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ABSTRACT 

Window chamber models have served as a tool for optically visualizing a tissue 

environment over time. Their use throughout the years has furthered the study of cancer. 

However, optical imaging techniques utilized with the model are limited in the depth 

from which light can penetrate and signal can be received. Further, ectopic placement of 

a xenograft in a model animal may modify the relevancy of findings by altering the 

normal environmental conditions. 

 

In the first section of the dissertation, improvements on the traditional window chamber 

model are described in the context of enabling multiple imaging modalities (optical, MR 

and nuclear) to be complementarily applied. The developed model, specifically geared 

toward breast cancer, is orthotopic and supports uninhibited tumor growth into the body 

of the animal. The three main imaging modalities applied provide unique strengths in 

obtaining information from the model system. Optical imaging allows for use of targeted 

fluorescent contrast agents, as well as sufficient resolution to visualize individual cells 

and capillaries. Magnetic resonance imaging provides the possibility of acquiring 

quantitative information about tumor morphology as well as a variety of physiological 

processes. This can be accomplished over the entire 3D volume of the tumor. Nuclear 

imaging provides functional and/or metabolic information using radiolabeled agents.  

 

The MWC model provides a platform for more specifically focused cancer imaging 

approaches to be applied and tested. The presence of hypoxia in tumors has a broad 

impact on cancer development and treatment. Current oxygenation assessment methods 

for longitudinally following spatially resolved oxygen changes over time are lacking. The 

development and testing of an oxygen sensitive porphyrin coating used in conjunction 

with the mammary window chamber model is detailed in the second section of the 
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dissertation. Three different modulations were applied to induce physiologic oxygenation 

changes. All were capable of being detected over time utilizing a phosphorescence 

lifetime approach. An assessment of the stability of the coating found the coating 

remained suitable for a minimum of one week. The oxygen dependent phosphorescence 

lifetime of the coating was determined to be worthwhile for temporally and spatially 

monitoring oxygen changes of the tissue in contact with the surface of the coating. 

 

The third section of this dissertation work utilized the developed window chamber and 

oxygen measurement technique to investigate a novel oxygen modulator. The 

effectiveness of radiation therapy is reduced in tumors with low oxygen. The drug, NVX-

108, is under investigation as a means to increase oxygenation prior to radiation 

treatment. NVX-108 is given while the patient breaths carbogen and has not been 

thoroughly tested when the patient is breathing oxygen or air. The study described herein 

focused on measuring the increase in oxygenation when NVX-108 was delivered while 

an anesthetized mouse breathed carbogen, oxygen or air. A similar average increase was 

measured under carbogen and oxygen breathing at two dosage levels of NVX-108. The 

increase was higher than with air breathing conditions. Additional animal experiments are 

needed in order to obtain a statistically significant finding. 
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INTRODUCTION 

1.1 Preclinical Animal Models 

Animal models are readily used to study many facets of disease development, 

progression, and treatment. Ideally, the knowledge gained from investigational studies in 

animals can be translated to clinical studies and positively impact patient care. Animal 

models for disease can be experimentally induced, transgenic or spontaneously occurring. 

One method of experimentally introducing cancer is to implant human cancer cells or 

tissue directly into immunocompromised animals [1]. This model, referred to as a 

xenograft model, can further be classified based on the chosen placement of the 

implanted cells. Flank xenograft models inject the cells subcutaneously near the hind 

limb or flank of the animal. Other xenograft models inject the cells into an organ site, 

usually specific to the disease’s site of origin.  

 

The ultimate goal of a pre-clinical animal model of cancer is to accurately reproduce the 

biology of human cancer in a way that allows evaluation of the cellular and molecular 

events associated with growth, metastasis or therapeutic response [2]. The model should 

also aim to be reliable, reproducible and affordable [2].  

 

The skin and fur on many animals causes scattering and attenuation of light. The inability 

to deliver and detect light beyond the skin prevents optical imaging techniques from 

being practically implemented in these pre-clinical models. To overcome this limitation, 

researchers aiming to perform intravital optical imaging in mice generally utilize nude 

mice, which lack fur and have a more transparent skin than other breeds of mice or they 

remove the fur and skin on an animal. Alternatively, many researchers have utilized 

bioluminescent or fluorescence tomography imaging approaches. Bioluminescent 

imaging provides a projection image of all externally detected signal intensity being 
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emitted internally within the animal generally due to an enzymatic reaction, such as 

luciferase reacting with luciferin [3]. One type of model that readily supports repeated 

imaging over time, even after removing the skin, is the window chamber model. 

 

1.2 Window Chamber Models 

Window chambers have been utilized for over 85 years to enable optical imaging of the 

subsurface tissue of living animals [4]. Window chambers are structures physically 

attached to the body of an animal. They allow the removal of the outer opaque covering 

on tissue (e.g. skin or skull) and hold glass coverslips over the exposed tissue to create a 

sealed environment. The tissue can continue to develop over time while being monitored 

with optical imaging techniques. First reported in 1928, the window chamber originally 

was utilized to investigate angiogenesis, or blood vessel development, in the normal 

environment of a rabbit’s ear [5]. In 1939, window chambers were first reported in the 

context of investigating cancer [6]. The study complexity and variety of parameters has 

expanded throughout the years to generate more advanced models and findings. 

However, the applicability of the findings is dependent on the accuracy of the model to 

reflect the natural process being studied. Most early window chamber work relied upon 

ectopic models, such as the dorsal skin fold window chamber, where the diseased tissue 

is placed subcutaneously in a non-naturally occurring location. The improper stroma 

constituents and lack of environmental factors has been reported to negatively impact the 

accuracy of pharmacologic treatment studies, and interfere with the development of a 

metastatic phenotype [1], [2], [7], [8]. Furthermore, the importance of the stroma on 

cancer development has resulted in the coining of the ‘seed & soil’ hypothesis. The 

hypothesis theorizes that tumor cells (‘seeds’) are more likely to establish themselves in 

regions where the microenvironment (‘soil’) is favorable [9]. Orthotopic models aim to 

overcome the reported developmental inaccuracy imposed by ectopic models by placing 
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the disease in the environment where it would naturally be found. Various research 

groups have reported on the development of cranial, pancreatic, mammary and spinal 

cord orthotopic window chambers over the last 20 years [10]–[12].  

 

All previously reported studies utilizing orthotopic window chamber models have solely 

utilized optical imaging techniques. The configuration of many of the orthotopic models 

creates a limitation in the portion of the disease that can be investigated with optical 

imaging modalities. Optical imaging methods are restricted to imaging the top hundreds 

of microns to first few millimeters of the tissue, depending on the optical imaging 

modality employed. The majority of tumors in the orthotopic window chamber models 

grow beyond the 1-2 millimeter optical imaging limit. Investigating only the upper 

portion of the tumor and surrounding tissue may prevent capturing heterogeneity and may 

focus on a less actively growing portion of the tumor, which adversely impact the 

conclusions drawn from the model.  Applying other imaging modalities (e.g. magnetic 

resonance, nuclear) overcomes the depth limitation of the optical imaging methods. Each 

imaging modality has its own set of inherent strengths and limitations. Thus, intelligently 

combining the imaging techniques can improve the amount, quality and analysis of the 

measured data achieved compared to that available with a single imaging modality. 

Ultimately the more complete imaging data leads to a more comprehensive understanding 

of the tumor and potentially the influence of the surrounding environment as well. 

 

1.3 Imaging of Pre-Clinical Animal Models 

1.3.1 Optical Imaging 

Optical imaging capitalizes on the properties of light, including scattering, reflection, and 

absorption or transfer of energy, to investigate an unknown tissue environment. 

Generally, a source of light is applied to the tissue and the signal light resulting from one 
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or more of these interaction phenomena is collected, as determined by the optical 

modality being pursued. Fluorescence optical imaging is readily utilized in pre-clinical 

imaging models. Fluorescence is a property exhibited by certain molecules, where the 

molecule will absorb a particular wavelength of light and after transfer of some energy, 

emit light of a longer wavelength or lower energy. Both endogenous and exogenous 

sources of fluorescence are used in biological imaging studies. Endogenous fluorophores, 

such as NADH, FAD, tryptophan or retinol, are naturally present in the body, but vary in 

concentrations depending on tissue type, depth, age and other factors [13, p. 218-219]. 

Exogenous fluorophores, including a variety of small molecule dyes or fluorescently 

labeled antibodies, must be delivered to the area of interest. Fluorescence imaging 

requires the use of appropriate filters to select the desired wavelength of light to be 

applied to the tissue and/or to separate the back-reflected excitation light from the desired 

fluorescence emission wavelengths of light. 

 

Wide-field fluorescent imaging excites and collects signal of all tissue that falls within 

the illumination beam. Signal above and below the selected focal plane will add to the 

collected signal, blurring the signal and resulting in lower resolution. Optical sectioning 

techniques, such as confocal microscopy and multi-photon microscopy, achieve sharper 

resolution by defining and limiting where collected signals originate. Confocal 

microscopy utilizes scanning as well as either a pinhole or slit to limit the collected 

emission light to come only from a thin focal plane. Either a point or line of illumination 

is scanned across the sample. At each scanning position, the excited tissue emits signal 

and the signal collected is selected using a pinhole or slit. The pinhole or slit placed 

before the detector rejects out-of-focus light, originating from planes above or below the 

axial plane in the tissue. The fluorescence images acquired using confocal microscopy 

are crisper, allow more details to be visualized and potentially have increased resolution 
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compared to wide-field fluorescent imaging. The axial resolution of confocal imaging is 

on the order of one to a few microns depending on the magnification. The acquisition 

time is typically longer than wide-field microscopy as each point or line in the image is 

excited and acquired sequentially. Multi-photon microscopy limits where excitation 

occurs by a pulsed focused beam of light that only excites emission from the focal region 

due to a non-linear interaction of the light with the sample. Scanning of the focal point 

across the sample is required to build up an image.  

 

The resolution limit of optical systems can be determined fundamentally by the Rayleigh 

criterion. The Rayleigh criterion states that two points are resolvable if they are separated 

by the radius of the Airy disc or the distance between the peak and first zero of the Airy 

function. For conventional full field microscopes, the lateral resolution, Δx, is expressed 

as ∆𝑥 = 0.61 ∗
𝜆

𝑁𝐴
, , where λ is the wavelength of light, and NA is numerical aperture. 

For confocal microscopy, the addition of the pinhole configuration introduces optical 

sectioning capability, providing the system with axial resolution. The lateral resolution 

limit may additionally be lowered slightly compared to the full-field microscope due to 

the product of the illumination and detection point spread functions resulting in a 

narrower full-width half-maximum, which would allow two points to be separated at a 

closer distance. The axial and lateral resolution of a confocal system can be expressed as 

∆𝑥 = 0.44 ∗
𝜆

𝑁𝐴
, and ∆𝑧 =

1.52∗𝑛∗𝜆

𝑁𝐴2
, respectively, where n is the index of refraction, λ is 

the wavelength of light, and NA is numerical aperture [13, p.522-5].  

 

Both full-field and optical sectioning optical imaging techniques can achieve a lateral 

resolution on the order of less than one to a few microns depending on the magnification 

and quality of the imaging instrument. Cells in the body are roughly 10 microns in 
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diameter, and therefore, within the resolution limit of optical imaging methods. The 

greatest limitation of optical imaging methods is the penetration limit of light and 

resulting limit on the depth from which signal can be obtained. As light travels through 

tissue, losses occur from scattering or redirection of light as well as from energy loss due 

to absorption. Only a fraction of the light applied to tissue will escape back out of the 

tissue and be detected. Moreover, light scattering events increase with the depth leading 

to blur in detected signal returning to the detector. The skin is a large contributor to 

scattering and attenuation of light, but even after removing the skin, the optical imaging 

limit of most optical imaging modalities is a few hundred microns. 

 

1.3.2 Magnetic Resonance Imaging 

Magnetic resonance (MR) imaging gathers signal from nuclei that have a net magnetic 

dipole moment. Because animals are largely composed of water, a plethora of hydrogen 

nuclei (mostly on water) are available and can be excited to provide the signal for MR 

imaging. When placed in an external magnetic field (B0), generally 1.5 to 7 Tesla in 

strength, the hydrogen protons will, when excited, precess at the Larmor frequency. The 

Larmor frequency is calculated as the strength of the magnetic field multiplied by the 

gyromagnetic ratio (𝛾), which is the ratio of the magnetic dipole moment to the angular 

momentum of the nuclei [14, p. 384]. In the presence of an external magnetic field, the 

magnetic dipole moments of the hydrogen nuclei tend to align along the magnetic field. 

The magnetic dipole moments collectively produces a net bulk magnetization (M) for the 

tissue that points in the same direction as the magnetic field, B0 [14, p. 385]. By running 

current through specially designed loops of wire called radio frequency coils, a time-

varying magnetic field (B1) at the Larmor frequency can be created and acts to tip the 

hydrogen nuclei’ spins out of alignment with the external magnetic field. The application 
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of the B1 magnetic field is often referred to as the excitation pulse. The angle of the tip of 

the nuclei out of alignment with B0 is described as 

∅ = 𝛾𝐵1𝑡, 

where t is the amount of time and B1 is the strength of the time varying magnetic field 

applied. 

 

After the B1 field is turned off and the net M is tipped away from alignment with the B0 

field, the net magnetization will precess at the Larmor frequency about the B0 field. 

Eventually, the precessing magnetization will decay back to alignment with the B0 field. 

The process of the protons returning back toward the equilibrium state of alignment with 

the external magnetic field is referred to as longitudinal or spin-lattice relaxation [14, p. 

395]. In addition, while precessing the transverse component of the magnetization can 

decay due to dephasing of the precession of individual nuclei. The dephasing of the 

precession for the hydrogen spins (resulting from the influence of neighboring spins) is 

referred to as transverse or spin-spin relaxation [14, p. 393]. As the net magnetization is 

precessing with a non-zero component of transverse magnetization it represents a time 

varying magnetic field that will produce a voltage signal in a receiver coil. As the portion 

of the net magnetization signal in the transverse plane decays the signal collected in the 

coil decreases. 

 

Gradients are applied in orthogonal directions to aid in selecting and encoding acquired 

MR signals. Spatial encoding is achieved by applying additional gradients, which change 

the precession frequency for different spatial positions. In order to select a slice from 

which signal will be collected, a gradient along the slice selection direction is applied. 

