then adding 10 mL of 1 ATM DFB to the 1.5 mL headspace, dramatically 

increasing the pressure in the vial and causing much of the DFB to liquefy [94].  

Shaking was noted to form a relatively uniform microbubble solution with most 

of the DFB evaporating due to the increased heat from the vigorous shaking.  

Condensation was completed by cooling the sample rapidly to -10°C and re-

pressurizing the cooled sample to 700 kPa before allowing the sample to slowly 

return to room temperature.     

Upon fabrication, the DFB nanodroplets were characterized using DLS and NMR.  

DLS revealed the hydrodynamic diameter of the droplets to be 278 nm, in good 

agreement with previous groups that have used similar fabrication methods to 

create nanodroplets and indicating some potential to take advantage of the EPR 

effect for accumulation in tumor tissue or penetrate leaky Blood-brain-barrier as 

particles of similar size have been used before for these purposes with some 

success[101, 102].  NMR characterization revealed two distinct peaks on the 19F 

NMR spectrum at -84.5 and -129.9 ppm, to our knowledge this spectrum has not 

previously been published from experimental data, but the spectrum agrees well 
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with calculated spectra [103].  These sharp peaks are well-spaced and indicated 

that these droplets could be well-imaged by MRI by specifically imaging a single 

NMR peak of this spectrum.  MRI imaging began by manually setting the 19F 

reference power and tuning the 7T Bruker small animal scanner to the custom 3D 

printed phantom, MRI optimization of the chemical shift offset and bandwidth 

demonstrated the necessity to specifically target a narrow band around the 

primary 19F NMR peak.   

DFB nanodroplet stability has previously been assessed using optical and 

ultrasound imaging.  Here, we investigated the stability of our nanodroplets 

using quantitative NMR measurements of the 19F NMR spectrum, where only 

liquid-phase encapsulated DFB will provide substantial signal due to the extreme 

T2 shortening effects of gaseous perfluorocarbons as well as the gaseous DFB 

rising to the headspace of the NMR tube.  NMR at time points from 0.5 h to 48 h 

showed that DFB nanodroplets had 24% and 42% decay after 24 hours at 4°C 

and 25°C, respectively, indicating high stability relative to other LBPCCAs in 

storage conditions [104].  Signal decay of DFB NDs stored at 37°C was found to 

be 57% after 7 hours.  Previous work has shown a fraction of this stability using 

optical sizing technologies, but NMR has not been used previously to 

quantitatively assess the stability of LBPCCAs[104].   

The nanodroplets presented here have been shown to be useful for Ultrasound 

imaging previously and here are shown to be useful as a 19F MRI contrast agent.  

Our use of clinical ultrasound equipment as a sonication source was limiting in 

terms of which frequencies and pressures were available, but also indicated good 
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agreement with previously published data suggesting that similar DFB 

nanodroplets might phase change near a mechanical index of 1.0[45].  Our phase 

change data indicated phase change begins at an MI of 0.8 and continues to 

increase as MI is increased.   

Imaging of decafluorobutane using MRI has not previously been reported.  Here 

we were able to successfully image DFB after careful optimization of the imaging 

protocol; with significant sensitivity of 79µM, which may be useful for in vivo 

imaging.  T2-weighted images of DFB ND phantoms became progressively 

brighter as the concentration of DFB was increased.  These results demonstrate 

the potential utility of DFB NDs as a 19F MRI contrast agent.  As ultrasound 

sonicating mechanical index increases, the signal from 19F MRI decreases, with 

significant reduction in 19F MRI occurring at a mechanical index of 1.2 MI. DFB 

has been previously FDA approved for use in its gaseous phase for microbubble 

ultrasound contrast and all other shell materials have previously been FDA 

approved for injections as well.  Thus, these droplets may have the potential for 

clinical translation.  

In summary, MRI has long been considered the medical imaging modality with 

the highest spatial resolution for soft tissue imaging, and many contrast agents 

have previously been developed for use in hydrogen or fluorine imaging.  More 

recently contrast agents with dual-imaging modality contrast have been 

developed to bridge the inherent gaps in different imaging technologies.  Here, 

we successfully developed decafluorobutane nanodroplets as a non-toxic and 

effective contrast agent for ultrasound and fluorine-MRI.  DFB nanodroplets 
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were found to have robust NMR peaks and impressive stability and, in addition, 

were imaged for the first time with 19F MRI.  This nanodroplet could have utility 

as a cellular probe, drug delivery vehicle, and a contrast agent for a variety of 

other applications.   
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Chapter 4: Decafluorobutane as a dual-contrast agent for macrophage 

cell tracking using ultrasound and MRI 

 

4.1 Abstract 

Current standard of care breast cancer staging requires sentinel lymph node 

biopsy, which commonly uses isosulfan blue dye or technetium-99 radioactive 

tracer to identify the sentinel lymph node for biopsy.  These methods have 

several shortcomings which limit their effectiveness and sentinel lymph node 

biopsies are still required for diagnosis.  Recent medical imaging studies have 

included work towards assessing sentinel lymphatics without the need for 

invasive surgery or potentially harmful or scarce tracers, however many have 

found insufficient specificity or sensitivity to replace the sentinel lymph node 

biopsy.  In this work, we propose the use of a decafluorobutane phase change 

contrast agent which provides both fluorine MRI and ultrasound contrast 

enhancement to track macrophages near the lymphatics and provide sensitive 

and selective imaging of the lymphatics near a potential tumor site.  Through the 

use of this nanodroplet, macrophages were confirmed to uptake imageable 

quantities of decafluorobutane nanodroplets for both fluorine MRI and 

ultrasound imaging and cellular retention of those droplets was confirmed. The 

ability of these nanodroplet so be taken up and retained by macrophages points 

to potential for use as a dual contrast agent for sentinel lymph node assessment 

and other macrophage tracking tasks.   
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4.2 Introduction 

Breast cancer is the most commonly diagnosed cancer in women worldwide, 

surpassing lung cancer, with an estimated 684, 996 deaths globally [105]. 

Although breast cancer rates have generally stabilized in the last few decades, the 

number of cases continues to grow in many western countries including the 

United States [2]. The most important prognostic indicator of breast cancer is 

considered to be the status of the sentinel lymph node, the first lymph node 

draining from the primary tumor and typically the first site for tumor cell 

migration.  Axillary lymph node involvement is a poor prognostic indicator, with 

5 year patient survival dropping by up to 48% [24].    

Sentinel lymph node identification is a key step before biopsy.  Currently, 

identification of the sentinel lymph node is conducted in one of two ways, using 

isosulfan blue dye or a technetium-labeled sulfur colloid (Tc99m SC) [106].  

Isosulfan blue dye is injected around the tumor periphery and after 5 minutes of 

massaging the tissue to dilate the lymphatics the surgeon can begin searching for 

tissue which has been stained for the sentinel lymph node [107].  Tc99m SC may 

be injected peritumorally or intradermally and, depending on dose, surgery can 

begin after 5 minutes of tissue massage or up to a day later.  A handheld gamma 

probe is used to identify the regions of maximum radiation near the breast tissue 

and the surgeon may use the gamma probe to locate the sentinel nodes (Figure 

1.3).  Both of these methods have significant shortcomings, however.  Isosulfan 

dye has low specificity and can result in false negative results; in addition, 

isosulfan dye carries the risk of anaphylaxis and long term skin 
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discoloration[108, 109].  Tc99m SC, as a radioactive tracer, suffers from low half-

life, difficulty in safe waste disposal, and the general shortage of medical tracer 

and nuclear medicine units.  