This gradient alters the Larmor frequency of the tissue based on position and the strength 

of the gradient. Specifying a waveform with a desired range of Larmor frequencies can 
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then be used to excite the desired thickness and position of the slice of tissue where signal 

will be acquired [14, p.419]. The magnitude and phase information acquired for a 

particular slice is collected in Fourier space or k-space. The precession frequency and 

phase of the signal dictates the placement within k-space. Gradients in the read-out and 

phase directions, which are orthogonal to the slice selection direction, control the 

frequency and phase of the precession and thus specify the placement of information 

within k-space. Using an inverse Fourier transform the data is returned to a Cartesian 

image space. 

 

The contrast in MRI is generally a function of the proton density, the relaxation 

parameters (T1 and T2) and the timing parameters of the pulse sequence employed. The 

main timing parameters of an imaging sequence are TR or the repetition time and TE or 

the time to echo. The timing between the initial flip of the net magnetization and 

collecting the maximum detected signal defines the TE parameter. The maximum 

detected signal or spin echo signal results after the application of a short 180° pulse 

which causes the transverse spins to recover coherence after having experienced 

dephasing. The timing between successive flips of the magnetization signal defines the 

TR parameter [14, p. 400].  MR sequences can be designed to produce T1-weighting by 

using a short TR value, relative to the T1 value range of the tissues being imaged, and a 

short TE value. The magnetization that leads to signal is repeatedly excited or flipped 

into the transverse plane before becoming fully relaxed back to equilibrium, and the 

amount of signal is dependent on the T1 relaxation property of the tissue and how much 

had recovered before the tissue was re-excited [14, p. 402]. T2-weighting results from 

using a TE approximately equal to the T2 of the tissue being imaged and a long TR value 

[14, p. 401]. Proton density weighting uses a long TR and a short TE value [14, p. 400]. 

MR images can acquired to be sensitive to a variety of other parameters, such as motion 
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and flow, leading to images of quantitative metrics of diffusion and perfusion for 

example. 

 

MR imaging requires the specialized setup of a large strength magnet and infrastructure 

for cooling the magnet and further operating the gradients. The cost of performing MR 

imaging is higher than other imaging modalities due to the infrastructure and overhead 

required. 

 

1.3.3 Nuclear Imaging 

Nuclear imaging relies on measuring the signal from decaying radiolabeled agents to 

determine the location and overall radiotracer concentration distribution within the 

patient. Nuclear imaging techniques provide functional imaging capabilities. Because the 

source of signal is the radiotracer distribution, the biological uptake of specially targeted 

or designed radiotracers can be measured over time. For example, 18F-FDG is a 

radiolabelled glucose analog that is taken up preferentially in metabolically active areas 

of the body where there is greater glucose demand. When the cell tries to metabolize the 

18F-FDG, the molecule is modified to an unusable form that accumulates in the cell. 

 

Positron emission tomography (PET) and single photon emission computed tomography 

(SPECT) are two commonly utilized nuclear imaging techniques.  The radiotracers used 

with PET emit positrons while the radiotracers detected with SPECT are gamma emitters 

[14, p. 252]. For PET imaging, the emitted positron annihilates with an electron and 

produces two simultaneous gamma photons that travel in opposite directions [14, p. 286]. 

By detecting coincidence pairs, the coincidence line between each pair of coincidence 

can be drawn to help determine the location of the decaying radiotracer. More precise 

determination of the decaying radiotracer location can be obtained with time-of-flight 
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PET, where very small differences between the detection of coincidence events can 

inform where along the coincidence line the annihilation occurred.  On the other hand, 

SPECT detects single gamma ray events using a collimator that along with location on 

the detector defines the line over which the gamma ray emission must have occurred. For 

a fixed angle, a 2D projection image of the 3D radiotracer distribution is obtained[14, p. 

287]. The set of projections acquired from multiple projection angles can be 

reconstructed by a projection reconstruction algorithm to obtain an image of the 

radiotracer distribution. 

 

An alternative nuclear imaging technique, developed by Chen et al. and referred to as the 

Beta Imager, is suitable for detecting emission of decaying radiolabeled agents at shallow 

depths in the body [15]. Positrons emitted from radiolabeled agents can travel up to a few 

millimeters before annihilating with an electron to produce the two counter-propagating 

gamma rays. If the radiotracer is less than a few millimeters from the surface of the body, 

the positron can reach the surface of the body without annihilation. By placing a 

scintillator material above the surface, positrons that reach the photo-scintillator will 

produce light. The light emission can be imaged in a sensitive low-light detection system 

to obtain a high resolution image of the decaying radiotracer activity distribution near the 

surface of the tissue. 

 

Nuclear imaging requires access to radiolabeled imaging agents. A cyclotron is needed to 

produce PET agents. Because of the natural decay of the contrast agents, the radiolabeled 

agents must be produced regionally to avoid excessive loss in activity while en route.  

 

1.4 Breast Cancer 

1.4.1 Breast Cancer Incidence and Diversity of Breast Cancer Tumors 
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According to the National Cancer Institute, it is estimated there will be over 232,000 new 

cases of breast cancer in 2014 in the United States, accounting for 14% of all new cancer 

cases [16]. Based on the current incidence rate, a little over 12% of the female population 

can be expected to receive a breast cancer diagnosis at some point in her lifetime [16]. 

While breast cancer is primarily thought of in the context of effecting females, breast 

cancer does occur in the male population. Approximately 2,300 new cases of breast 

cancer in men will be diagnosed in the United States in 2014 according to the American 

Cancer Society [17]. 

 

Cancer is a generic term for an extremely diverse set of diseases in which abnormal cells 

divide without control and can spread in the body. It is becoming better understood that 

even one subtype of cancer, breast cancer, is complex and diverse. Breast cancer can be 

classified as ductal or lobular depending on where it originates within the breast tissue 

[18]. It can also be classified in terms of the presence of receptors on the cancer cells. 

Specifically, the presence or absence of estrogen (ER), progesterone (PR) and human 

epidermal growth factor (HER2) receptors provide a commonly utilized classification 

system. The absence of all three of these receptors is denoted as a triple negative breast 

cancer. Triple negative breast cancers categorically tend to grow aggressively and are 

more likely to metastasize than other classifications. Within a tumor there can be 

diversity in receptor expression levels, however, one classification is given for the tumor 

as a whole. 

 

1.4.2 Motivation and Design Requirements for MWC Model 

There remains a large amount of knowledge still to be learned about breast cancer 

development, progression, and treatment response.  Pre-clinical models serve as an 

effective means to investigate many facets of cancer at a lower cost and with greater 



26 

 

flexibility of experimental protocols. The most realistic pre-clinical model is desirable to 

obtain the most representative and accurate conclusions. Being able to study more 

specific classifications under the broad heading of breast cancer, can be accomplished by 

utilizing cell lines derived from human breast cancer patients.  Placing the cell line within 

the similar natural environment of the mammary fat pad of an animal leads to a more 

accurate model that incorporates more of the morphologic and biochemical components 

of the disease. The mammary fat pad environment is predominately composed of fat, but 

also contains ductal structures. 

 

In addition to the proper environment, the ideal model will allow visualization of the 

complete tumor serially over time. A window chamber model will support optical 

imaging of the upper portion of the tumor. In order to image the whole tumor, magnetic 

resonance and/or nuclear imaging can be applied. Magnetic resonance imaging requires 

the window chamber to be composed of a non-metallic material such as plastic or acrylic. 

High-resolution nuclear imaging, specifically using the Beta Imager, requires access to 

the tissue and elimination of intervening materials such as glass that would induce loss of 

signal. 

 

1.5 Hypoxia 

1.5.1 Clinical Implications for Cancer  

In cancer research the impact of hypoxia on tumor progression, including invasion, 

angiogenesis, apoptosis, metastasis, and treatment resistance, both chemoresistance and 

radiation resistance, continues to be an active field of investigation [19]. Hypoxic tissues 

have a mismatch in the delivery and consumption of oxygen leading to a low oxygen 

state. Insufficient delivery can be a result of perfusion or diffusion limitations. Perfusion 

limited delivery of oxygen, resulting from structural or functional abnormalities in the 
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blood vessel network, is referred to as “acute” hypoxia [20].  The stoppage of blood flow 

and oxygen delivery is generally transient and has been observed to occur over the course 

of a 20 minute time period [21, p. 355-6].  The transient closures or impairment of red 

blood cell circulation has been theorized to originate from clogging of the vessels with 

blood or tumor cells, collapse of vessels due to high interstitial pressure, or “spontaneous 

vasomotion in host arterioles affecting blood flow in downstream tumor vessels” [21, p. 

356]. On the other hand, diffusion limited delivery of oxygen is caused by rapidly 

proliferating tumors surpassing the diffusion distance between cells and a viable blood 

supply [20]. Diffusion-limited hypoxia is referred to as “chronic” hypoxia, as only blood 

vessel remodeling or angiogenesis will address the oxygen delivery limitation.  

 

Hypoxic cells result in a stabilized HIF1α subunit [22]. HIF1α combines with HIF1β to 

form the transcription factor HIF1[23]. When the HIF1 transcription factor is present, it 

binds to the hypoxia response elements on numerous genes leading to increased gene 

expression  [23]. These genes have implications in apoptosis resistance, vascular 

development, glycolytic metabolism and metastatic potential among other processes. 

 

The process of metastasis highlights how many of the genes upregulated by hypoxia 

contribute favorably to the survival and spread of cancer. In order for cancer cells to 

metastasize, the cells must first detach from the primary tumor, migrate through the 

extracellular matrix, and break through the basement membrane before infiltrating into 

the lymphatic or systemic circulation [21, p. 313]. The downregulation of cadherins, 

responsible for cell-cell and cell-matrix interactions, and upregulation of 

metalloproteinases, which act to degrade the extracellular matrix, have been correlated 

with HIF-1 [21, p. 313, 318-9]. These changes in protein expression levels contribute to 

the intravasation of tumor cells. Circulating cancer cells must subsequently extravasate 
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into a secondary tissue site, often the liver or lung because the circulation travels to these 

organs first [21, p. 314]. The cells must then survive, grow and develop their own 

vasculature supply to finish the metastatic process. Once again, the presence of hypoxia 

can work favorably for the cancer cells. Vascular endothelial growth factors (VEGFs) are 

upregulated in response to hypoxia and HIF-1 stabilization. VEGFs stimulate 

angiogenesis, allowing nutrients to be supplied to support rapidly proliferating cells.  

 

In response to hypoxia, the HIF1 transcription factor triggers increased expression of 

GLUT1 and a switch toward engaging in glycolytic metabolism. GLUT1 is a membrane 

transporter responsible for shuttling glucose into the cell. The increased presence of 

glucose supports the reliance on glycolytic metabolism which does not require oxygen to 

generate ATP. The switch toward favoring glycolytic metabolism often persists even 

after re-oxygenation of the tumor [24]. 

 

Radiation sensitivity falls off rapidly when pO2 levels are less than 30 mmHg [20]. Thus 

hypoxic tumors are often resistant to radiotherapy. Numerous studies have been and 

continue to be conducted to manipulate the oxygenation level prior to or during the 

delivery of radiation treatment [21, p. 362], [23]. Oxygen modulation enhancement has 

been attempted with hyperoxic breathing (i.e. breathing carbogen), administering 

perfluorochemical emulsions as additional oxygen carriers, administering nicotinamide, 

giving patients blood transfusions to increase hemoglobin concentration, and 

administration of the hormone erythropoietin (EPO) to stimulate increased production of 

hemoglobin. In order to effectively apply, and select patients for, oxygen manipulation or 

studies investigating enhanced radiation treatment approaches, an assessment of the 

oxygenation status of tumors is necessary. Most of the modulation techniques have 

demonstrated improvement in oxygenation status but have not yet successfully 
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progressed through clinical trials [21, p. 363]. Better identification of hypoxic tumors and 

selective enrollment might aid in the success and implementation of these approaches. 

 

1.5.2 Methods for Assessment of Partial Pressure of Oxygen 

There are several methods that can be utilized to assess the partial pressure of oxygen in a 

tissue environment. The two most established techniques are the use of a Clark electrode 

and nitroimadazoles.  

 

1.5.2.1 Oxygen Probes  

Oxygen probes designed for insertion into the sample of interest report the pO2 present at 

the contacting tip and fall into two main classes. The first is polarographic oxygen 

electrodes and the second class is fiber optic probes. Polarographic electrodes, otherwise 

referred to as a Clark electrode, generally utilize a gold or platinum cathode and silver or 

silver/silver chloride anode. When oxygen is present the cathode is reduced and causes 

current to flow in the system. The measurement consumes oxygen and requires continual 

stirring or mixing of the environment to ensure an accurate measurement over an 

extended period of time [26]. While the electrodes provide a quantitative reading of the 

pO2 level at a particular location in tissue, they result in a number of undesirable 

consequences. In order to accurately place the electrode in a designated location of the 

tumor with certainty, CT or ultrasound guidance is necessary [22]. Because the probe is 

invasively inserted into the tissue, repeatedly inserting the electrode to measure multiple 

locations as well as moving the electrode within the tissue damages the tissue [22]. 

Creating tracks into the tissue and inducing damage could potentially alter the 

oxygenation status of the tissue. Triggering tissue remodeling or possibly inducing an 

inflammatory response to the damage becomes a greater consideration with temporal 

measurements of the pO2 variation. The accuracy of the probes depends upon having a 
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proper calibration. Around 100 individual locations are necessary to reliably and 

reproducibly represent tissue oxygenation with a polarographic needle electrode [25], 

[27] . The data are most often displayed in a histogram without any information of the 

spatial distribution of location of particular readings within the tumor. The ratio of 

measurements below a selected threshold of hypoxia compared to the total number of 

measurements is one metric reported from electrode data and is referred to as the hypoxic 

fraction. The threshold of hypoxia for determining hypoxic fraction is variable but typical 

values are 2.5, 5 or 10 mmHg. 

 

Fiber optic probes are generally finer than polarographic needle oxygen electrodes [25] 

and thus may be marginally less destructive to the tissue. The sampling bias and 

dependence on proper calibration remain issues with the fiber optic based probes. The 

fiber optic probes often use a phosphorescent dye sensitive to oxygen levels to ascertain a 

measure of pO2 at the site of the probe tip. 