There have been many attempts to conduct sentinel lymph node assessment non-

invasively through various imaging techniques.  Mammography, perhaps the 

most obvious, is ill-suited to lymph node assessment due to its limited field of 

view, poor soft tissue contrast, and reportedly high false-negative rate when 

detecting metastasis [31, 32]. Ultrasound is the most common non-invasive 

choice to detect sentinel lymph node metastasis[110].  The morphological 

characteristics of the lymph node have been indicated to be determinative of 

metastasis, with common indicators including cortical thickening, focal cortical 

lobulation, loss of hilum, among others [34, 35].  Ultrasound has proven to be 

useful in assessing metastatic lymph nodes, but suffers from dramatic intra-

operator variability with sensitivity ranges from 26 to 76% and specificity ranging 

from 88 to 98% [31].   Magnetic resonance imaging (MRI) has seen limited use in 

evaluating axillary lymph nodes due to cardiac and respiratory artifacts and 

limited field of view from breast coils.  MRI has been used to predict lymph node 

malignancy with similar morphological indicators to ultrasound [17, 49, 50]. In 

addition, perifocal edema has been reported to have a high positive predictive 

value of malignancy, indicated by T2 elongation surrounding a node [51]. Ultra-

small superparamagnetic iron oxide (USPIO) nanoparticles have undergone a 

prospective phase III trial for assessment of lymph node metastasis. These 

particles are capable of crossing the capillary wall into the interstitial space and 
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drain into the lymphatics where they are taken up by macrophages and 

transported to the local lymph node.  This concentration of USPIO in healthy 

lymph nodes causes loss of signal intensity in T2-weighted imaging due to the 

superparamagnetic properties of the nanoparticles.  Nodes without uptake of 

USPIO or limited uptake will have no or lessened attenuation of signal intensity, 

respectively [53, 111-114]. However, these negative contrast agents carry the 

potential for false positive signals in lymph nodes that they either have not yet 

passed through and difficulty in quantification to accurately assess sentinel 

lymph node status.  Here, we propose the use of a decafluorobutane dual contrast 

agent for fluorine-MRI and Ultrasound imaging as a way of labeling and tracking 

macrophages with the goal of using this innovation to assess the sentinel lymph 

node.  

 

4.3 Materials and Methods 

4.3.1 Materials 

DSPE-PEG2000 and DSPC were purchased from Avanti Polar Lipids.  DFB was 

purchased from Synquest Labs.   

 

4.3.2 Cell Culture 

Raw 264.7 cells were purchased from the American Type Culture Collection 

(ATCC) and cultured in Dulbecco’s Modified Eagle Medium (DMEM) with 10% 
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heat-inactivated fetal bovine serum (FBS), 100 U penicillin/ml and 100 µg 

streptomycin/ml at 37 °C and a humid 5% CO2 atmosphere. 

 

4.3.3 Decafluorobutane Nanodroplet Fabrication 

DFB nanodroplets were fabricated using a previously discussed method.  Briefly, 

DSPC and DSPE-PEG(2000) were combined at a 9:1 molar ration in 1 mL of PBS, 

propylene glycol, and glycerol (16:3:1).  The vial was capped and the headspace 

was exchanged with pressurized DFB then shaken vigorously with a Vialmix 

shaker.  The resulting microbubbles were then condensed by cooling to -10°C and 

pressurized to 700 kPa into nanodroplets.  Before use, nanodroplets were allowed 

to slowly acclimate to 37°C.   

 

4.3.4 Longitudinal Raw 264.7 Cell Uptake of DFB NDs 

To assess the ability of RAW 264.7 cells to take up DFB NDs, 50,000 or 100,000 

cells were suspended in DMEM with 10% heat inactivated FBS and 10% DFB 

NDs.  After a 0, 60, 120, 240, or 480 minute incubation at 37°C and 5% CO2 

atmosphere, samples were centrifuged at 500g for 5 minutes then triple washed 

with PBS to remove all free DFB NDs. Cells were resuspended in 300 µL PBS and 

added to 100 µL D2O and 0.02% TFA before being placed in NMR tubes. 19F 

NMR was conducted on each sample (n = 3 per time point and condition) using a 

Bruker 400 MHz NMR unit and analysis was conducted using Bruker Topspin 
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4.0.6.  An unpaired t-test was used to compare the 50,000 cell uptake of DFB 

NDs to the 100,000 cell uptake.   

4.3.5 Raw 264.7 Cell Retention of DFB NDs 

Retention of DFB NDs is necessary to transport the droplets to the lymphatics.  

Raw 264.7 cells (100,000) were suspended in DMEM with 10% heat inactivated 

FBS and 10% DFB NDs.  After 120 minutes, cells were centrifuged and triple 

washed with DMEM with 10% heat inactivated FBS.  After washing cells were 

placed in 500 µL DMEM with 10% heat inactivated FBS and incubated for 30, 

60, 120, and 240 minutes.  Samples were centrifuged and triple washed with PBS 

before NMR was conducted as in 4.3.4.  An unpaired t-test was used to compare 

the initial Raw 264.7 DFB content to later measurements and assess loss.   

4.3.6 Imaging of Raw 264.7 Cells containing DFB NDs 

To further confirm RAW 264.7 cell uptake of DFB NDs, cells were incubated with 

5 or 10% DFB NDs by volume for 0, 30, 60, and 120 minutes and fluorescence 

microscopy was conducted after fixing and staining cells with DAPI to identify 

cell nuclei, and Phalloidin to identify cell cytoskeleton.  For fluorescence 

microscopy, DFB NDs were fabricated by the same method previously described, 

but with the addition of DiR dye to the lipids before shaking.  The imageability of 

cell-bound DFB NDs was assessed by conducting ultrasound on cells containing 

DFB NDs.  Briefly, cells were incubated for 120 minutes in DMEM containing 

10% heat-inactivated FBS and 10% decafluorobutane nanodroplets (or control 

PFCE nanodroplets).  Cells were then centrifuged and triple washed with PBS 

before being loaded into a 0.5% Agarose gel phantom.  Phantoms were 
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submerged in a 37°C water bath in a custom 3D printed phantom holder 

previously described (Figure 3.2).  Cells were sonicated with a phased array 

transducer at 5 MHz and 1.2 MI then imaged with a Philips Sparq clinical 

ultrasound unit with a 12-4 linear array transducer at 0.3 MI. Images were 

processed with homemade Matlab scripts and an unpaired t-test was used to 

assess differences in image SNR.   

 

4.4 Results 

4.4.1 Macrophage Cell Uptake of DFB NDs 

Raw 264.7 cell cultures were evenly distributed with high viability (>95%).  Raw 

264.7 cells were incubated with DFB NDs for up to 8 hours, NMR was conducted 

at 0, 60, 120, 240, and 480 minutes with the goal of examining the uptake of 

DFB NDs.  The 19F NMR area under the curve of the primary DFB peak at -84.5 

ppm was computed and the peak time for DFB uptake of Raw 264.7 macrophages 

was found to be at 120 minutes for the 100,000 cell sample, and 240 minutes for 

the 50,000 cell sample (Figure 4.1). At 120 minutes, the 100,000 cell sample 

contained significantly more DFB than both its previous time points and the 

50,000 cell sample (p <0.001).   
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Figure 4.1. Raw 264.7 cell uptake of DFB NDs over time.  Uptake by 100,000 cells 

peaked at 120 minutes, while uptake by 50,000 cells peaked at 240 minutes.  The 

100,000 cell samples were able to take up significantly more DFB at the 120 

minute time point (*** p<0.0001). 

4.4.2 Raw 264.7 Cell imaging with DFB NDs 

Fluorescence microscopy of Raw 264.7 cells incubated with DFB NDs 

demonstrated the ability of these nanodroplets to be taken up by cells and shows 

marked uptake by Raw 264.7 cells after only 30 minutes (Figure 4.2).  As 

expected, the cells incubated with a higher concentration of DFB NDs were 

observed to have higher DFB ND uptake particularly after 120 minutes.  Of 

interest, in fluorescence microscopy DFB microbubbles both inside cells and 

those which may have escaped Raw 264.7 cells after centrifugation can be seen in 

fluorescence images (red) and appear to have hollow cores.  Ultrasound imaging 

found that control cells demonstrated very little signal, with an SNR of 2.69 ± 

1.68; cells that were incubated with DFB NDs were found to have an impressive 
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signal enhancement with an SNR of 36.31 ± 4.47, significantly higher than the 

control cell images (p = 0.0002). 

 



70 
 

 

Figure 4.2.  Fluorescence microscopy of Raw 264.7 cells 0, 30, 60, and 120 minutes after incubation in 5 or 10% DFB 

nanodroplets containing DiR (red) dye.  Stained with Phalloidin (green) and Dapi (blue). Samples incubated for 120 

minute at both 5 and 10% seem to have DFB NDs escaping from the cells and changing phase.   
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Figure 4.3 Ultrasound imaging of RAW 264.7 cells incubated with DFB NDs.  

Left.  Scheme of phantom, with Silicone tubing containing Raw 264.7 cell 

phantom in 37°C water bath. Center. Raw 264.7 cells incubated with control 

PFCE nanodroplets for 120 minutes were found to have an SNR of 2.69 ± 1.68.  

Right. Raw 264.7 cells after DFB ND incubation for 120 minutes were found to 

have an SNR of 36.31 ± 4.47 (p <0.001).    

 

4.4.3 Macrophage Retention of DFB NDs 

Raw 264.7 cells were incubated with DFB NDs in DMEM with 10% FBS for 120 

minutes, then excess DFB was removed and RAW 264.7 cells we placed back in 

DMEM with 10% FBS for 30, 60, 120, or 240 minutes.  No statistically significant 

loss of DFB was apparent after even 120 minutes with 13.33 ± 9.5% loss 

indicated, and after 240 minutes 46.0 ± 5.29% (p = 0.0002) of DFB remained in 

the medium (Figure 4.2).   
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Figure 4.3. Raw 264.7 cell retention of DFB NDs over 240 minutes in medium 

and DFB NDs present in the medium.  *** p<0.001 

 

4.5 Discussion 

The goal of this work was to investigate the ability of DFB NDs to be taken up and 

transported by RAW 264.7 macrophages.  The ability of similar nanoparticles has 

been investigated previously and macrophages have been found to transport 

particles across endothelial barriers [115].  Previous work targeting cell uptake 

has been done on different LBPCCAs using the Folate receptor to target cancer 

cells [116], but no work has integrated fluorine MRI to assess these nanodroplets.  

Here, Raw 264.7 cells were found to exhibit robust uptake of DFB NDs with 

imageability occurring before 30 minutes of incubation. Indeed, after staining 

cells can be observed to have taken up DFB NDs after 30 minutes and 
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demonstrate robust uptake of DFB NDs at all observed time points.  Of interest, 

phase changed DFB NDs were observed in fluorescence imaging both inside and 

outside of cells, pointing to some persistence once phase change has been 

initiated even inside of cells.  Previous investigation has found that 

concentrations as low as 79 µM of DFB can be imaged with fluorine MRI and 

ultrasound; after only 30 minutes both 50,000 and 100,000 cell incubations with 

DFB NDs had surpassed 200 µM, making these cells rapidly imageable.  In 

previous work, it was found that these DFB NDs lose 57% of DFB after 7 hours 

and in this work we found that Raw 264.7 cells reach peak uptake near 2 hours 

and after 8 hours nearly 50% of the peak amount of DFB in the 100,000 cell 

group was lost, giving good agreement across investigations.  Indeed, ultrasound 

images of sonicated Raw 264.7 cells incubated with DFB NDs demonstrate clear 

signal enhancement when compared to the control cells incubated with PFCE 

nanodroplets, indicating sufficient uptake has occurred for this robust signal.  

PFCE was selected as a control substance as it behaves similarly to DFB as a 

hydrophobic lipophobic core PFC, however PFCE does not phase change at FDA 

compliant mechanical indeces.   

Raw 264.7 cells were shown to retain nearly 87% of DFB ND content after 2 

hours, pointing to the potential for these macrophages to transport DFB NDs into 

the lymphatics without excessive loss.  Interestingly, the amount of DFB NDs in 

the media does not make up the amount lost by the Raw 264.7 cells over the 

course of the study, indicating that the majority of DFB which is released by the 

cells is in gas form.   
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Chapter 5: Conclusions and Recommendations for Future Work 

 

5.1 Conclusions 

The goal of this work was to assess the ability of decafluorobutane 

nanodroplets to function as a phase change contrast agent for both ultrasound 

and fluorine MRI for the purpose of macrophage cell tracking to assess the 

sentinel lymph node in invasive breast cancer.   

The focus of the first aim was to optimize DFB NDs for fluorine-MRI, design an 

imaging protocol for imaging these nanodroplets with MRI, and assess the 

stability and phase change behavior of DFB NDs.   

In support of Aim 1, the main findings are:  

Altering the published fabrication method of DFB nanodroplet formulation by 

increasing the DFB content and pressurizing the vial prior to, and after, shaking 

improved on published stability. 

Stability of DFB NDs is relatively robust and may provide opportunity for in vivo 

imaging contrast.   

Fluorine-MRI can provide sensitive and substantial imaging of DFB NDs by 

tuning to the Fluorine-NMR spectrum.  

This improved fabrication method of DFB ND fabrication retained phase change 

behavior as demonstrated in MRI and Ultrasound.   
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The second aim was to investigate the ability of these nanodroplet to be taken up 

and retained by macrophages and be delivered to the lymphatics.  The goal of this 

work was to establish that these nanodroplets could allow fluorine-MRI and 

ultrasound imaging of macrophages after transport to the lymphatics.  

In support of Aim 2, the main findings are: 

Raw 264.7 cells readily take up DFB NDs and retain them for extended periods of 

time.   

DFB NDs which are expelled from Raw 264.7 cells are typically in gas form. 

Raw 264.7 cells which have been incubated with DFB NDs exhibit robust 

ultrasound imaging contrast compared to control nanodroplets.   

 

5.2 Future Work 

5.2.1 In vivo Fluorine MRI and ultrasound of sentinel lymphatics in a murine 

model of invasive breast cancer using DFB NDs 

In Aim 2, fluorine-NMR confirmed the ability of Raw 264.7 cells to uptake and 

retain DFB NDs.  A limitation of this work is the lack of fluorine-MRI of this cell 

uptake due to unforeseen circumstances.  Future studies could use MRI to image 

the uptake of these nanodroplets and assess the imageability in vivo using a 

mouse model of invasive breast cancer, a mouse model of non-invasive breast 

cancer, and control, disease-free, animals.  DFB NDs would be injected near the 

4th mammary fat pad and imaging would take place longitudinally after injection 

to determine the time for macrophages to take up DFB NDs and transport them 
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to the lymphatics.  A similar study could use ultrasound to optimize the imaging 

time of the lymphatics.  It would be suspected that animals with invasive cancers 

would have abnormal growth within their sentinel lymph node, and therefore 

only lymph nodes further down the lymphatics would contain contrast from DFB 

NDs, while animals with non-invasive cancers and control animals would both 

have sentinel lymph nodes containing DFB NDs.  