 

1.5.2.2 Nitroimadazoles 

Nitroimadazoles are exogenous reporters that must be delivered to the tissue to indirectly 

assess the oxygenation of tissue [19]. The molecules diffuse into cells and are reduced 

into reactive intermediates [25]. If the partial pressure of oxygen is less than 10 mmHg, 

the nitroimidazole intermediates are reduced further to form a stable complex with 

macromolecules in the cell. Approximately 20% of the nitroimidazoles intermediates 

form adducts, while the remainder are hydrolyzed and cleared [28]. If the partial pressure 

is higher than 10 mmHg, the nitroimadazole intermediates are reoxidized and removed 

from the tissue [25]. The tissue site of interest must be removed and processed with 

immunohistochemical staining using antibodies against the specific nitroimadazole 

marker in order to identify the cells positively reporting hypoxic conditions at the time 
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the probe was administered. Pimonidazole hydrochloride (also referred to commercially 

as Hypoxyprobe) is the most commonly utilized and well-known nitroimadazole 

reporters. 

 

The nitroimadazole molecules report the pO2 values at the single time point when they 

reach a cell, and can only report the pO2 level being above or below the threshold of 10 

mmHg. The accuracy of the oxygenation assessment depends on effective delivery to the 

site of interest. Further, the standard nitroimadazole techniques are invasive, requiring the 

removal of the tissue to assess the staining. 

 

While these methods are the most established, it has been argued they should not be 

viewed as the gold standard for oxygenation measurement due to their limitations. The 

approaches either damage the tissue during the insertion of the probe or require the 

removal of the tissue. Both practices restrict the number of measurements that can be 

acquired and prevents one from gaining an understanding of pO2 variations. In fact, the 

current consensus is that there is no ideal gold standard of quantitative oxygen 

measurement in tissue [29]. Additional imaging approaches for measuring oxygen levels 

have and continue to be developed. 

 

1.5.2.3 Imaging Methods 

1.5.2.3.1 Phosphorescence Lifetime 

Phosphorescence is similar to fluorescence in that a particular wavelength of light is 

applied to excite molecules, which results in the emission of light of longer wavelength 

and lower energy after some amount of vibrational relaxation occurs. As seen in Figure 1, 

while fluorescence excites molecules into the singlet state, phosphorescent molecules can 

undergo intersystem crossing and induce a flip in the orientation of one of the spin states, 
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causing them to occupy an excited triplet state. The phosphorescent molecules can then 

relax back to the ground state and in the process emit phosphorescence. In general, the 

phosphorescence has a significantly longer wavelength change from the excitation 

wavelength or Stokes shift than fluorescence. The rate of decay from the excited to the 

ground state in phosphorescence is also significantly longer due to the additional 

relaxation processes compared to the rate of relaxation in fluorescence. The decay is 

characterized by a lifetime. Phosphorescent lifetime is typically on the order of 

microseconds, while fluorescent lifetime is on the order of nanoseconds or femtoseconds. 

 

 
Figure 1: Jablonski diagram illustrating fluorescence and phosphorescence decay. 

 

Porphyrin molecules are composed of a 16-atom aromatic ring containing four nitrogen 

molecules [30]. Different metals, including platinum (Pt), palladium (Pd) and iridium 

(Ir), can be bound in the center of the ring [31]. Particular porphryin molecules are 

phosphorescent with decay rates that are sensitive to the presence of oxygen.  The 

porphyrin molecules are excited into a triplet excited state and return to a singlet ground 

state. Conversely, oxygen molecules have a triplet ground state and a singlet excited 

state. The oxygen quenches the phosphorescent decay process by colliding with the 

molecule and causing the molecules to return to the ground state and lowering the 

phosphorescent lifetime [32]. Oxygen is effective in quenching the porphyrin molecules 
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due to the molecules having complementary triplet and singlet states, which allows for 

conservation of quantum spin number. The relationship between oxygen concentration 

and the lifetime is described by the Stern-Volmer equation: 

𝜏0

𝜏
= 1 + 𝐾𝑆𝑉 × [𝑂2] , 

where τ is the lifetime,  τ0 is the lifetime for a pO2 of 0 mmHg and KSV is the Stern-

Volmer quenching constant [33].  

 

The suitability of the porphyrin molecule for detection of oxygen depends upon the 

intended application of the probe. For biologic applications, the suitability of a porphyrin 

probe for measuring oxygen takes into consideration the temporal range of 

phosphorescent lifetime values, the corresponding range of pO2 values to which the probe 

is sensitive, the linearity of the relationship between the lifetime and pO2, and the 

dependence, or lack thereof, of the lifetime measurement on interactions with other 

molecules, such as albumin, or environmental factors, such as temperature. 

 

Platinum porphyrins tend to have shorter lifetimes in the tens of microsecond range 

compared to palladium porphyrins with lifetimes in the hundreds of microsecond range 

[32].  The excitation profiles of Pt and Pd probes are similarly shaped with the Pt probes 

being shifted to slightly shorter wavelengths compared to the Pd probes [34]. 

 

Various methods of encapsulation have been used with porphyrin probes. These include 

dendrimer cages [34], conjugation to a macromolecular carrier [35], encapsulation in 

nanoparticles [36] and embedding within polymers [37]. The carrier mechanism can act 

to impede the ability of oxygen to interact with the dye, thus affecting the rate of 

quenching and sensitivity to oxygen [32]. The porphyrin probes alone are generally 
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hydrophobic. Thus, conjugation to hydrophilic molecules can prevent aggregation in 

aqueous solution [35]. Encapsulation can also aid in keeping the probe cell-impermeable 

and within an extracellular environment where the calibration is known to be valid. A 

number of porphyrin probes have been designed to be administered and kept in the 

vascular space [32]. A second class of probes is intended for extracellular measurements 

outside of the blood. Lastly, some groups have aimed to deliver the probes inside cells to 

measure intracellular oxygen levels. Intracellular probes face the challenge of delivering 

and maintaining an adequate distribution of the probe within the target tissue. Probes 

intended for sensing oxygen should avoid being targeted to the cell membrane or nuclei 

of cells due to the potential for photodamage to the cell [32].  

 

Other methods of detecting oxygen concentration with phosphorescent probes have been 

employed by various groups. Not only does the phosphorescent lifetime change with 

concentration of oxygen but also the intensity of the emission. Ratiometric fluorescent 

nanoparticles use an oxygen-sensitive probe and an oxygen-insensitive reference dye 

encapsulated in the same nanoparticle [38]. Ratio measurement indicates oxygenation 

while the ratio takes into account dye distribution and photobleaching, assuming the two 

probes have similar properties [38]. PEBBLE probes, or probes encapsulated by 

biologically localized embedding, are one set of sensors intended for intracellular 

applications [39]. They utilize an organically modified silicate nanoparticle to hold both 

an indicator (Pt porphyrin based probe) and a reference dye [39]. The PEBBLE probes 

are injected into cells using a gene gun and have been successfully tested in a rat glioma 

model [39]. 

 

1.5.2.3.2 Photoacoustic Lifetime Imaging 
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Two excitation wavelengths are needed in photoacoustic lifetime imaging of 

phosphorescent dyes. One excitation pulse, referred to as a pump pulse, is used for 

exciting the fluorophore into an excited energy state. The second excitation pulse, 

referred to as a probe pulse, is applied to determine the amount remaining in a triplet 

transition state at a designated delay time from the initial excitation [40]. The delay time 

between the ‘pulse’ and ‘probe’ excitation applications can be varied to build up 

knowledge on the decay properties of the fluorophore. The second, ‘probe’ pulse 

generates the measured photoacoustic signal. The laser pulse causes an acoustic field to 

be emitted due to the thermoelastic expansion of the absorbing molecule [40]. The 

acoustic field is then detected with an ultrasound transducer.  

 

Methylene blue is currently the most common dye used for oxygen sensing with 

photoacoustic imaging. Methylene blue is water soluble and has been cleared by the FDA 

for clinical use [40]. In the case of methylene blue, the dye is excited with a laser pulse at 

660 nm while an excitation pulse at 810 nm is used for probing the amount in the excited 

transition state [40]. Previously, PtOEP has been used with photoacoustic lifetime 

imaging of oxygen in a 3D tissue model [41]. The imaging depth is limited to 2 to 3 mm 

due to the penetration limit of light in the 500-540 nm range, where PtOEP has peak 

absorption [41]. Methylene blue due to its higher excitation wavelength allow 

measurements up to approximately 6 mm into the tissue [40]. 

 

1.5.2.3.3 MR Oxygen Sensing Approaches  

There are multiple MR techniques that have been developed in order to identify the 

presence of hypoxia in tissue. These include: BOLD, TOLD, FREDOM, and EPR.  MR 

techniques are attractive because they are non-invasive and do not require exogenous 

contrast agents to be administered. 
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BOLD or blood oxygenation level dependence MRI is one method that relies on 

measuring changes in T2* relaxation and relating the measurement to an estimate of 

vascular pO2. Because deoxyhemoglobin is paramagnetic, it increases the relaxation rate 

of surrounding protons, causing a decrease in the measured T2* weighted signal [19], 

[22]. BOLD can also be utilized with a hyperoxic breathing challenge to highlight T2* 

changes with increasing oxygenation [42]. BOLD imaging can be confounded by changes 

in blood flow,  hematocrit concentration, temperature and pH [42]. BOLD-MRI is also 

not suitable for small vessels, where T2* measurements in a single voxel come from both 

blood vessels and tissue [22]. Additionally, BOLD reports only on vascular levels of 

deoxyhemoglobin and not on the pO2 in tissue [19].  

 

TOLD (tissue oxygen level dependent) MR capitalizes on the T1 shortening of tissue 

water due to the paramagnetic effect of molecular oxygen. Often the change in the T1 

value is measured in the tissue while the subject undergoes a hyperoxic breathing 

challenge. Hyperoxic breathing can be imposed by changing from breathing air to 

oxygen. The elevated concentration of oxygen in the blood plasma and tissue resulting 

from hyperoxic breathing, increases the longitudinal relaxation rate through dipolar 

interactions [43]. A single measurement of T1 is not suitable for arriving at an absolute 

value of pO2 because many other factors can also influence the T1 value [25]. The 

approach is better suited for measuring acute changes in oxygenation. 

 

Combining both BOLD and TOLD measurements during a hyperoxic breathing challenge 

is the basis for DOCENT or dynamic oxygen challenge evaluated by NMR T1 and T2* 

[25]. The BOLD signal measurement component is more rapid as it measures vascular 
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hemoglobin oxygenation while the TOLD signal depends on the oxygen diffusing from 

the vasculature into the tissue. 

 

19
F MRI uses perfluorocarbons or fluorinated nitroimidazoles as contrast agents. The T1 

relaxation rate of perfluorocarbons varies linearly with pO2 [19], [25]. Unfortunately the 

approach requires exogenous contrast agent to be injected intravenously. The lack of 

endogenous 
19

F however is advantageous since there is no background signal. The signal 

can be influenced by flow artifacts, and the oxygen sensitivity is dependent on 

temperature, dilution, and pH [19]. However, direct injection of agents, such as 

hexafluorobenzene, into the tissue is possible. A local injection eliminates the need to 

wait for vascular clearance [25]. The fluorinated contrast agents can have a broad range 

of T1 values. For example, hexafluorobenzene ranges from 0.7 s to 10 s at 4.7 T [25]. 

Long T1 values would normally lead to long acquisition times. However, echo planar 

imaging allows the T1 values to be assessed more rapidly. A technique coined FREDOM 

or fluorocarbon relaxometry using echo planar imaging for dynamic oxygen mapping has 

been successfully applied in a number of different tumor types in both rats and mice [25]. 

 

Electron spin resonance (ESR) or electron paramagnetic resonance (EPR) is a technique 

that is sensitive to detecting molecules with unpaired electrons. Oxygen has two unpaired 

electrons, but the concentration of oxygen in biological samples is too low for a 

measurement to be feasible [44]. However, the indirect relaxation effect oxygen has on 

other paramagnetic species can be measured with EPR. Exogenous sources of either 

soluble paramagnetic materials or insoluble particulate materials can be introduced at 

sufficient concentrations to support sensitivity to oxygen variations on the order of 1 

mmHg (Seimann p 234). The methodology requires the invasive placement of the 

paramagnetic material but then allows repeatable, non-invasive measurements of oxygen 
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levels [45]. Paramagnetic insoluble particulate materials are utilized for spectroscopy and 

obtaining local measurements of oxygen. Soluble materials are more ideal for EPR 

imaging because they are able to diffuse throughout the tissue [21, p. 234]. While the 

number of facilities capable of performing pre-clinical EPR imaging has been expanding, 

there are only a couple of systems capable of translating developments to in vivo clinical 

work [45]. Approval for the use and placement of paramagnetic materials is an additional 

hurdle to overcome [45]. 

 

1.5.2.3.4 Radiolabeled Nitroimidazoles 

Radiolabeled isotopes have been attached to nitroimidoles to produce PET or SPECT 

imaging agents in recent years. Examples of PET imaging agents include 

fluormisonidazole (FMISO), EF5, fluoroetanidazole (FETA), iodoazomycin arabinoside 

(IAZA), and Cu-ATSM.  SPECT imaging agents include 
123

I-IAZA, and 
99m

Tc labeled 

agents such as BMS-181,321 or 
99m

Tc-HL91. Similarly to nitroimidazoles, they form 

adducts in cells under hypoxic conditions. In normal cells, they are reoxidized and 

cleared. Analogous to unlabeled nitroimidazoles, the agents are only sensitive to 

reporting pO2 levels above or below 10 mmHg and depend on effective circulation and 

delivery throughout the tumor or region of interest. 

 

FMISO was the first-generation PET imaging agent and studies found its uptake was 

variable between patients and tumor types [19]. Uptake and distribution of the agent can 

be influenced by blood flow, which can be variable in tumors. Another potential concern 

is the washout of unbound agent can be slow because it is dependent on the tissue access 

to the vasculature [25]. In vivo, FMISO undergoes metabolic reactions resulting in 

metabolites that contribute only to background signal and are not representative of 
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hypoxia [22]. Second-generation imaging agents were made to be more water soluble and 

not as prone to degradation by oxidizing mechanisms in the body [19].  

 

Overall, many of the radiolabeled nitroimidazole agents have been observed to have 

variable uptake and efficacy depending on tumor-type and from patient to patient 

variability [19]. Adequate clearance of background signal from both the blood and 

normoxic cells is also a concern for some of the agents [19]. Further, the labeling 

chemistry can be complex with low yields, making widespread availability and utility 

impractical [19].The approach is fairly costly and most often utilized for only single time 

points [25]. Due to the long time period needed to allow for both sufficient delivery and 

clearance, the measurement is viewed as an assessment of chronic hypoxia rather than 

acute hypoxia [25]. 

 

1.5.2.3.5 Endogenous Markers (HIF-1 or CA-IX) 

The most common endogenous markers used as markers or indicators of hypoxia are 

HIF-1 and carbonic anhydrase IX or CA-IX. HIF-1 is a heterodimer composed of 

constitutively active HIF-1β and hypoxia stabilized HIF-1α. The alpha subunit is 

degraded by prolyl hydroxylases and rendered further inactive through the binding of the 

von Hippel-Lindau protein [19]. HIF-1 activity can be detected by introducing transgenes 

with hypoxia response elements that code for expression of either luciferase or green 

fluorescent protein [19]. HIF-1 binds to hypoxia response elements to upregulate the 

transcription of genes. 

 

Carbonic anhydrase IX is a membrane bound enzyme, which acts to catalyze the 

hydration of carbon dioxide to form bicarbonate [24]. The reaction removes hydrogens 

from the cell, maintaining a favorable intracellular pH [24]. CA-IX is expressed only in 
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select regions of normal tissue, such as the gastric mucosa, small intestine and muscle 

[19]. Under hypoxic conditions, HIF-1 results in the production of CA-IX. The 

overexpression of CA-IX has been observed in a variety of different cancer types. 

Notably, CA-IX is highly expressed in basal-like and triple negative breast cancers [24]. 

However, some researchers have called into question the validity of CA-IX as a specific 

reference for hypoxia [22], [46]. It has been established that hypoxia is necessary for the 

initiation of the production and the placement of CA-IX in tumor tissue, which would not 

normally express the enzyme [19], [47]. The presence of CA-IX does not readily reverse 

in response to reoxygenation, making it less effective than other approaches for dynamic 

monitoring of the oxygenation status [19], [48]. 

 

1.6 Explanation of Dissertation Format 

This dissertation details the development of a mammary window chamber model and 

implementation of multiple imaging approaches to aid in performing basic cancer 

research. The research conducted in the completion of this dissertation is organized in the 

form of three main scientific manuscripts and an additional section detailing preliminary 

work in implementing a MR oxygen imaging approach to the window chamber models. 

A summary of the major findings of each paper as well additional relevant methods, 

findings and troubleshooting performed are presented in the next section. The 

manuscripts themselves are given as appendices. 

 

The first manuscript, in Appendix A – “Multi-modality imaging of a murine mammary 

window chamber for breast cancer research”, involved developing a window chamber 

model for breast cancer research and demonstrating compatibility with multiple imaging 

modalities to highlight the utility of the model for cancer research studies. The 
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manuscript was published in July 2014 in Biotechniques - The International Journal of 

Life Science Methods. 

 

The dissertation author was responsible for development of the model, collecting imaging 

data, analyzing and compiling the image results and writing the manuscript. Co-author 

Hui Min Leung assisted with collection of imaging data and Arthur Gmitro assisted with 

imaging data acquisition and editing of the manuscript. 

 

The second manuscript, in Appendix B – “Dynamic Oxygenation Measurements using a 

Phosphorescent Coating within a Mammary Window Chamber Mouse Model”, focused 

on implementing and evaluating the suitability of an optical phosphorescent lifetime 

imaging method for dynamic quantification of oxygen partial pressure within the 

mammary window chamber model. The manuscript was published in February 2015 in 

Biomedical Optics Express. 

 

The dissertation author was responsible for manufacturing the oxygen sensitive coatings, 

designing and collecting all imaging data for the multiple oxygen modulation 

experiments, processing and analyzing the data and writing the manuscript. Co-author 

Arthur Gmitro provided support during setup of imaging experiments and assisted in 

editing of the manuscript. 

 

The third manuscript, in Appendix C – “Assessing breathing gas impact on NVX-108 

oxygenation effect in a mammary window chamber mouse model”, applied the 

phosphorescent lifetime method described in the second manuscript to evaluate the 

effectiveness of the novel therapeutic NVX-108 when administered under multiple 

experimental conditions.  
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A preliminary version manuscript entitled, “Measuring oxygen tension modulation, 

induced by a new pre-radiotherapy therapeutic, in a mammary window chamber mouse 

model”, covered results from one dosage level. This preliminary manuscript was 

presented at the 2015 SPIE Photonics West BiOS conference and subsequently published 

in the conference proceedings. An updated version of the manuscript has been drafted to 

include all results obtained. 

 

The dissertation author was responsible for experimental protocols, conducting and 

collecting all experimental data, analyzing data and writing the manuscript. Co-author 

Arthur Gmitro provided support in experimental setup, interpretation of data and editing 

of the manuscript. 

 

PRESENT STUDY 

2 Multi-Modality Imaging of a Murine Mammary Window Chamber for Breast Cancer 

Research 

2.1 Design Specifications 

For any engineering design, understanding the desired specifications and design 

requirements is paramount for achieving a successful design. At the onset of the project’s 

conception, it was deemed a worthwhile goal to expand the capabilities of the previously 

developed dorsal skin fold window chambers utilized at the University of Arizona by 

developing a breast cancer specific window chamber model. Breast cancer would be 

ideally studied in an animal model with characteristics mimicking the normal 

environment and constitutive factors present in humans. Some compromises must be 

made to make a functional model, including diminishing the animal’s immune system in 

order for the foreign cancer cells to survive and form a tumor. Developing an orthotopic 
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model, which would allow breast cancer development to be studied in the native 

mammary tissue, necessitated the model to be placed over one of the ten mammary fat 

pads on a mouse. Further selection of the mammary fat pad considered animal comfort, 

accessibility to chewing and respiratory motion. Experience with the dorsal skin fold 

window chambers, and mice in general, dictated housing of the animals in separate cages 

to minimize degradation of the chambers due to animal to animal gnawing. A number of 

design parameters were specified by the desire to maintain the expanded multi-modality 

imaging capabilities developed in the dorsal skin fold model. Requirements for 

compatibility with magnetic resonance imaging prevented the use of any metal materials. 

For compatibility with the beta imager nuclear approach, the coverslip of the window 

chamber needed to be removable to allow for direct contact of the scintillator with the 

tissue. Optical imaging dictated the desire for a large field of visualization into the tissue 

using a thin and optically transparent material for the window.  

 

2.2 Iterations of the Design 

Several iterations of mammary window chamber designs were developed in SolidWorks 

in an attempt to meet the desired design requirements. The first designs supported a 12 

mm diameter coverslip, providing a large clear aperture for optical imaging.  The 

structure diameter was 21 mm for the 12 mm diameter coverslip designs. Initial attempts 

with the 12 mm diameter coverslip resulted in limited mobility of the animals and 

aggressive chewing of the side of the window chamber closest to the hind limb of the 

animal. Observed annoyance of the animal and restricted mobility led to the conclusion 

that these early generation window chambers were too bulky for successful use. Three 

iterations of preliminary designs using round 12 mm glass coverslips are included in 

Figure 2a. The first iteration had four notches into the upper lip for compatibility with a 

detachable cap, which were used to deter the animal from chewing on the implanted 
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structure. This design was 5 mm tall. The second iteration removed two segments totaling 

half of the circumference of the upper lip to be only 2.5 mm thick. The alteration reduced 

the weight and minimized surfaces that could be chewed. A snap ring feature was added 

to secure the coverslip in a removable fashion rather than permanently gluing the 

coverslip in place. The third iteration drastically reduced the bulk by minimizing the 

upper lip around the entire circumference and making the entirety of the chamber 

thickness only 2.95 mm tall. The outer and inner edges of the remaining upper lip were 

threaded for compatibility with a cap design, which served as a limiting factor for 

minimizing the chamber’s thickness. 

 

One method of reducing bulk in the design and minimizing animal discomfort involved 

cutting off a portion of the circular cover glass closest to the hind leg to form a “D”-

shaped glass window. Designing a window chamber structure in a non-circular or 

rectangular design required fabricating custom coverslips into similarly “D”-shaped 

configurations. Originally all proposed window chamber designs strived to work with 

commercially available coverslips, but it arose as a worthwhile compromise to attempt to 

modify commercial coverslips to maintain a larger field of view while reducing irritation 

around the hind leg. Various methods were employed to modify the coverslip. These 

included scoring and snapping the glass as well as sandwiching the glass between 

appropriately sized plastic “D” shaped guides to hold the coverslip while progressively, 

gently grinding the protruding glass edge against sandpaper. The grinding method tended 

to produce more successful results with minimal amount of radiating micro-fractures into 

the remaining glass coverslip.  The approach was time intensive due to the in-house 

fabrication of coverslips and did not yield significantly different results when it came to 

the temperamental response of the animal to the window chamber structure. For these 

reasons, the “D”-shaped design approach was dropped. Examples of the “D”-shaped 
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window chamber designs are included in Figure 2b. The designs maintained the snap ring 

approach for securing the coverslip. The first design had a constant height of 2.95 mm 

around the curved portion of the chamber. The second design reduced the central portion 

of the curved lip to 1.75 mm in height. A notch into the inner portion of the taller, upper 

lip allowed a spring loaded cap to attach to the window chamber structure. 

 

 
Figure 2: Window chamber iterations using 12 mm diameter coverslip. a. Three designs 

utilized a 12 mm diameter, round glass coverslip. b. Window chambers featuring a “D”-

shaped design and matching coverslip shape are shown.  

 

Additionally, designs compatible with rectangular coverslips were explored in 

SolidWorks but no attempts were made to implant any such structures in an animal 

model. The corners inherent in the rectangular design were a concern. They were 

perceived to have a higher risk for either protruding into the animal to cause discomfort 

or applying pressure against the overlying skin that would be used for securing the 

structure. It was also anticipated that the longer extent of the rectangular designs would 

not conform to the animal’s shape during regular movement and bending of the mouse’s 

abdomen. 

 

Ultimately, a commercially available 8 mm diameter circular coverslip was settled upon 

for the window component of the structure (Model CS-8R, Warner Instruments, Hamden, 

CT).  The smaller sized window allowed the bulk of the structure to be reduced 

significantly. With the 8 mm coverslip, the diameter of the structure is only 13 mm. 

Supporting the 8 mm coverslip on a thin bottom lip allows for a 7.25 mm diameter clear 
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aperture into the underlying tissue. Minor iterations of the smaller design were applied 

and are shown in Figure 3. Initial designs at the smaller size (Figure 3a) relied on 

permanent fixation of the coverslip to the structure and incorporated 1 mm diameter 

suture holes for securing the chamber to the tissue.  The first design had suture holes in 

both the upper and lower lip. The second design had suture holes in only the lower lip 

and the upper lip was modified to not extend as far to lessen the amount of the chamber 

that could be chewed. The designs were improved by incorporating the removable 

coverslip functionality explored in the larger previous designs as seen in Figure 3b. The 

first snap ring design was a solid ring with notches to fit into the window chamber and 

rotate to lock. The second snap ring design is a partial ring to allow the constriction of the 

circle for insertion and removal of the snap ring below protrusions extending out of the 

inner wall of the window chamber. The final design modified the contour of the lower lip 

and reduced the extent of the upper lip compared to the previous iteration. All three of the 

later designs omitted the suture holes as fixation could be achieved by relying on the 

elasticity of the skin and reinforced by applying glue. 

 

 
Figure 3: Window chamber iterations using 8 mm diameter coverslip. a. Designs 

with suture holes around the circumference of the chamber and permanent fixation 

of coverslip. b. Designs without suture holes and the addition of snap rings to 
allow for coverslip modification.  

 

The basic design, shown as a SolidWorks rendering in Figure 4a, was used successfully 

for the bulk of the initial imaging experimentation. A minor change was eventually made 

to the lower and upper lip structure to improve the design. The lower lip was contoured to 



47 

 

be smaller on the side implanted next to the hind limb. The upper lip width was decreased 

slightly around the whole structure to reduce bulk and reduce the amount of the structure 

that could be pulled or chewed at by the animal. A SolidWorks rendering of the final 

design that has been developed is shown in Figure 4b. 

 

 
Figure 4: SolidWorks rendering of window chamber designs. a) Window chamber 
design utilized for bulk of experimental imaging tested reported upon in the first 

manuscript. b) The final, currently utilized window chamber design with the 

contoured lower lip and shortened upper lip. 
 

The general steps for the window chamber implantation involve anesthesizing the animal 

with isoflurane gas anesthesia, depilating the fur around the site of implantation, lifting 

the skin above the mammary fat pad (identified by the location of the nipple), cutting the 

skin to create a hole, separating the skin along the hole from the underlying tissue and 

maneuvering the chamber to fit the lower lip below the skin layer and the upper lip above 

the skin layer. The chamber is then secured, and the window chamber is checked for 

good contact below the coverglass. The animal is allowed to recover from the anesthesia 

and given pain analgesics for the recovery period. The initial implantation procedure 

utilized sutures as the means for securing the chamber to the skin of the animal. Small, 

1.05 mm diameter holes were incorporated into the upper and lower lips of the window 

chamber designs. Suturing the window chamber requires technical skill and experience to 
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improve comfort and speed in working with the window chamber structure. Even with 

practice, it took a significant time requirement of 30 to 45 minutes to implant a single 

window chamber. The presence of sutures afforded the animal another source of 

annoyance and something on which to gnaw. It was also unclear if inflammation or their 

irritation in the skin might have negatively affected the viability of the skin surrounding 

the window chamber. 

 

Given the inherent elasticity of the skin, the window chambers could be held in place 

without the addition of sutures. The implantation time was reduced substantially to 

roughly 15 minutes per animal by removing the requirement for suturing. The only 

alteration for this protocol change to the window chamber designs was the removal of the 

small suture holes in the lips of the structure. Glue was applied to the surface of the 

contacting skin and window chamber around the upper lip to enhance the window 

chamber attachment. 