 

5.2.2 Further investigations of other uses of DFB NDs for Fluorine MRI and 

Ultrasound contrast.  

There are many potential uses for DFB NDs in vivo in which fluorine MRI and 

ultrasound could be used. Recent work with LBPCCAS has included use of these 

contrast agents to confirm drug delivery or therapy through histotripsy using 

ultrasound.  Similarly, MRI could be used to determine the location of 

nanodroplets without initiating phase change of the droplets, ensuring that 

droplets have reached their target before delivery or therapy is induced.   

 

5.2.3 Histotripsy and Droplet Stability  

One potential use for decafluorobutane droplets which has not been thoroughly 

explored is their potential in image guided therapy using histotripsy to cause 

nanodroplet phase change and stable cavitation, causing localized tissue ablation.  

These methods have been explored for many higher temperature materials, with 

good success, but with current FDA limits on ultrasound energy delivery many of 
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these methods are impractical in the clinic.  Using a low boiling-point phase 

change contrast agent, such as DFB NDs, may solve this problem.  This work has 

recently been initiated as a collaboration with the Vlaisavljevich lab at Virginia 

Tech and is expected to continue in this direction.   
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Appendix 1:  MRI Evaluation of the effects of Whole Brain 

Radiotherapy on Breast Cancer Brain Metastasis 
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Abstract 

Purpose: To assess early changes in brain metastasis in response to whole brain 

radiotherapy (WBRT) by longitudinal MRI.  
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Materials and methods: Using a 7T system, MRI examination of brain 

metastases in a breast cancer MDA-MD231Br mouse model were conducted 

before and 24 hours after 3 daily fractionations of 4 Gy WBRT. Besides anatomic 

MRI, diffusion-weighted (DW) MRI and dynamic contrast enhanced (DCE) MRI 

were applied to study cytotoxic effect and blood-tumor-barrier (BTB) 

permeability change, respectively.  

Results: Before treatment, high resolution T2-weighted images revealed 

hyperintense multifocal lesions many of which (~ 50%) were non-enhanced on 

T1-w contrast images, indicating intact BTB in the brain metastases. While no 

difference in the number of new lesions was observed, WBRT-treated tumors 

were significantly smaller than sham controls (p < 0.05). DW MRI detected 

significantly increased apparent diffusion coefficient (ADC) in WBRT tumors (p 

< 0.05), which correlated well with elevated caspase 3 staining of apoptotic cells. 

May lesions remained non-enhanced post WBRT. However, quantitative DCE 

MRI analysis showed significantly higher Ktrans in WBRT (p < 0.05) than the 

sham group, despite marked spatial heterogeneity.  

Conclusions: MRI allowed non-invasive assessments of WBRT induced 

changes in BTB permeability, which may provide useful information for potential 

combination treatment. 

Keywords: Brain metastasis, whole brain radiotherapy (WBRT), dynamic 

contrast-enhanced (DCE) MRI, diffusion-weighted (DW) MRI, blood-tumor-

barrier (BTB), volume transfer coefficient Ktrans 
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Introduction 

Incidence of brain metastasis from primary breast cancer has been increasing 

recently, with 10 - 20% of primary breast cancer patients now being diagnosed 

with brain metastasis, rising to over 35% in the case of triple negative and Her2+ 

breast cancer (Pestalozzi et al. 2006). Increased BCBM diagnosis is attributed to 

improved systemic therapies, an aging population, 

and increasingly frequent imaging (Wen. P 2001). The prognosis for patients with 

these metastasis continues to be poor, with mean survival of 3.2 months 
(Niwinska et al. 2011). 

The current standard of care for brain metastasis includes surgical resection, 

stereotactic radiosurgery (SRS) and/or whole brain radiotherapy (WBRT). 

Surgical resection, while useful on larger, solitary lesions, fails to improve patient 

outcome when multifocal lesions are present and is not useful for tumors in 

surgically inaccessible locations of the brain. SRS employs a single high dose of 

radiation to accurately target tumor lesions while minimizing damage to normal 

tissue. SRS is less invasive, and commonly applied to discrete metastasis, but 

may have limited use in treating multiple lesions (> 4) and diffuse tumor lesions. 

Whole Brain Radiotherapy (WBRT) is consistently provided as the standard of 

care treatment for brain metastasis, designed to treat multiple lesions and 

occultmicrometastases. WBRT is delivered to the entire brain in equally 

fractionated, daily treatments. WBRT has shown to provide patients relief from 

neurologic symptoms, improve quality of life, and improve tumor control 

(Khuntia et al. 2006). However, deteriorating cognitive function has been 

frequently associated with WBRT. Nonetheless, with more patients than ever 

developing brain metastases, and survival time stagnantly short, there is an 
urgent need for effective treatment of brain metastatic disease. 

Attempts to treat these metastatic lesions with traditional chemotherapeutics 

have been repeatedly stymied by the inability of traditional drugs to penetrate the 

BBB in therapeutic concentrations, allowing the brain to exist as a “sanctuary 

site” for metastases (Lockman et al. 2010). Indeed, extensive preclinical and 

clinical studies have demonstrated limited vascular permeability in brain 

metastases, in particular at their early stage of development. Traditional 

understanding of tumor vasculature and vascular permeability in brain 

metastases is largely based on invasive histological studies; these studies 

normally require many mice that are sacrificed at different time points after 
tumor implantation. More 

importantly, information about temporal development in individual lesions is 
absent from histological studies. 

In vivo imaging promises greater efficiency since each animal serves as its own 

control and multiple time points can be sequentially examined. Because of its 
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superb soft tissue contrast and spatial resolution, MRI is the most widely used 

imaging modality for brain tumors of clinical patients. We and others have 

applied small animal MRI to studying brain metastasis in rodent models. In our 

previous study, vascular permeability during intracranial tumor growth was 

investigated by longitudinal MRI in a mouse model of breast cancer MDA-

MB231Br (231-Br) brain metastasis (Zhou H et al. 2013). Our data have 

demonstrated that a large percentage of brain metastases still keep intact BTB 

even at the late stage of disease, which is in good agreement with those 

histological studies reported by others (Zhang et al. 1992; Lockman et al. 2010; 

Murrell et al. 2016). 

Radiation has been implicated in increasing BBB/BTB permeability, which may 

enhance accessibility of anti-cancer chemotherapeutics to tumor lesions in brain 

parenchyma. Given the nature of multifocal lesions in the intracardiac 231-Br 

brain metastasis model and the clinical utility of WBRT for brain metastases, in 

the current study, we applied longitudinal MRI to investigate the effects of WBRT 

on inhibition of tumor growth and new tumor development, tumor cell killing 

and vascular permeability. A clinically relevant daily dose of 4 Gy was delivered 

to mouse brain bearing brain metastases for 3 consecutive days. While a 4 Gy x 5 

dose schedule is used in clinic (Rades et al. 2007), we aimed here to determine if 

any changes, particularly in vascular permeability, occur at mid-WBRT, which 

may provide useful information for a potential combination with 

chemotherapeutics. In addition to high-resolution T2-w MRI for tumor detection 

and volume measurements, diffusion weighted (DW) MRI and dynamic contrast 

enhanced (DCE) MRI were conducted before and after 4 Gy x 3 WBRT to 
measure the parameters of apparent diffusion coefficient 

(ADC) and the volume transfer constant Ktrans, respectively, for assessing tumor 
cell killing and changes in vascular permeability. 