 

The placement of cancer cells into the mammary fat pad also evolved over time. Initially, 

the window chambers were first implanted and allowed to sit undisturbed for two days 

prior to removing the coverslip on the chamber and injecting the cells into the mammary 

fat pad. The waiting time followed from previous work with dorsal skin fold window 

chambers, which require the two days to ensure hydration of the environment and proper 

uptake rate of tumor cells. The waiting period is not necessary for the mammary window 

chamber due to its location. It is not as prone to drying out as the chamber sits on the 

body of the animal. Temperature is also maintained close to a normal body temperature. 

The removal of the glass coverslip required the animal to be anesthesized. The 

replacement process also had a potential to disrupt the good adherence or seal between 

the tissue and the coverslip. We therefore altered the protocol to inject the human cancer 
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cells within the window chamber by using a syringe through the skin, going underneath 

the window chamber structure. The injection could be performed without anesthetizing 

the animal. With either of the injection methods, the main disadvantage to imaging 

studies became the inherent waiting period of tumor formation after injecting cell 

suspensions. It takes approximately 2-5 days for the cells to solidify into a solid tumor. 

The lead time for tumor formation reduces the imaging period given the finite time the 

window chamber structure remains viable before falling out or being chewed 

substantially. Additionally, the tumor formation was sometimes partially out of the clear 

aperture of the window chamber or even too deep below the surface to obtain sufficient 

fluorescent signal from the GFP expressing cancer cells to accurately assess the location 

and size of the tumor. To maximize the imaging duration and improve tumor 

visualization, the timing of the window chamber implantation and cell injection were 

switched. The cells were first placed into the mammary fat pad after first re-suspending 

the cells in matrigel. The cells were allowed to grow into a solid, palpable tumor over the 

course of approximately seven days. The status of the tumor volume could alternatively 

be observed based upon the fluorescence signal of the green fluorescent protein produced 

by the cancer cells. Palpation of the tumor requires no equipment or light source to 

implement. The skin above the tumor was then lifted and cut to place the structure 

directly over the tumor. This modification ensured the tumor was at the surface and 

directly beneath the window chamber structure. The imaging experiments were then able 

to begin the day following the implantation of the window chamber structure giving the 

animal overnight to recover from the surgical procedure. 

 

The protocol for the administration of analgesics to the animal also changed over the 

course of window chamber experimentation. The analgesic, buprenorphine was given 

subcutaneously at a dose of 0.1 mg/kg twice daily for two days. However, the availability 
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of a longer lasting, 72 hour analgesic resulted in modifying the protocol to give a single 

dose of buprenorphine SR at 1 mg/kg. The longer lasting analgesic made it possible to 

image the animals the day following the implantation without the additional 

consideration of coordinating the administration of another dose of analgesic.  

 

2.3 Iterations of Methods to Protect Window Chamber 

Degradation of the window chamber structure was hastened by animal chewing and 

pulling on the structure. Alterations to the design were made to decrease the annoyance 

and burden of the structure on the animal. Simultaneously, efforts were explored to 

further protect the structure. The basic premise behind the two main approaches were 1) 

placing a barrier to separate the animal from chewing the chamber directly or 2) making 

the chamber less desirable to chew on relative to other options. 

 

Methods of creating a barrier between the mouse and the window chamber structure 

included several iterations of caps that could attach to the structure. The intent was for the 

animal to chew on a cap that could be replaced with a new cap thus preserving the 

integrity of the window chamber. The issues in implementation involved the inability to 

find a good balance between a cap which would remain secured to the chamber, and yet 

still be easily removable at imaging time points. Another challenge was making the 

window chamber and cap structure into a low profile so the complete structure did not 

hinder mobility or drag on the cage bedding.  

 

Attaching a cap to the window chamber after it was implanted on the mouse is akin to 

working with a structure affixed to a piece of gelatin. The window chamber is difficult to 

hold and immobilize when attaching a cap that encases the entire exposed structure. 

Efforts to press fit or apply pressure to secure the pieces together are hampered by the 



51 

 

prospect of hurting the fragile small animal.  Figure 5 shows a variety of cap designs that 

were fabricated and tested in some manner. Four mechanisms that were ultimately 

rejected included: Caps with protrusions that fit down and slid around in a groove to lock 

it into place, bottle caps with threading and ribbing for grip, caps that press-fit to grooves, 

and spring-loaded caps. In Figure 5 a & b, the drop and rotate-to-lock mechanism was 

employed through the use of tabs pointing inward on the cap and a corresponding groove 

implemented in the window chamber structure. The design in Figure 5b reduced some 

bulk and added ribbing to the rim for grip. Threaded cap designs were made to be thinner 

at 3.35 mm thick compared to 5.25 mm for the spin and lock caps. The threading was 

either placed on the inner lip of the cap to match with threads on the outer circumference 

of the chamber (Figure 5c) or on the circumference of a central plug on the cap to match 

with threads on the inside of the window chamber structure (Figure 5d).  The inner 

portion of the window chamber is more protected from chewing by the animal and 

therefore represents a more robust design. A press-fit cap design with dimensions close to 

the window chamber dimensions was attempted to eliminate the rotation aspect of 

attaching the caps to the animal (Figure 5e). Placing a rubberized coating on the caps was 

explored for the threaded and press-fit versions to improve the closeness of the fit. A final 

cap design explored introducing a spring mechanism (Figure 5f). Including a spring 

required the cap to be larger and to be individually assembled. While the mechanism 

worked and the cap remained in place better than previous designs, it was still 

challenging to place consistently and the added bulk and weight were a problem. The 

window chamber design was also subsequently modified to a smaller diameter design 

that prevented a spring-loaded cap from being practical.  
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Figure 5: Large caps for window chamber designs utilizing the 12 mm diameter 
coverslip. a. Spin and lock cap utilizing tabs on cap. b. Less bulky version of spin 

and lock cap. c. Threaded bottle cap design coated in rubberized material. d. 

Threaded design to attach to threading on inside of window chamber lip. e. Press-
fit cap design for D-shaped window chamber. f. Spring-loaded cap for D-shaped 

window chamber. 

   

Bandages, wraps and jackets were pursued as an alternative protection option to caps.  

In-house solutions for a means to cover the window chamber were attempted. One 

approach fabricated coverings made out of a 2-way stretch compression bandage 

(Tubifast, Molnlycke Health Care) as shown in Figure 6. The stretchy material was 

chosen to allow the mouse to freely move and allow flexibility to compensate for slight 

variations between the sizes of mice. A length of the cylindrical bandage was cut and 

doubled before four small holes were created at the estimated leg positions based on 

measuring a mouse. The mouse was effectively placed in the covering and the excess 

material was gathered up on the back of the mouse. Despite attempts to tighten the 

covering and reduce any excess material, the mice were still able to squeeze their limbs 

out of the holes and escape the covering in less than 30 minutes. Adhesive bandages were 

not a feasible option due to the mouse’s fur and inability to remove and replace the 

covering easily. Athletic stretch bandage which adheres to itself without adhesive was 

attempted but did not remain secure and was difficult to place around the hind limbs of 

the animal in a manner that would effectively cover the window chamber structure.  



53 

 

 

Consultation with an external supplier, Lomir Biomedical, occurred for a brief period of 

time. The company fabricates a variety of jackets and restraints for small animals. They 

had not previously produced any jacket product extending to the hind limbs or covering 

the lower abdomen of mice. The hole sizes and spacing was difficult to accurately 

measure for a mouse, and from our experience it was not feasible to fabricate the jackets 

and required holes repeatedly or with sufficient tolerance. The fabric sewn holes were 

either too small or large to effectively cover the window chamber for a sufficient period 

of time. When the holes were small, the animal’s limbs were difficult to place in the 

holes, and the stretch in the fabric constricted the holes around the legs, preventing 

natural motion. When any one of the holes were a little larger, the animals were able to 

easily pull their leg out of the hole and proceed to escape the jacket completely. The 

spacing between the animal’s limbs has some inherent variability from animal to animal 

and was an additional factor that made pursuing the jacket approach impractical.  

 

 
Figure 6: Photographs of covering jackets. a) Lomir designed initial prototype 
composed of stretchy material and a secondary Velcro piece to hold the stretchy 

fabric closed on the back of the animal. b) In-house developed covering, made 

from Tubifast, with excess gathered and secured on the dorsal side of the animal. 
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The second approach to increase window chamber longevity was decreasing the desire of 

the animal to chew the chamber relative to other available options. This has yielded more 

success than the covering methods. Initially, Neosporin was applied to the exposed 

window chamber structure. It was intended that the Neosporin would act as a deterrent 

against chewing by having an unpleasant taste. However, its use was short lived as a 

component was discovered to be sunflower seed oil, which would appeal to the animals. 

Alternatively, a commercially available animal-safe bad-tasting gel, Yuk-2e, was tested. 

The active ingredients of Yuk-2e include denatonium and sucrose octacetate. The gel is 

applied to the chambers daily. Along with the Yuk-2e application, unsalted sunflower 

seeds were placed in the cage. They serve as an alternative treat for the mice to chew 

along with the regular food pellets. All of the mice have been observed to chew and eat 

the sunflower seeds. Observationally, the combination appeared to help reduce the rate of 

chamber chewing as the mice readily chewed the sunflower seeds. However, analysis of 

the duration of WC viability before and after the introduction of Yuk-2e application and 

sunflower seeds was not found to have produced a significant change.  

Table 1: Duration of MWC Viability  

Prior to using Yuk-2e & 
sunflower seeds (15 mice) 

# of 
mice 

Avg. 
Duration 

(days) St. dev. Min. Max. Median 

Chewing or WC dropped off 10 8.6 4.79 2 15 7.5 

Drug or experiment related 
death 

3 10 7 3 17 10 

Intentional termination: 
Completion of experiments or 
decision to remove & suture 

2 20 0 20 20 20 

   
 

   
While using Yuk-2e & 
sunflower seeds (50 mice) 

# of 
mice 

Avg. 
Duration 

(days) St. dev. Min. Max. Median 

Chewing or WC dropped off 23 8.39 3.83 4 18 7 

Drug or experiment related 
death 

9 8.38 5.53 2 17 7 

Intentional termination: 
Completion of experiments or 

16 8.94 2.21 5 15 9 
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decision to remove & suture 

Other cause of death 
(chamber still attached)  

2 8.50 9.19 2 15 9 

 

Termination of data collection in the animal was subdivided into three reasons including, 

1) the WC was no longer attached to the animal, 2) the animal died during an experiment 

or as a result of complications related to an experiment or drug and 3) the experiments 

requiring the window chamber were complete or the WC was removed to allow for 

following the long-term growth response of the tumor. For the latter two endpoint 

categories, the window chamber could have remained attached and viable for a longer 

period of time. The first endpoint category is the most relevant in comparing the impact 

of Yuk-2e application and sunflower seeds. The average is essentially unchanged after 

the introduction of the Yuk-2e application and sunflower seeds.   

 

The use of Yuk-2e and sunflower seeds may not be appropriate for certain studies, 

including those in which a specific diet is required. Researchers should be aware of the 

potential for any ingested component, if given in substantial quantity or concentration, to 

have an influence on the cancer biology. 

 

2.4 Development of Animal Imaging Holders  

Custom animal holders were designed to cradle and support the animal while delivering 

gas anesthesia and allowing immobilization of the window chamber structure during 

imaging experiments. The original design, utilized for optical and nuclear imaging on a 

flat stage, featured an enclosed head region for the delivery of gas anesthesia and a 

curved bed for supporting the animal in the supine position (Figure 7a). The window 

chamber faces upward, allowing either a one or two piece bar to fix the chamber’s 
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position and reduce motion (Figure 7c). The two-piece bar design slides together and 

grabs the window chamber structure to immobilize it. The one-piece bar has a simple 

circular cutout and when secured, presses down slightly onto the animal while fitting over 

the window chamber. Both flat and curved versions of the bars have been fabricated and 

utilized. The curved bar is generally more spacious for the animal’s body as it contours 

the shape.  The two-piece bar setup is more difficult to place quickly, but generally 

decreases the animal motion to a greater extent. More care must be taken with the two 

piece bars as the small protrusions allowing the two pieces to connect can easily break off 

due to their small size. 

 

Given the circular bore of the MR magnet, a curved bottom holder was developed for the 

MR imaging application (Figure 7b). The curve of the holder fits the 7 cm diameter bore 

of the linear volume coil. The anesthesia line is curved and travels through a hollowed 

out portion of the curved bottom to allow the line to exit through the open end of the 

magnet without resting on top of the animal. An additional printed piece holding an RF 

surface coil attaches with screws into the side of the holder for proper centering and 

height of the coil above the window chamber. After placing the animal in the holder and 

attaching the bar to secure the window chamber structure, the RF coil is mounted.  
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Figure 7: Animal holders and bars for securing WC during imaging. a. Holder for 

most imaging experiments due to the flat bottom. b. Modified holder for use in 
curved bore of magnet. c. Three versions of bars for grabbing window chamber 

including a single piece flat bar, a two-piece curved bar set, and a single piece 

short curved bar. 
 

 

2.5 Recommendations and Potential Pitfalls of MWC Model Implementation 

The following advice is intended to aid in the successful utilization of the MWC model 

and help in avoiding potential pitfalls.  

 

Animals should be housed in individual cages. This eliminates animals chewing on a 

chamber of another animal. The temperament of animals for chewing the chamber 

structure is variable. The animals tended to chew the chambers in the days immediately 

following implantation when the presence of the structure was new. Yuk-2e application 

and providing sunflower seeds is therefore recommended for the first few days on all 

animals. Animals that have not chewed on the chamber at all over the first few days are 

less likely to chew the chamber later on and can be given less frequent applications of 

Yuk-2e.   
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Glue is applied around the circumference of the chamber where the lip and skin meet. 

This is generally applied the day following the implantation. It is further possible to re-

apply glue to the edges or surfaces of a chamber that is beginning to become detached on 

one side or portion of the window chamber in order to extend the viability for an 

additional few days. Checking the status of the window chamber attachment daily can aid 

in catching signs of window chamber degradation. Ophthalmic ointment needs to be 

applied to the animal’s eyes when under anesthesia for any substantial period of time, as 

the mice do not blink or close their eyes during anesthesia. 

 

During imaging experiments it is critical to monitor temperature, which can be done 

using a fiber optic temperature rectal probe. Heating is required as anesthetized animals 

do not have the ability to regulate body temperature and will quickly become cold. 