Materials and Methods 

Cell Preparation 

Human triple negative breast cancer MDA-MB-231-BR brain metastatic cell line 

(231-BR) was previously described.(Yoneda et al. 2001; Palmieri et al. 2007; 

Zhou H et al. 2013) The 231-BR cells (kindly provided by Dr. Steeg, NCI) were 

cultured in Dulbecco’s modified Eagle’s medium (DMEM) with 10% FBS, 1% L-

Glutamine and 1% penicillin-streptomycin at 37°C with 5% CO2. Once 80% 

confluence was achieved, the cells were harvested and suspended in serum-free 

medium. 

Breast Cancer Brain Metastasis Model 

All animal procedures performed were approved by the Wake Forest University 

Institutional Animal Care and Use Committee. A total of 12 female nude (BALB/c 

nu/nu) mice at 6-7 weeks old (Charles River Laboratories, Wilmington, MA) were 
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used for this study. The intracardiac model of brain metastasis has been 

described previously (Zhou H and Zhao 2014). In brief, mice were anesthetized 

with inhalation of isoflurane (3% induction, 1.5% maintenance). 2 x 105 231-BR 

cells in 50 µL of serum-free medium were injected directly into the left ventricle 

under imaging guidance of a small animal ultrasound (Vevo LAZR, FUJIFILM 

VisualSonics, Inc. Toronto, Canada). 

Magnetic Resonance Imaging 

MRI was performed on a 7T Bruker Biospin Small Animal scanner (Bruker 

Biospin, Rheinstetten, Germany) with a 30cm core diameter horizontal bore 

magnet and a maximum 

gradient strength of 200 mT/m. MRI was initiated 2 weeks after tumor cell 

injection and followed a week later to detect brain lesions. Animals were sedated 

with 3% isoflurane and maintained under general anesthesia (1.5% isoflurane). 

Animal body temperature and respiration were monitored and maintained 

relatively constant throughout the experiment. Mouse tail vein was catheterized 

using a 27G butterfly for Gd-DTPA (Magnevist®; Bayer HealthCare, Wayne, NJ) 

contrast agent administration. Anatomical T2-weighted images, covering from 

the frontal lobe to the posterior fossa, were acquired using a RARE sequence 

(TR/TE = 2500/50 ms; ETL: 8; NSA: 8; matrix size: 256 x 256; spatial 

resolution: 86 x 86 µm2 in plane; scan time: 10 min 40 s). For assessing WBRT 

effects, immediately before and 24 h after the final dose of WBRT, a series of 

pulse sequences for T2-w, DW, DCE and T1-w post contrast MRI was performed 

sequentially. Diffusion weighted MRI was acquired with single-shot echo planar 

imaging (EPI) using the following parameters: TR/TE = 2000/30 ms; b-values = 

0, 500, and 1000 s/mm2 in each of three orthogonal directions; matrix size: 128 

x 128; NSA: 4; scan time: 11 min 44 s. Before DCE MRI, rapid high-resolution T1 

mapping by variable flip angles (5, 10, 20, and 30 degrees) was acquired (Brown 

et al. 2014). DCE-MRI was performed on 5 of the slices containing the most 

metastases using a FLASH T1-weighted sequence (TR/TE: 43/2.3; FA: 30 

degrees; matrix size: 128 x 128: NSA: 2; scan time per acquisition: 8 s). Fifty 

dynamic images over 7 mins were collected before and after i.v. bolus injection of 

Gd-DTPA (0.1 mmol/kg). Finally, T1-weighted contrast enhanced images were 

acquired with a RARE sequence (TR/TE: 800/7 ms; ETL: 4; NSA: 8; matrix size: 
256 x 256; spatial resolution 86 x 86 µm; scan time 5 min 7 s). 

Whole Brain Radiation Therapy 

Once brain metastasis was confirmed by MRI, the tumor-bearing mice (n = 12) 

were randomly assigned to either WBRT or sham treatment group. The mice 
were anesthetized 

with inhaled 3% isoflurane and each mouse of the WBRT group (n = 6) received a 

total of 12 Gy in 3 daily dose of 4 Gy (4 Gy X 3). Radiation was delivered using an 
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X-RAD 320 (Precision X-ray, North Branford, CT) Orthovoltage irradiator at 300 

kV at a dose rate of 233 cGy/min. A rectangle shaped collimator of 10 x15 mm 
was used for WBRT while avoiding eye regions. 

Data Analysis 

General Image Analysis 

All imaging analysis was conducted using house-made MATLAB scripts 

(Mathworks, Natick, MA). Prior to quantitative mapping and analysis, 3-by-3 

median filtering was conducted on all raw images. Tumor volumes were 

estimated from T2-weighted images by manually outlining the enhancing portion 

of the mass on each image. 

T1 Mapping 

T1 values were computed from collected multiple flip angle T1-weighted images 

by voxel-wise data fitting to Eq (1): 

 

𝑆𝑖 =  𝑆0  × sin(𝛼)
1 − 𝑒

−𝑇𝑅
𝑇1

1 − 𝑒
−𝑇𝑅

𝑇1 cos (𝛼)

                         (1) 

 

Where Si is the signal intensity at a given flip angle (ɑ), S0 is the raw voxel 

intensity, and TR is the repetition time. Here the assumption is made that TE < 

T2* (Eminian et al. 2018). 

DW MRI 

ADC mapping was accomplished by conducting voxel-wise fitting of DW image 

signal intensities to the Stejskal-Tanner equation (Eqn. 2) for each orthogonal 

direction using a least-squares approach (Sener 2001; Westin et al. 2002). 

 

𝑆(𝑏) =  𝑆0𝑒−𝑏(𝐴𝐷𝐶)                                (2) 

 

Where 𝑆(𝑏) is the signal intensity at a non-zero b-value, 𝑆0 is the signal intensity 

without diffusion gradients, b is the degree of diffusion weighting applied. Voxels 

where fitting did not converge to appropriate values were excluded from analysis 

(ADC = 3.0 x 10-3 mm2/s or = 0 mm2/s) (Li J et al. 2007; Yankeelov et al. 2007). 

Changes in ADC values were calculated by averaging voxel ADC values on a 

tumor-wise basis. 
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DCE MRI 

A series of T1-w images was continuously acquired pre and post i.v. bolus 

injection of Gd-DTPA (0.1 mmol/kg) via tail vein. DCE MRI data were modeled 

to permeability Ktrans maps using the generalized kinetic model (GKM). 

Previous studies have validated the GKM model in murine BBB opening (Zhou R 

et al. 2004; Egeland et al. 2006; Luypaert et al. 2011; Vlachos et al. 2011) as a 

two-compartment model with blood plasma and extravascular extracellular space 

(EES) compartments (Tofts Paul S 2010). 

 

𝑑𝐶𝑡

𝑑𝑡
=  𝐾𝑡𝑟𝑎𝑛𝑠𝐶𝑝 −  𝐾𝑒𝑝𝐶𝑡                          (3) 

 

Where 𝐾𝑡𝑟𝑎𝑛𝑠 is the transfer rate constant from the blood plasma into the EES, 

𝐾𝑒𝑝 is the transfer rate from the EES to the blood plasma, Cp is the concentration 

of Gd-DTPA in the blood plasma, and Ct is the concentration of Gd-DTPA in the 

EES. Cp determines the AIF through fitting with the bi-exponential equation: 

 

𝐶𝑝 =  ∑ 𝐴𝑛𝑒−𝐾𝑛𝑡
2

𝑛=1
                      (4) 

 

Where An represents the nth-pass peak amplitude of Cp, Kn represents the decay 

rate constant of Cp, and t is time. Direct AIF quantification is difficult in many 

models, particularly small animal models, necessitating AIF estimation (McGrath 

et al. 2009). T1-weighted image signal intensity is transformed to contrast agent 

concentration using the Soloman-Bloembergen equation, as previously described 

(Buonaccorsi et al. 2005). 