Heating methods that have been applied include an electric heating pad, circulating hot 

water pad, heat lamps and blowing hot air. The most effective and straightforward 

method has been the electric heating pad. It can be placed beneath the animal holder 

during optical imaging. The plastic material will distribute the heat across the body of the 

animal. The circulating heated water pad is most effective during MR imaging where an 

electric heating pad cannot be utilized. The water pad is placed beneath the animal in the 

holder keeping the water far enough away from the tissue of the window chamber to 

avoid influencing the selection of proper sequence parameters, as water will generate 

signal on MR. Heating of the animal during imaging in the beta imager is the most 

difficult to achieve as the mouse is enclosed within the light-tight box and space is 

limited. Opening the box to check the animal’s respiration and apply a heat lamp between 

imaging acquisition data points is recommended.  
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Generally, the mice can tolerate up to 2-3 hours under anesthesia if temperature and 

respiration are kept at proper levels (37± 2 C and 40 to 80 breaths per minute). The 

longer the animal is under anesthesia the greater potential exists for complications and 

death of the animal. Animals may take longer to wake up after an increased duration 

under anesthesia. Keeping the animals on the lightest setting of isoflurane that will keep 

the animal under anesthesia will help reduce the time required for the animal to recover. 

 

2.6 Optical Imaging  

Optical imaging, (including examples shown in Figure A.2 on page 114 in Appendix A) 

is mainly performed on a Nikon E600 microscope with confocal attachment allowing for 

both fluorescence microscopy and confocal imaging capabilities to be performed. 

Imaging objectives ranging in magnification from 1X to 40X were utilized to support the 

capture of the entire window chamber structure within the field of view down to 

resolving individual cells and capillaries. The diffraction limited spatial resolution of 

optical imaging ranged from 9.8 µm to 0.65 µm for the 1X to 40X objectives 

respectively. The 1X objective has an NA of 0.04 and the 40X objective has a NA of 0.6.  

 

2.7 MR Configurations 

Magnetic resonance imaging is performed in a Bruker Biospec 7T small animal MRI 

system (Bruker Biospin, Billerica, MA). Examples of MR images obtained are included 

in Figure A.3 on page 116 in Appendix A. The window chamber structure is placed close 

to the isocenter of the magnet in both longitude and height of the magnet. One of two 

configurations can be utilized with the MWC. A Bruker linear volume coil with 7 cm 

inner diameter can be used to both excite and receive signal. Alternatively, a single turn 

12 mm diameter surface coil from Doty Scientific can be placed directly above the 

window chamber structure and paired with the Bruker linear volume coil. The Doty coil 
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was designed to have a center frequency of 300 Hz, based on the intended use in the 7T 

magnet (2 πγB =3x10
8
 Hz). The volume coil is used for excitation while the surface coil 

is used for collection of the signal. The resolution of the MR images is typically acquired 

to be 0.1 mm x 0.1 mm per voxel. Slice thickness can be varied depending on the 

resolution required in that direction, but is typically on the order of 1mm.  

 

2.8 SNR Comparison of MR Configurations 

Testing of MR image quality with and without the use of a surface coil was performed. 

Images were acquired with the combination of a volume coil and surface coil for 

excitation and reception of the signal respectively, as well as both the excitation and 

reception with the volume coil. For both configurations, a multi-slice, multi-echo 

acquisition was obtained with the following identical parameters: TR=300 ms, TE=10.7 

ms, 1 average, 15 axial oriented slices each 1 mm thick with 1.2 mm separation between 

slices, and a 2.56 cm x 2.56 cm FOV acquired on 256 x 256 matrix. The signal to noise 

ratio (SNR) was calculated for both cases in the same manner with the images 

reconstructed as a 32 bit float, absolute mapping magnitude image. The reconstructed 

images used for the calculation are shown in Figure 8. The mean signal level is taken 

from within a region of interest in the tumor (marked in red) in the same slice of the data 

set. The images are not exactly spatially matched due to the necessity of removing the 

imaging setup to detach the surface coil before replacing it in the bore for measurement 

with the volume coil only configuration. The process resulted in inducing a slightly shift 

in the positioning of the animal in the holder. This average signal in the red region serves 

as the signal intensity value, S. A second region of interest (marked in blue) was selected 

in the upper portion of the image acquired in the air space, far outside the body of the 

animal. The standard deviation of the signal in this region of interest is a measure of the 
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noise in the image with a value, N. The signal to noise ratio is taken as a correction factor 

times the ratio of these parameters S/N or the mean pixel intensity divided by the 

variation in the pixel intensity of the noise. The correction factor is for a Rician 

distribution and corrects for the fact that all of the noise is made to be positive in a 

magnitude image, which alters the standard deviation calculation. 

 

The calculated SNR for the volume coil configuration for excitation and acquisition was 

9.614. The calculated SNR for the combination volume coil excite and surface coil 

receive configuration was 85.69. The SNR improved by roughly a factor of 10 by 

utilizing the surface coil in the imaging configuration.  

 

Visually comparing images acquired from the two setups clearly highlights differences in 

the image quality. In the volume coil configuration, there is a noticeable amount of 

graininess or salt and pepper noise in the image. With the surface coil combined with 

volume coil configuration, the image does not as readily show the presence of noise in 

the background because of the higher signal in the tissue. The disadvantage of the surface 

coil receive configuration is that the sensitivity of the coil drops off with depth and 

therefore one cannot see as deeply into the tissue. However, with the window chamber, 

the tumor and surrounding tissue of interest is near the surface and within the sensitive 

spatial field of the coil.  
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Figure 8: MR images acquired with (a) volume coil only and (b) combination of 

volume coil and surface coil. 

 

2.9 Beta Imager  

A unique imaging setup, referred to as a Beta Imager, provided nuclear imaging 

capabilities with the window chamber configuration. The details of the system are 

described in the manuscript in Appendix A as well as in the original manuscript on the 

system development detailed by Chen et al. in 2008 [15]. Briefly, the system supports the 

detection of either positron emitters or secondary electrons which originate close to the 

surface of the animal beneath the window chamber. The positrons can travel out of the 

body without annihilating with an electron and instead interact with a photo-scintillator 

material (Applied Scintillation Technologies) to produce light. The low level light 

production can be captured using a 1-to-1 imaging system with two 50 mm focal length 

lens.  The photons are captured on a cooled CCD (VersArray 1300B; Roper Scientific) 

with a detection area on the CCD chip of approximately 25 x 25 mm.  The resolution of 

the Beta Imager optical detection is 20 µm x 20 µm per pixel based on the specifications 

of the CCD and the imposed 1-to-1 imaging configuration [15]. Some inherent blurring 

due the spread of the positron emission reduces the resolution of the underlying signal 

coming from the accumulation of the decaying nuclear contrast agent. Examples of 

images acquired using the Beta Imager are provided in Figure A.4 on page 118. 
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2.10 Overview of Main Points of Manuscript 

The manuscript attached in Appendix A reports on the design of a mammary window 

chamber model developed with application for optical and non-optical imaging methods 

in mind. The manuscript presents the testing of the window chamber for utilization with 

three main imaging modalities, optics, magnetic resonance and nuclear imaging. While a 

window chamber model and the replacement of skin with glass is not a requirement for 

imaging with magnetic resonance or traditional nuclear methods, the structure was shown 

to serve as a useful means for aligning images from different time points as well as 

different modalities. The discussion of the complimentary nature of the imaging 

modalities, with regard to resolution and depth of imaging as well as functional abilities, 

highlights the potential utility of the model for a myriad of research studies.  

 

3 Development of Oxygen Sensitive Coating for MWC 

In exploring applications for which the mammary window chamber model could be 

usefully employed, the area of quantifying tissue oxygenation was identified. A 

substantial amount of research has identified oxygenation to be a critical factor 

influencing tumor progression as well as the effectiveness of cancer treatments. 

Additionally, recent studies have shown a correlation between early changes in blood 

oxygenation levels and ultimate tumor response. Given the variety of ways oxygen plays 

an influential role in cancer biology, the addition of oxygenation assessment to the 

capabilities of the mammary window chamber model was viewed as advantageous. 

 

A phosphorescent lifetime sensitive oxygen probe was selected that could be applied as a 

planar sensor in the window chamber model. Pursuing a planar sensor approach would 

bypass delivery and stabilization concerns inherent with tissue embedded probes. The 

imaging requirements were also simplified as optical sectioning is not required for a 
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planar sensor. The selected oxygen sensitive material, platinum octaethyl porphyrin (Pt-

OEP), is advantageous due to its reported linear relationship between oxygenation and 

phosphorescent lifetime when contained at appropriate concentrations in a polymer 

substrate.   

 

The configuration of the PtOEP material in a polystyrene matrix was previously reported 

by Babilas et al. [49]. The work, however, did not explore the stability of the coating 

when exposed to the tissue over time. Further, it did not investigate the suitability of the 

probe for monitoring dynamic or repeated measurements. Evaluating the technique for 

these parameters is crucial before attempting to perform cancer research studies using the 

technique. 

  

3.1 Fabrication of Thin Film Coatings 

The general specifications provided in the Babilas paper were implemented in fabricating 

thin film coatings in house. However, some aspects of the specifications for creating the 

films were not sufficiently detailed in the manuscript. Trial and error testing of the best 

way to achieve uniform coverage on the desired size of coverslips was performed. The 

porphyrin dye (Catalog No.: PtO534) was purchased from Frontier Scientific, Logan, UT 

and 50,000 average MW polystyrene was purchased from Sigma Aldrich, St. Louis, MO 

(Part No.: 330345-1G).  

 

The prior work by Babilas, et al. specified a 40 micron wet layer of the solution in 

chloroform was applied to a support prior to spin coating. After spin coating, the resulting 

coating was reported to be 3-5 microns thick. The group however did not specify the 

concentration of the Pt-OEP dye relative to the amount of polystyrene utilized for their 

coatings. A related paper by Bansal, et al. evaluated the impact of the dye concentration 
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on the properties of the films (absorption cross-section, quantum distribution, 

phosphorescent signal, etc.). They investigated PtOEP/PS films with concentrations 

ranging from 1 wt% to 8 wt%, finding high concentrations around 8wt% exhibited self-

quenching. The higher concentration PtOEP films did increase absorption efficiency and 

phosphorescent signal intensity up until reaching the concentration levels of self-

quenching. Bansal, et al. was not consistent in the total molecular weights of the solutions 

utilized to make the coatings. The variations in total weight per volume of the solutions 

would lead to viscosity differences and could have resulted in variation in the final film 

thickness (not measured or reported in the paper).  

 

Based on the findings by Babilas, et al. and Bansal, et al., a coating concentration was 

selected as 5 wt% PtOEP to PS for all coating batches. An approximately 75-80 mg/mL 

total weight per volume dilution in the chloroform solvent was utilized for maintaining 

spreading consistency. Spin coating was performed in the Micro/Nano Fabrication Center 

at the University of Arizona. Two spin coating machines were available in the 

lithography division of the center. Both a Cee 200 Spin Coater and a Solitec Spin Coater 

were utilized on separate occasions for this work. 

 

Initially, the amount dispensed for spin coating was calculated to match the previously 

reported 40 micron thickness covering the area of the glass coverslip used as the 

substrate. However, this volume of material resulted in only partial coverage by the film 

with variable spatial patterns across the surface. The amount applied covered 

approximately half of the coverslip when dispensed statically. A portion of the material 

applied was flung off of the coverslip when accelerating the spin coater up to a speed of 

2000 rpm. Dispensing the solution slightly off-center increased the regions lacking 

coverage to include an entire side of the coverslip. A more consistent coverage pattern 
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was obtained by dispensing enough volume to cover at least 2/3rds of the area of the 

coverslip prior to reaching a rotation speed of 2000 rpms. The method results in more 

wasted solution leaving the coverslip due to centrifugal motion, but obtaining a more 

consistent coverage on the coverslip was considered to be of greater value.  A 60 µL 

volume was sufficient for an 8 mm diameter coverslip, while 100 µL was sufficient for a 

25 mm diameter coverslip to repeatedly achieve complete coverage.  

 

When working with the small, 8 mm diameter coverslips, the features of the chuck used 

to apply a vacuum to hold the coverslip during spinning are unfortunately mapped into 

the coating thickness. The chuck has a central hole utilized for applying the vacuum. The 

center region of the coverslip is therefore pulled downward relative to regions in contact 

with flat portions of the chuck, leading to an increased coating thickness in the center 

region of the coverslip area. It was not determined how to overcome this slight 

indentation. The vacuum is necessary for preventing the coverslip from flying off. 

Utilizing the holder with the smallest underlying features was the best option. As an 

alternative, we coated larger coverslips, which yielded sufficiently large areas of uniform 

coating coverage from which small coverslips could be cut. There were still coating 

thickness features present on the larger coverslip sizes. These features were minimized by 

selecting a chuck with minimal grooves or a cross-hair pattern. An example of the 

severity of the patterning in the resulting coating thickness is seen in Figure 9. The 

spacing of these features was spread apart to yield regions of consistent coating coverage. 

Both 1 inch (25 mm) and 2.5 inch diameter coverslips were utilized as a substrate for spin 

coating from which small coverslips could be obtained.  
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Figure 9: Large coverslip patterning issue. a. Patterning in coating thickness 

apparent on large 2.5 inch coverslip. b. The chuck used to secure the coverslip 

while spinning [50].  

 

Smaller coverslips were obtained from the larger coverslips using a diamond-coated core 

drill bit. A setup was constructed to hold a Dremel rotary tool above a translation stage 

(Figure 10a). A 3/8 inch diamond coating hole saw drill bit (Cal-Hawk, Part # 

BZDHS3P) with a 1/8 inch shank was compatible with the Dremel. The coated coverslip 

was secured with tape to a piece of acrylic, with the coating facing down toward the 

acrylic. It is important that the acrylic is wiped clean prior to attaching the coverslip, as 

small particles can damage the coating or cause the coverslip to crack when pressure is 

applied. Clear scotch tape was also placed over the area to be cut. The tape helped to 

stabilize the coverslip during cutting and minimize fracturing of the glass. The translation 

stage was shifted upward manually by a micometer until contact was made with the drill 

bit. Before cutting a coverslip, the contact of the drill bit with the acrylic piece was 

checked to ensure evenness. The dremel was rotating and allowed to grind at the top 

surface of the acrylic piece to assess contact consistency. Semi-circular shaped 

impressions indicated the tip/tilt of the drill needed to be adjusted. Examples of the 

testing points in the acrylic can be seen in Figure 10a. During the process of cutting a 

coverslip, the drill bit was allowed to spin for 10-20 seconds at each position before 

further increasing the depth into the coverslip by an increment of a few microns. A 

distinct change in sound was an indication to back off in depth slightly before increasing 
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in depth again. It was not consistently possible to lower the stage to check the cut depth 

and subsequently return to cutting in the same position. Therefore assessing the depth of 

the cut was done by experience for the feeling of resistance and keeping an eye on the 

change in depth measured on the micrometer from the point of first contact. If the 

coverslip was cut all the way through the glass, the circular piece would break off and 

generally was damaged due to spinning inside the drill bit. Ideally, cuts were made 

approximately half-way through the glass around the complete circumference. After 

removing the acrylic piece from the stage, fine pressure was applied along the groove 

created by the bit with a fine metal point or scalpel blade. The pressure would break the 

remaining glass separating the circular piece from the remaining large coverslip (Figure 

10b). The resulting edge was left rough, but was not exposed due to being located 

beneath of the snap ring within the window chamber (Figure 10c).  

 

 
Figure 10: Steps for cutting small coverslips from large glass pieces. a) A 3/8 inch 

diamond core drill bit grinds a ring into the glass. b) The remnants of the 
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attachment of the coverslip show rough edges, and a lack of micro-fractures due to 

placing tape on the glass. c) A final, ready-to-use coated mammary window 
chamber. 

 

3.2 Coating Calibration 

While a calibration between phosphorescent lifetime and partial pressure of oxygen was 

provided by Babilas, et al., the concentration of PtOEP was omitted. Furthermore, we 

anticipated variation in the fabrication process of our coatings from the ones they 

produced, so a new calibration procedure was performed. Measurement of the 

relationship between phosphorescent lifetime and pO2 would verify the coating does 

display a linear response as reported by Babilas, et al. and provide applicable calibration 

data for the coatings produced. 

 

3.2.1 Calibration with Exposure to Gases 

An initial calibration experiment was performed with the coating exposed to three gases 

one at a time. Pure oxygen, air (approximately 20% oxygen) and nitrogen gas (0% 

oxygen) were flowed underneath the coated coverslip. Images of the phosphorescence 

emission intensities at 14 delay times, ranging from 0 to 65 microseconds after the laser 

pulse, were recorded using the ImageXnano TGI (Photonics Research Systems) software. 

The data were process on a pixel by pixel basis to fit to a single exponential decay to 

yield a lifetime map. The average lifetime for a region of interest in the map was 

calculated for the different conditions to be: 4.631 ±0.173 µs for oxygen gas (100% O2), 

15.073 ± 0.332µs for air (20% O2 or approximately 140 mmHg), 58.3276 ±1.182 µs for 

nitrogen (0% O2 or 0 mmHg). The region of interest and corresponding values for 

lifetime measurements for the three cases are shown in Figure 11. 
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Figure 11: Lifetime values measured when coating is exposed to oxygen, air and 

nitrogen gas. 
 

3.2.2 Calibration Using Flow Chamber and Oxygenator 

A more detailed calibration in a fluid environment more closely reflective of the tissue 

environment was performed. A flow loop setup was utilized for circulating water bubbled 

with gas mixtures of nitrogen and oxygen. Gas was bubbled directly into the intake 

container of water as well as exposed to the circulating water in a gas exchanger (shown 

in Figure 12). The gas exchanger has numerous loops of gas permeable tubing that wrap 

around the flowing water to promote exchange and equilibration of the water with the 

gas. As the amount and duration of nitrogen gas was allowed to increase the oxygen 

partial pressure of the water dropped. The lowest pO2 measurement obtained at 0 mmHg 

was achieved by filling the test chamber with a zero dissolved oxygen solution composed 

of sodium sulfite. To increase the oxygenation status, oxygen gas was added to the gas 

mixture.  The water circulated in the loop was heated to be in the range of body 

temperature. A pump circulated the water at an approximate rate of 150 mL/hr. 
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A custom test chamber was designed to support an 8 mm coated glass coverslip above a 5 

mm deep flow path as shown in the SolidWorks rendering in Figure 12. The chamber 

underneath allowed the circulating water to flow through and come into contact with the 

coated surface of the coverslip. Two ports were placed on either end of the chamber at an 

elevated height above the coating position. These were used to insert a fiber optic oxygen 

electrode and a fiber optic temperature probe, but could also be sealed with caps when the 

probes were not inserted. 
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Figure 12: The components of the flow setup for varying oxygenation applied to a 
coated coverslip included: a. a gas exchanger for equilibrating the deionized water 

with the gas mixture, b. a test chamber for holding the coverslip above the flow 

path seen in the cross-sectional rendering. c. A rough schematic of the complete 
flow loop setup details the configuration. 

 

 

The Babilas paper reports the calibration of their coatings to be:  
𝜏

𝜏0
=

0.0233∗(𝑝𝑂2)

0.91
+ 1. 

The measured results from our calibration yielded 
𝜏

𝜏0
=

0.0235∗(𝑝𝑂2)

0.91
+ 1 when presented 

in the form:  
𝜏

𝜏0
=

𝐾𝑠𝑣∗(𝑝𝑂2)

𝐴
+ 1, where Ksv is the Stern-Volmer constant and A is a 

correction factor. The individual measurement points along with the best-fit trendline are 

presented in Figure 13. 

 
Figure 13: Plot of the phosphorescent lifetime of the coating measured as the pO2 

fiber optic probe recorded the corresponding oxygenation status within the flow 
chamber.  

 

Results confirmed linear responsiveness and the Stern-Volmer constant matched closely 

with that of Babilas. However the values did not match as closely as expected with either 

the calibration reported by Babilas, et al. or the previous gas calibration results. It was 

observed that the chamber was prone to bubbles becoming trapped below the coverslip. 



73 

 

Additionally there is a small lip to support the coverslip, plus silicon at the contact point 

that could have inhibited the well-mixed water to flow and come into contact with the 

coating. Therefore the measured pO2 level of the water acquired from the unobstructed 

flow region of the chamber may not have matched the contacting pO2 level, leading to 

errors in the precise correlation values between lifetime and pO2.  Further compounding 

the inaccuracy was the instability in the pO2 measurement as the circulating pO2 level 

was not stable in the middle range of pO2 values. Overall, there was a lack of confidence 

in the pO2 lifetime calibration values for the measurements obtained with the setup. On 

the whole, the approach and results did corroborate the linear response finding reported 

by Babilas et al. The Stern-Volmer constant or slope of the correlation between lifetime 

and pO2 was slightly different by .0002 from that reported previously.  

 

3.2.3 Calibration with Air and Zero Dissolved Oxygen Solution 

Given the confirmation of a linear calibration between lifetime and pO2, use of two end 

points for the calibration was deemed a suitable approach for determining an accurate 

calibration relationship. A zero dissolved oxygen solution composed of sodium sulfite 

was placed in contact with the coated coverslip. The solution is used to calibrate 

dissolved oxygen probes and has a pO2 value of 0 mmHg. Lifetime data sets were 

acquired three times during exposure of the coating with the solution. Average lifetime 

values for a region of interest of the coating were calculated. Exposure of the coating to 

either air or saline was utilized as the high pO2 level of approximately 140 mmHg. This 

value is based on the approximate percentage of oxygen in the air of 20% and the average 

barometric pressure in Tucson, Arizona on the days the calibration was performed. 

Measurements were acquired a minimum of two times under both the high and low 

oxygen endpoints and were performed for each batch of coatings fabricated. Small 

variations in the coating calibration were observed between coating batches and between 
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different coatings from the same batch. Table 1 provides a summary of the average and 

standard deviation from three repeated measurements under each condition. The 

calibration utilized for all in vivo work is based upon the average of the measurements 

obtained for the March 2014 and June 2014 batches of coatings. The calibration utilizes a 

value of 57.35 µs for 0 mmHg and 16.47 µs for 140 mmHg to yield the calibration 

equation: [pO2] = -3.42[Lifetime] + 196.39. 

 

Table 2: Calibration Measurements for Coating Batches 

Coating Fabrication Date 

Zero Dissolved 
Oxygen Solution       

(0 mmHg) 
Air                            

(140 mmHg) 

March 2014, Coating 1 60.177 ± 1.145 µs 15.565 ± 0.162 µs 

March 2014, Coating 2 56.157 ± 0.591 µs 16.136 ± 1.514 µs 

June 2014, Coating 3 55.736 ± 2.345 µs 17.708 ± 0.156 µs 

Average: 57.35 µs 16.47 µs 

February 2015, Coating 4 53.077 ± 1.384 µs 13.340 ± 0.872 µs 

Average: 56.29 µs 15.69 µs 
 

3.3 Stability Assessments of Coating and Calibration  

The duration the thin film coatings would remain intact was an open question, which 

would impact the utility of the coatings for longitudinal studies. Additionally, the stability 

of the calibration measured over time was another area that was investigated. Two 

different bench tests were conducted on the coatings to address these open questions. In 

the first, the coatings were exposed to periods of stagnant and flowing water and the 

fluorescent intensity of the coating was recorded over the course of multiple days to 

determine whether degradation of the coating was occurring. The fluorescent images 

were acquired on a Nikon E600 microscope using a G2A filter cube (510-560 nm 

excitation, 575 nm dichroic mirror and 540 nm long pass emission filter). The results, 

displayed in Figure 14, indicated no substantial change in the presence or variation of 

fluorescent signal over 8 days. One small region on the right side of the coating surface 
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(arrow) did appear dark, indicating a loss of fluorescent signal in that region acquired on 

the ninth day.  

 

 
Figure 14: Fluorescence intensity of coating over course of multiple days of 

exposure to water, acquired with a 1X objective and G2A filter cube. 

 

The second test repeated the two-point lifetime calibration after 4 hours, 12 hours and 18 

hours of continuous flow to the thin film coating on both a 4wt% and 8 wt% 

concentration coating. The MVX-10 Olympus microscope and Nd:YAG OPO laser 

source in the phosphorescent lifetime imaging setup were utilized for the measurements 

under air exposure and zero dissolved oxygen solution exposure. Fresh deionized water 

was replenished as needed to maintain continuous flow for the durations reported 

between imaging points.  The results, included in Figure 15, showed only very small 

changes in the lifetime measurements acquired for the 4 wt% coating over the time 

course under both the air and zero dissolved oxygen solution exposures. The changes are 

on the order of the variability (standard deviation) of lifetime measurements in a given 

region of interest. On the other hand, the 8wt% coating showed little difference in 

lifetime during exposure to widely different oxygen levels. Further, the 8 wt% coating 

exhibited a more substantial change in the lifetime measured under exposure to the zero 

dissolved oxygen solution after being subjected to laminar flow. The lifetime values for 
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the air exposure measurement did not exhibit a change above the standard deviation of 

the measurement.  

 

One hypothesis is that the concentration of porphryin dye is sufficiently high at 8 wt% to 

cause interaction with itself and induced self-quenching of the phosphorescent process 

regardless of the exposure to oxygen. The presence of self-quenching would explain the 

miniscule change measured between air exposure and zero dissolved oxygen solution 

exposure. The largest variation in the measurement occurred for the zero dissolved 

oxygen solution exposure prior to beginning laminar flow. The measurements acquired 

for the 4 wt% coating would indicate flow has no significant impact on the calibration at 

the lower dye concentration. Only lower concentration coatings were utilized for the 

modulations reported in the manuscript.  

 

 
Figure 15: Variation in measured lifetimes of calibration endpoints for 4 wt % and 

8 wt % coatings following exposure to laminar flow.  

 

While bench testing produced indications the coatings generally resist degradation due to 

shear forces, in vivo use exposes the coating to a more complex environment containing 
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enzymes and other factors that could elicit a faster or more substantial degradation. It was 

observed that coating degradation did occur over time during in vivo use. Cracking and 

shifting of pieces of the coating were observed to occur in portions of the coverslip area 

over the course of approximately a week. However, the coating fragments remained at 

the interface of the tissue and coverslip and continued to provide useable lifetime 

measurements. In order to acquire decent data for performing the lifetime fitting, the 

signal intensity of the first gated image should be higher than 6,000 units as reported in 

the ImageXnano TGI software. The quality of the fit is assessed through calculation of an 

R
2
 value. In addition to a drop in signal intensity, a second indication the degradation of 

the coating has rendered it unsuitable for use would be obtaining R
2
 values lower than 

0.9.  The calibration of the coating was repeated on a window chamber after it dropped 

off an animal approximately one week after being placed in contact with the tissue. As 

reported in the manuscript, the low oxygen calibration point changed by 2.9 µs, while the 

high oxygen calibration point changed by less than 1 µs. An example of the degradation 

of a coating which occurred over the course of eight days of tissue contact is presented in 

Figure 16. The coating begins to show cracks and takes on a splotchy appearance in the 

bottom right hand portion of the coating at seven days. The image in Figure 16b is the 

fluorescent intensity of the coating as captured on a Nikon E600 microscope. Figure 16a 

and c are the first gated acquisition from the phosphorescent signal intensity captured 

with an Olympus MVX microscope. 
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Figure 16: Example of the degradation of the oxygen sensitive coating following 

exposure to tissue. The coating is shown after A) one day, B) seven days and C) 
eight days of tissue contact. 

 

3.4 Measurement Variability 

During the course of obtaining measurements with this technique, we encountered issues 

with the stability of the laser output. This hampered the fitting accuracy and confidence 

of the fits. The intensity of the laser pulses was visibly seen to be variable within the 15 

second time period necessary to obtain a complete data set. Due to damage of the 

harmonic crystal in the OPO of the laser and the repair schedule, a portion of the in vivo 

study involving NVX-108 was performed using the frequency-doubled output of the 

Nd:YAG laser. This output was stable and provided confidence in the lifetime estimates 

obtained. Under the original configuration of the laser, the frequency doubled Nd:YAG 

output was blocked from being accessed and coupled into the microscope. The 

wavelength tunable output from the OPO was used when the work on this 

phosphorescence lifetime technique was initiated.  