 

[𝐺𝑑] =  
𝑆𝑖 −  𝑆0

𝑇1.𝑝𝑟𝑒 ∗ 𝑟1 ∗ 𝑆0
                  (5) 

 

Where S0 and Si are the voxel signal intensities before and after contrast 

administration, respectively, T1.pre is the longitudinal relaxation time of tissue 

before contrast administration, r1 is the longitudinal relaxation rate of the 

contrast agent. The nature of this study emphasizes Ktrans, although the GKM 

considers both Ktrans and Kep, Kep as a variable determines the curve shape, while 
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Ktrans primarily impacts the curve amplitude (Tofts Paul S 2010; Vlachos et al. 

2011). 

Immunohistochemistry 

Animals were sacrificed promptly after the last MRI scan; brains were dissected 

and fixed in 4% paraformaldehyde (PFA). The frozen OCT embedded whole 

brains were cryosectioned (10 µm). Apoptosis staining was conducted using anti-

caspase-3 antibody (1:300; Cell Signaling, Danvers, MA) followed by secondary 

HRP- conjugated goat anti rabbit secondary antibody (1:1000; Jackson 

Immunoresearch Laboratory, West Grove, PA). Tumor regions and their 

surrounding normal brains were examined under microscope for positive 

staining. Percentage of apoptotic tumor cells was determined by counting the 

number of Caspase 3-positive cells relative to the total number of tumor cells 

(Zhao et al. 2005). 

Statistical analysis 

Statistical analysis was conducted using MATLAB (Mathworks, Natick, MA), a 

computing package designed for engineering and statistical analysis. Statistical 

significance was determined by using a paired t-test to compare pre and post 
condition data, or an unpaired t-test for cross-group comparison. 

Results 

Ultrasound image-guided left ventricular injection of 231-BR cells ensured 

successful development of brain metastasis in all 12 nude mice. In concurrence 

with our previous study of the 231Br, longitudinal MRI started to visualize 

hyperintense brain metastases on T2-w images 3 weeks post-injection. These 

brain metastases distributed widely across the mouse brain. Prior to treatment, 

T2-w MRI revealed a total of 89 individual lesions in the WBRT mice (n = 6), 

while a total of 101 lesions in the sham irradiation group (n =5) (Fig. 1a). Tumor 

size ranged from 0.06 mm3 to 0.53 mm3 in the WBRT group (mean = 0.23 ± 0.12 

mm3), and from 0.06 mm3 to 1.85 mm3 in the sham group (mean = 0.28 ± 0.22 

mm3; Fig. 1b). One day after completion of the 3 daily dose of 4 Gy, follow-up 

MRI detected an increase in the number of lesions in each group (n = 116 for 

WBRT; n = 140 for sham), indicating development of new metastases. Despite 

more new lesions observed in the sham group, there was no significant difference 

between the two groups (p > 0.1; Fig. 1c). Compared to the pre-treatment, post-

treatment tumor size was found to become significantly larger in both of the 

groups (p < 0.01; Fig. 1). In addition, mean tumor size post-treatment was 0.34 ± 

0.21 mm3 for the WBRT group, significantly smaller than that of the sham group 

(mean = 0.44 ± 0.31 mm3, p < 0.01; Fig. 1b). New lesion development post-

treatment was evident in both the WBRT and sham groups based on longitudinal 

T2-w images (Fig. 1a and c). Although 42% more lesions were observed at the 
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follow-up scans in the sham group, compared to a 21% increase in the WBRT, 

there was no significant difference found between the two groups (Fig. 1c). 

 

 

Figure A1. Tumor burden in response to WBRT. (a) T2-w images of a 

representative WBRT and Sham-treated mouse brain were acquired at pre and 

post-treatment, respectively. Five consecutive axial MRI sections revealed 

multifocal hyperintense lesions (arrows) in brains of both groups. (b) Tumor 

volume of individual brain metastases at pre (empty dot) versus post (solid dot) 

treatment was plotted. Significant increase in tumor volume at post-treatment 

was observed in each group: for the sham group, mean tumor volume = 0.28 ± 

0.22 mm3 (n = 101) at pre increased to 0.44 ± 0.31 mm3 (n = 140; p < .01); for the 

WBRT, mean tumor volume = 0.23 ± 0.12 mm3 (n = 89) at pre increased to 0.34 

± 0.21 mm3 (n = 116; p < .01)). At post-treatment, the sham-treated tumors were 

found to be significantly larger than the WBRT tumors (p < .05). (c) An incidence 

of new tumor development at post-treatment was also studied. There was a 42 ± 

29% increase in the number of brain lesions in the sham group, while a smaller 

increase (21 ± 16%) was found in the WBRT group. However, there was no 

significant difference between the groups. Mean ± SD, *p < .05, **p < .01. 
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Table A1. Quantification of tumor size, new tumor incidence, ADC, Ktrans, and 

tumor-enhancing fraction 

 

*p < .05. **p < .01 compared to pre-treatment. 

#p < .05 compared to sham group post-treatment 

 

Tumor ADC maps were generated from DW MRI based on 3 b values of 0, 500 

and 1000. As described in Methods, those tumor lesions that did not have 

reliable curve-fitting of ADC were excluded from the analysis. As a result, the 

WBRT mice (n = 6) had a total of 44 and 65 individual lesions for pre and post-

treatment ADC analysis, respectively; the sham irradiated mice (n = 5) contained 

59 pre and 90 post-treatment ADC maps. As shown in Fig. 2a, ADC maps 

revealed inter and intratumoral heterogeneity in both pre and post-treated 

tumors. The histogram plots of voxel by voxel ADC values of individual lesions all 

showed a right-shift after WBRT, indicating an increase in ADC. The sham 

irradiated tumors also showed a tendency of shift towards right, but seemed 

subtler (Fig. 2). For WBRT tumors, mean ADC at pre-treatment was 0.75 ± 0.11 x 

10-3 mm2/s, which increased significantly after WBRT (0.83 ± 0.11 x 10-3 

mm2/s; p < 0.01; Fig. 2b). There was no significant change in ADC found between 

pre and post-sham irradiated tumors (0.75 ± 0.12 vs 0.77 ± 0.13 x 10-3 mm2/s; 

Fig. 2b). Moreover, the post-WBRT tumors had a significantly higher ADC 

compared to the sham tumors (p < 0.01, Fig. 2b). Correlative 

immunohistochemical study with anti-caspase antibody showed that the WBRT 

tumors (n =3) had significantly more apoptotic tumor cells than the sham 

irradiated tumors (n = 3; mean = 8.2 ± 0.8 vs 3.0 ± 0.3; p < 0.05; Fig. 3).  
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Figure A2. Diffusion-weighted MRI evaluating tumor response to WBRT. (a) DW 

MRI was conducted at pre and post-treatment on both the sham and WBRT 

treated mouse brains. Representative ADC maps of individual lesions were 

generated and overlaid on T2-w images. Corresponding histograms of voxel-by-

voxel ADC data were plotted for the individual lesions at pre and post-treatment, 

respectively. (b) For the group of sham and WBRT, mean tumor ADCs at pre (n = 

59 vs. 44) and post-treatment (n = 90 vs. 65) were plotted. The post-treatment 

mean ADC (0.83 × 10−3±0.01 mm2/s) was significantly higher than the pre-

treatment value (0.75 × 10−3±0.02 mm2/s; p < .05) in the WBRT group, while 

there was no significant difference between pre and post-treatment in the sham 

group (0.76 × 10−3±0.01 mm2/s vs. 0.75 × 10−3±0.02 mm2/s). Mean ± SE, *p < 

.05. 
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Figure A3. Caspase 3 immunostaining of WBRT induced apoptosis. Immediately 

after the post-treatment MRI scans, brain metastases-bearing mice were 

sacrificed and brains were dissected. Frozen sections were prepared and 

immunostained with anti-caspase 3 antibody. Positively stained apoptotic tumor 

cells were presented in the representative sham and WBRT treated tumor. 

Quantitative analysis of a group of sham (n = 3) and WBRT (n = 3) indicated 

significantly more apoptotic cells in the WBRT tumors (mean = 8.8 ± 0.6%) than 
the sham tumors (3.2 ± 0.4%; p < .05). Mean ± SD. 

 

BTB permeability of brain metastases was investigated by two approaches: T1-w 

contrast enhanced images and quantitative Ktrans maps derived from DCE MRI. 

At pre- and post-treatment, T1-weighted contrast enhanced images were acquired 

7 mins after i.v. bolus injection of Gd-DTPA, respectively. Out of a total of 190 

lesions from the pre-treated WBRT and sham groups, 90 lesions (47%) were 

enhanced (46% and 49% for WBRT and sham, respectively; Fig. 4). The result 

was in a good agreement with our previous study of the 231Br brain metastases, 

reiterating that a large fraction of brain metastases keep intact BTB. The number 
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of enhanced lesions increased significantly at post-treatment in both of the 

WBRT (71%; p < 0.05) and sham (62%; p < 0.05) group; however, there was no 
significant difference between the two groups (Fig. 4).  

 

 

Figure A4. T1-weighted contrast enhancement indicating disrupted BBB. (a) 

Representative T2-w and T1-w contrast-enhanced images of a WBRT and sham-

treated mouse brain were obtained at pre and post-treatment. Many of the 

hyperintense lesions on T2-w images were not enhanced on T1-w contrast 

images, indicating heterogeneous BBB permeability among individual lesions. (b) 

Fractions of tumors with T1 contrast enhancement at pre and post-treatment 

were plotted. Significant increase in enhancing fractions was found at post-

treatment in both the sham (0.62 ± 0.05 vs. 0.49 ± 0.08) and the WBRT (0.71 ± 

0.04 vs. 0.46 ± 0.08) group. Mean ± SE, *p < .05. 

 

The Ktrans permeability map generated from DCE MRI was used to assess the 

degree to which the BTB has been disrupted by the tumor lesion and/or WBRT. 

As shown in Fig. 5, the Ktrans maps based on voxel by voxel analysis clearly 

showed not only intertumoral variation but also intratumoral heterogeneity in 

vascular permeability, which was further quantitated and presented in histogram 

plots (Fig. 5a). Compared to pre-treatment, post-treatment Ktrans increased in 

both the WBRT (mean = 0.05 ± 0.01 vs 0.07 ± 0.01 min-1) and sham irradiated 

tumors (mean = 0.05 ± 0.01 vs 0.06 ± 0.01 min-1; Fig. 5a and b). However, 

statistical comparisons found significantly increased Ktrans only in the WBRT 

group (p < 0.05). Moreover, post-treatment WBRT tumors had a significantly 
higher Ktrans than the sham irradiated tumors (p < 0.05; Fig. 5b).  
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Figure A5.DCE MRI of BTB permeability. (a) Quantitative vascular permeability 

Ktrans maps from DCE MRI were generated for the same brain lesions as shown 

in Figure 3 and overlaid on T2-w images. Histogram plots of voxel by voxel 

Ktrans data revealed inter- and intratumoral heterogeneity in BTB permeability. 

(b) Mean Ktrans were obtained for the pre and post-treated brain lesions in the 

sham and WBRT group. Significant increase in mean Ktrans was found at post-

treatment in the WBRT tumors (0.073 ± 0.007 vs. 0.048 ± 0.005 min−1). 

Compared to the sham treatment (mean = 0.056 ± 0.003 min−1), the WBRT 

tumors had a significantly higher Ktrans. Mean ± SE, *p < .05. 

 

Discussion 

In the present study, we applied longitudinal high-resolution MRI to evaluate the 

early effects of clinically relevant WBRT on metastatic tumor burden, tumor cell 

killing and BBB/BTB permeability in a murine BCBM model. In good agreement 

with our previous study of this 231Br BCBM model (Zhou H et al. 2013), high-

resolution T2-weighted images revealed hyperintense multifocal tumor lesions 

with a minimum diameter of 172 µm, about 50% of which did not show 

enhancement on T1-w post contrast images (Fig. 2 and Table 1), indicating that 

many brain metastases retain intact BTB. WBRT with a hyperfractionation 

scheme of 4 Gy x 5 is applied clinically for brain metastasis treatment. However, 

the goal of this work was not to study the effects of a complete course of WBRT, 

but rather to investigate early effects occurring at mid-WBRT, for the purpose of 

defining a “therapeutic 

window” which may be useful for synergistic application of either traditional or 

novel chemotherapeutics. Moreover, hyperfractionated WBRT has been 

considered as a likely cause of clinical cognitive decline in brain metastasis 
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patients. Thus, if fractionations were reduced, WBRT induced cognitive 

complications may be alleviated. 

As soon as 24 hrs after completion of the daily 4 Gy WBRT over 3 days, the 

follow-up MRI was conducted and T2-w MRI showed significantly delayed tumor 

growth in the WBRT tumors, as compared a schemes on BBB/BTB permeability 

in brain metastasis models. On the contrary, a single higher dose of WBRT has 

been commonly involved in such studies. In the present study, we adopted a 

clinical dose schedule with a daily 4 Gy WBRT to treat brain metastases, aiming 

to determine if BTB permeability is affected at the middle of the 4 Gy x 5 WBRT 

when the first 3 doses were completed. T1-w contrast enhanced images acquired 

after i.v. bolus injection of Gd-DTPA has widely been used to interrogate BBB 

permeability. In a good agreement with our previous study of the 231Br brain 

metastases (Zhou H et al. 2013), a high fraction of brain metastases remain 

impermeable to Gd-DTPA. Despite increased number of lesions that were 

enhanced in the post-treatment MRI, WBRT did not increase the BTB 

permeability compared to the sham controls (Fig. 4). These observations also 

coincided with the study reported by Murrell et al (Murrell et al. 2016), 

reiterating the heterogeneous nature of BTB permeability among individual 

lesions. 

In addition to T1-w contrast enhanced imaging, quantitative MRI methods are 

increasingly common in preclinical BBB permeability assessment. Tofts model is 

a quantitative two compartment pharmacokinetic model of tissue permeability 

and has become the standard in dynamic contrast enhanced (DCE) MRI (Tofts P. 

S. et al. 1995). The Tofts model as well as the extended Tofts model rely on serial 

rapid T1-w imaging over the course of a systemic Gd-DTPA administration, 

providing measurement of T1-weighted signal enhancement as a function of time. 

These images are fitted voxel-wise to the model described in Eqn. 3 to formulate 

a quantitative map of tissue permeability. An arterial input function (AIF), 

required by this model, is formulated by the bi-exponential model found in Eqn. 

4, which has been used for previous research and found to be an accurate 

approximation of the AIF in small animal models (Pickup et al. 2003; McGrath et 
al. 2009).  

 

Ktrans, which has been generally used as a measure of vascular permeability, was 

extracted from DCE MRI; Ktrans maps of individual lesions were generated to 

provide voxel by voxel measurement of intratumoral permeability. As expected, 

Ktrans maps clearly revealed marked inter- and intra-tumoral heterogeneity in 

BTB permeability (Fig. 5). Intriguingly, in contrast to the data of T1-w post 

contrast images, showing no difference in BTB permeability between the WBRT 

tumors and the sham controls (Fig. 4), quantitative DCE analysis detected a 

significant increase in mean Ktrans of the WBRT tumors observed at post-
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treatment (Fig. 5). Gd-DTPA, a small molecule MRI contrast agent, has a 

molecular weight similar to that of many chemotherapeutic agents, e.g., 

doxorubicin and paclitaxel, or some small molecule tyrosine kinase inhibitor such 

as lapatinib. Thus, one may reason that the WBRT enhanced BTB permeability to 

Gd-DTPA is also applicable to the abovementioned small molecules of 

therapeutic agents. However, it is noteworthy that other chemicophysical 

properties, e.g., electric charge and lipophilicity, also contribute significantly to 

their BBB permeability. Moreover, Lockman and colleagues assessed the uptake 

of radio-labeled paclitaxel or doxorubicin in brain metastases of the 231Br-Her2 

mouse model. Their data showed that the drug concentrations even in those 

permeable metastases were far below that in visceral metastases (Lockman et al. 

2010). Along with our observations in the prior and current studies, these results 

supported the notion that the BTB of brain metastases are remarkably 

heterogeneous, which may prevent therapeutic doses of anti-cancer drugs 

penetrating and distributing homogeneously across the tumors. Nevertheless, to 

the best of our knowledge, the current study is the first one to apply MRI to 

analyzing quantitative change in BTB permeability of brain metastases in 
response to a clinically relevant WBRT dose schedule. 

In the present study, we have applied longitudinal MRI to evaluate the early 

effects of WBRT on BCBM. In addition to anatomic MRI, multimodal functional 

MRI approaches provided quantitative analysis of temporal and spatial changes 

in both tumor tissue and vasculature in response to WBRT, of which the 

information about BTB permeability change may be particularly useful for 

possible combination treatment with systemic chemotherapeutic agents. 
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 Assessed student performance on a variety of tasks and assignments 

 Hosted office hours to assist students and expand upon lecture concepts 

 
Aug 2014 – May 
2015 Virginia Polytechnic Institute Blacksburg, VA 

 

Senior Design Team Leader  

 Designed dynamic alternative energy system for multi-climate utility 

 Managed a team of engineering students 

 Applied skills learned in both Engineering Science and Mechanics and Green 
Engineering to develop an innovative alternative energy solution 

 
Aug 2014 – Feb 
2015 

Virginia Polytechnic Institute Blacksburg, VA 

 

Undergraduate Researcher – Biologically-Inspired 
Fluid Mechanics Laboratory 

 Acquired heightened understanding of fluid mechanics including cavitation 
and particle dynamics  

 Hands-on experience with high speed imagery, instrumentation, and 
laboratory equipment 

 Featured research poster at the American Physical Society Gallery of Fluid 
Motion 

 
Sept 2012 – May 
2015 

Virginia Tech Transportation 
Institute Blacksburg, VA 

 

Research Assistant – Motorcycle Research Group  

 Operation testing and evaluation of motorcycle instrumentation (OT&E) 

 Supported primary investigators on sponsored contracts 

 Developed procedure and analyzed data for sponsored research and 
performed studies consistent with NHTSA and MSF standard 

 
Jan 2013 – May 
2013 Virginia Polytechnic Institute Blacksburg, VA 
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William N. Crowe 

 

Undergraduate Researcher – Design and Construction 
of a Reduced Scale Railgun  

 Worked in multidisciplinary teams to research and design an 
electromagnetic launcher system for a Navy sponsored project. This was 
part of the NEEC (Naval Engineering Education Center) at Virginia Tech 
partnered with the Naval Surface Warfare Center (NSWC) Dahlgren 
Division. 
 

Education 
Aug 2016 – 
Current 

Wake Forest School of Medicine Winston-Salem, 
NC 

 

PhD. Biomedical Engineering 

Anticipated Completion:  Spring 2021 
 

 
Aug 2010 – May 
2015 

Virginia Polytechnic Institute  
and State University 

Blacksburg, VA 

 

B.S. Engineering Science and Mechanics 

Concentration: Biomechanics 

Minor: Green Engineering 

 

Notable 
Presentati

ons 

 

Crowe, W.N., Zhao, D., Decafluorobutane-based phase change contrast agent 
for dual ultrasound imaging and fluorine MRI.  Pre-recorded oral 
presentation at the Biomedical Engineering Society annual meeting 2020, 
Online.  

 

Crowe, W.N., Zhao, D., Development of a decafluorobutane-based phase 
change dual-contrast agent for ultrasound imaging and fluorine MRI. Oral 
presentation at the Biomedical Engineering Society annual meeting 2019, 
Philadelphia, PA.  
 

Crowe, W.N., Wang, L., Zhang, Z., Varagic, J., Bourland, J. D., Chan, W. D., 
Habib, A. A., Zhao, D., MRI Evaluation of the effects of whole brain radiation 
on breast cancer brain metastasis. Oral presentation at the Biomedical 
Engineering Society annual meeting 2018, Atlanta, GA.  

Publicatio
ns 

(Submitted) Sankepalle, D. M., Crowe, W. N., Arledge, C.,… & Zhao, D. 
(2021). Estimation of Dynamic Contrast-Enhanced MRI Kinetic Parameters 
in Glioblastoma Using Deep Learning. IEEE Transactions on Medical 
Imaging.  
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Email: wcrowe@wakehealth.edu 

William N. Crowe 
(Submitted) Liu, Y., Wang, L., Ali. M., Crowe, W. N., Kucera, G. L., …& Zhao, 
D. (2021). Intrapleural nanoparticle STING activator engages innate and 
adaptive immune responses to enhance anti-PD-L1 therapy for malignant 
pleural effusion.  Nature Nanotechnology.  

 

Liu, Y., Crowe, W. N., Wang, L., Lu, Y., Petty, W. J., Habib, A. A., & Zhao, D. 
(2019). An inhalable nanoparticulate STING agonist synergizes with 
radiotherapy to confer long-term control of lung metastases. Nature 
communications, 10(1), 1-15. 
 

Crowe, William, et al. "MRI evaluation of the effects of whole brain 
radiotherapy on breast cancer brain metastasis." International journal of 
radiation biology 95.3 (2019): 338-346. 
 

Poulain, S., Guenoun, G., Gart, S., Crowe, W., & Jung, S. (2015). Particle 
motion induced by bubble cavitation. Physical review letters, 114(21), 
214501. 

 

(Patent) Zhao, D., Liu, Y. Crowe, W., “[Immunotherapeutic Cyclic 
Dinucleotide Nanoparticles and Methods Relating Thereto]”, U.S Provisional 
Patent Ser. No. 62832106, Filed: May 2019. 

Skills 
Computer: MATLAB • AutoCAD Inventor • Fusion 360 • MS Office • Skype • 
Canvas      • Adobe Photoshop • Adobe Premiere • Adobe Illustrator • Cura • 
Arduino  

Engineering: Machining • Welding • Soldering • Circuit Design • Mechanical 
Design • Mathematical Modeling • 3D Printing • Mechatronics • Renewable 
Energy Systems • Image Analysis •  

Soft: Problem Solving • Scrum • Leadership • Teamwork • Communication • 
Planning • Creativity • Teaching • Conflict Resolution 

Reference
s References Available Upon Request.  
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