 

On two occasions with different coatings when the OPO output of the laser was operating 

in a reasonably stable manner, the gated image at a particular delay was repeated and 

captured 14 times over the same time period as would be used to acquire one complete 

data set. The delay time of the gated image was modified and the acquisition was 

repeated. The average signal intensity within a region of interest covering the majority of 

the window chamber from each of the gated images was calculated and is shown in the 

two plots in Figure 17 in black and blue. The mean of the averaged signal intensity for 

each delay time is marked in red. The plots highlight the greater spread inherent with 

greater signal intensities occurring at smaller delay times. Both data sets show a 

reasonably good agreement between repeated measurements with a lack of outliers in any 
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repeated measurement grouping. The data in each case appears to follow a mono-

exponential decay. 

 
Figure 17: Variability found in repeated gated delay images on two separate occasions in 

March 2014 and May 2014, designated in black and blue respectively. 

 

The quality of the calculated exponential fit to the data was assessed using the coefficient 

of determination, or R
2
 value. The R

2
 value is representative of the percentage of the 

variation in the signal intensity data explained by the exponential fit. The value can range 

between 0 and 1. A corresponding R
2
 map was generated along with each lifetime map. 

The value of R
2
 was generally above 0.95 and any regions with corresponding R

2
 values 

that were lower than 0.9 were avoided in selection of regions of interest in further data 

processing. Two examples displaying the mono-exponential fits along with the raw data 

are provided in Figure 18. The derived exponential fits are sufficient to characterize the 

data. The corresponding R
2
 values for the two cases are 0.9888 and 0.9950, respectively.  
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Figure 18: Examples of exponential fit lines compared with raw data for a 

representative voxel. 
 

3.5 Overview of  Main Findings of Manuscript 

The manuscript, attached in Appendix B, presents the description of the coating and its 

ability to measure changes in tissue oxygenation dynamically. Three methods of 

oxygenation modulation were utilized in the work. These include 1) breathing gases with 

varying concentrations of oxygen, 2) administering the pharmaceutical nicotinamide and 

3) administering the investigational oxygen delivery therapeutic, NVX-108.  The gas 

modification (Figure B.2 on page 136) resulted in a fluctuation of the oxygen available in 
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the lungs and the oxygen saturation of hemoglobin circulating through the vasculature. 

The results presented in Figure B.3 on page 138 relied on nicotinamide to induce a pO2 

modulation. Nicotinamide causes blood vessels to dilate and allows greater oxygen 

delivery throughout the tissue, thus combating fluctuating hypoxia.  The results presented 

in Figure B.4 on page 140 relied on the drug, NVX-108, to alter the pO2 of tissue. NVX-

108, similar to breathing pure oxygen gas, enhances the circulating oxygen level in the 

blood since the drug nano-emulsion has a high oxygen carrying capacity. In Figure B.5 

on page 142, a measurement of low tissue oxygenation was validated through comparison 

with pimonidazole staining. A measurement of high oxygenation was substantiated with 

an oxygen sensitive fiber optic probe. The stability of the coating remained stable and 

sufficiently intact for acquiring measurements across the spatial area of the window 

chamber for at least one week. The paper determined the technique of utilizing this 

oxygen sensitive coating is a viable approach for tracking oxygenation changes over a 

spatial area dynamically on both rapid (minutes) and prolonged time scales (days).   

 

4 Study of Application of Sensor for Pharmacodynamics of NVX-108 

4.1 Motivation and Background for Oxygenation Modulation Therapies 

The technology of the mammary window chamber and oxygen sensitive coating were 

applied to investigate a therapeutic designed to raise oxygenation status. A specific 

therapeutic, NVX-108, is the product of NuvOx Pharma located in Tucson, AZ. NVX-

108 is intended for administration to patients prior to radiation therapy with the goal of 

raising the oxygenation status of tissue to result in a more efficacious treatment response. 

Low oxygen partial pressure is known to inhibit therapeutic effectiveness of radiation 

therapy. For radiation therapy, oxygen is required to form oxygen derived free hydroxyl 

radicals and further stabilize the radicals to induce more DNA damage and reduce the 

ability of the cells to repair damaged DNA [51]. The dose required for hypoxic tissues to 
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achieve equivalent treatment efficacy as normoxic tissue is two to three times greater 

[51]. Radiosensitivity is decreased not only below the traditional 10 mmHg threshold of 

hypoxic tissue but is also inhibited for any tissues with pO2 levels less than 30 mmHg 

[51].  

 

NVX-108 has been previously tested in a pancreatic tumor xenograft model [52]. The 

work has led to a clinical trial utilizing the drug for glioblastoma patients who will be 

undergoing radiation therapy. The protocol for the clinical trial calls for the patient to 

breath carbogen gas during the administration of NVX-108. Previous clinical trials 

involving oxygenation treatment prior to radiation have utilized carbogen breathing as a 

component. Carbogen gas is composed of 95% oxygen and 5% carbon dioxide. The 

carbon dioxide triggers a perception of not receiving enough oxygen. This leads to 

increased heart rate along with faster and deeper breathing. Further, carbon dioxide is one 

local factor involved in the auto-regulation of the vascular system. When present in 

sufficient concentrations within the blood it triggers dilation of blood vessels [53], [54]. 

The effect on respiration, heart rate and blood vessel diameter work synergistically to 

create higher oxygenation of the tissue. However, the sensation of obtaining insufficient 

oxygen can be difficult on many patients. Cancer patients, who generally suffer from 

complications and other ailments due to their cancer, are not always in a position to 

endure the carbogen treatment protocol. If the therapeutic was known to work 

equivalently or was at least not significantly degraded by combining it with an alternative 

breathing gas, the patient population that could benefit from the oxygen modulating drug 

could be increased.  

 

NVX-108 has not been previously studied in combination with different breathing gases.  

The mammary window chamber model along with the oxygen sensitive coating 
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technique provides a platform to perform a pre-clinical study on the effect of the 

therapeutic when used in combination with different breathing gases. Preliminary work in 

testing the dynamic monitoring capabilities of the oxygen sensitive coating utilized 

NVX-108 as a modulation agent. Based on the prior results with NVX-108 in the MWC 

model, it was observed that the MCF-7 tumor provided greater dynamic range for oxygen 

modulation. The MCF-7 tumor started at a lower baseline pO2 level than was observed in 

the MDA-MB-231 tumors. Consultation with representatives from NuvOx Pharma (Dr. 

Evan Unger and David Wilson) provided guidance on the dosage level to administer. The 

possibility of testing more than one dosage level was proposed to gain insight into the 

impact of the NVX-108 dose compared to the impact of the gas that the animal breathed. 

 

4.2 Study Methods 

The following study protocol was developed to address the clinically impactful questions 

surrounding delivery gas and dosage for NVX-108 administration. MCF-7 tumor cells (1-

5 x 10
6
 cells in matrigel) were implanted within the fourth mammary fat pad of post-

breeder female CB-17 SCID mice. The cells were allowed to grow into a more 

substantial tumor for at least one week. The plastic window chamber was then implanted 

over the solid tumor in the manner detailed previously. The coated surface of the 

coverslip was placed in direct contact with the tumor at the time the window chamber 

was implanted. The animals were given overnight to recover and to allow the tissue 

oxygenation to stabilize after being exposed during the implantation procedure. 

Beginning the day following window chamber implantation, one of four experimental 

arms was performed each day until completion of all experimental groups or a failure end 

point was reached preventing further experiments from being conducted.  The four 

experimental arms were intravascular administration of NVX-108 under 1) carbogen 

breathing (95% oxygen, 5% carbon dioxide), 2) oxygen breathing (100% oxygen), 3) air 
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breathing (roughly 20% oxygen, 78% nitrogen, 2% other gases) and 4) control 

experiment groups. The main control group comprised the intravascular administration of 

saline (0.9% sodium chloride, USP), (Hospira, Lake Forest, IL) under oxygen breathing. 

In some cases another control experiment was performed either in addition to or in place 

of the designated saline injection under oxygen breathing experimental group. Other 

control groups included monitoring oxygenation status over the same period of time 

when no injection was administered under either carbogen or oxygen breathing and 

administering a saline injection under air breathing.  

 

For all experimental cases, a minimum of five baseline measurements were obtained 

prior to administering the injection, with each measurement being acquired 

approximately 5 minutes apart. Following the injection, data sets were recorded every 5 

minutes for a total of 60 to 90 minutes. At the time of each data measurement, the rectal 

temperature, respiration rate and isoflurane rate were recorded. Modifications to the 

isoflurane rate were made to keep the respiration rate stable, generally around 60-80 

breaths per minute. The heating level of an electric heating pad located beneath the 

animal holder was also modified to keep the core body temperature between 35 and 37 

Celsius.  

 

All experiments were completed within one week of the implantation of the window 

chamber and the placement of the coated coverslip. As stated previously, the oxygen 

sensitive coating was observed to remain stable and sufficiently intact over this period of 

time. 

 

Two dosage levels of NVX-108 were tested with the experimental protocol. Five animals 

were utilized for the lower, 0.28 mL/kg NVX-108 dosage and four animals were utilized 
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for the higher, 0.9 mL/kg NVX-108 dosage level. The dead volume of the catheter 

utilized for all of the experiments was 0.08 mL. In the process of obtaining the dosage 

levels stated, two different total volumes were utilized in the experiments. A 1:4 and a 

1:7 NVX-108 to saline were utilized to obtain the high and low dosage levels 

respectively. A total injection volume of 0.13 mL was used for the lower dosage and a 

total injection volume of 0.17 mL was utilized for the higher dosage. Due to the dead 

volume of the catheter, 0.08 mL of the volume was saline present in the catheter line and 

the remainder was a well-mixed dilution of NVX-108 with saline. NVX-108 is packaged 

in individual vials as a 2 wt% solution of emulsified dodecofluoropentane. The solution is 

under pressure within the vial, necessitating a new vial to be used for each experiment. 

 

The phosphorescent lifetime data sets were acquired using the frequency doubled output 

of a Nd:YAG laser as the excitation source. The camera is triggered through the use of a 

function generator and software to record 5 µs duration windows at a specified delay time 

from the initiation of the laser pulse. The laser pulse sync signal is coupled into the 

function generator to trigger the initiation. The 5 µs window is repeatedly captured for a 

specified 1 second exposure time to increase the signal levels. Delay times ranging from 

0 to 65 µs after the laser pulse in 5 µs increments are recorded in each data set. The 

intensity falloff over the 65 microseconds is modeled to a mono-exponential response of 

the form: 
𝑆

𝑆0
= 𝑒−𝑡/𝜏, where S is the signal intensity, t is the delay time and τ is the 

lifetime parameter. The coefficient of determination (R
2
) is also calculated for the mono-

exponential fit as an assessment of the goodness of fit of the model to the data. A 

threshold of 0.9 is utilized as a cutoff for specifying a good quality fit and accurate 

lifetime value. Conversion between lifetime and pO2 is based on the relationship: pO2=-

3.42*Lifetime+196.4. 
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For each data set, two regions of interest were analyzed to find the average change in pO2 

above the baseline level that occurred during the time peroid between 40 and 60 minutes 

following the injection time. One region of interest was selected to fall within a portion of 

the window chamber exhibiting green fluorescent protein signal (i.e. in the tumor). The 

second region of interest was selected to be outside the region expressing green 

fluorescent protein or in a dimly expressing edge of the window chamber in causes where 

the entire window chamber exhibited green fluorescent protein signal. 

 

4.3 Results and Discussion 

The number of data sets acquired and included in the average pO2 change for each 

experimental category is summarized in Table 2. The number of data sets included in the 

overall group average is double the number of animal experiments due to using two 

regions of interest. 

 

Table 3: Summary of Number of Experiments Performed 

Experimental Category 
Number of 

Animal 
Experiments 

High NVX-108 dose under carbogen breathing 3 

Low NVX-108 dose under carbogen breathing 4 

No Injection given under carbogen breathing 1 

High NVX-108 dose under oxygen breathing 3 

Low NVX-108 dose under oxygen breathing 4 

No Injection given under oxygen breathing 1 

Matched high dose volume of saline under oxygen breathing 2 

Matched low dose volume of saline under oxygen breathing 4 

High NVX-108 dose under air breathing 3 

Low NVX-108 dose under air breathing 5 

Matched low dose volume of saline under air breathing 1 
 

The summary of the average change above the baseline for each experimental group is 

detailed in the bar graph in Figure 19. The error bars represent the standard deviation of 
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the mean values obtained for each region of interest within a given experimental 

category.  

 

 
Figure 19: Summary of the average pO2 change resulting from experimental 

parameters detailed. 
 

For both the low and high dosages of NVX-108, the increased oxygenation response 

while breathing carbogen or oxygen is higher than the response observed during air 

breathing. The separation between the response under carbogen and oxygen breathing is 

somewhat greater under the higher dosage administration of NVX-108. The oxygenation 

effect in all cases increased with the transition to the higher dose. The effect of increasing 

the dosage of NVX-108 from the lower dose to the higher dose was an increase of 

approximately 12 mmHg for carbogen breathing, 8 mmHg for oxygen breathing and 7 

mmHg for air breathing.  

 

The mean response for three of the control conditions is very similar. The three control 

conditions include no injection under carbogen breathing, no injection under oxygen 

breathing and the administration of 0.13 mL of saline under oxygen breathing. The lack 
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of variation between the no injection cases and low volume of saline case indicates the 

administration of a low volume of saline into the vasculature system does not cause any 

measurable change in the oxygenation level. However, the larger, 0.17 mL volume of 

saline does present a higher oxygenation change in the two cases where it was measured. 

It is possible the increased volume is significant enough to increase the blood volume and 

effect blood pressure and ultimately oxygen delivery. The control experiment in which 

saline was injected under air breathing was lower than any of the controls involving the 

hyperoxic gases. The response due to carbogen and oxygen breathing without an 

injection indicates the oxygenation effect due to sustained, 2 hour duration of hyperoxic 

gas breathing is between 10 and 15 mmHg. It is expected and known that a higher input 

of oxygen in the breathing gas would trigger increased oxygen delivery to the tissue over 

time. 

 

The error bars in these data are large, preventing statistically significant differences from 

being observed. The large size of the error bars is an indication of the variability in the 

mean response between animals. The process of diluting each dosage of NVX-108 and 

subsequently administering a small drug dilution volume in comparison to the dead 

volume of the catheter is prone to error. The actual dosage of NVX-108 being given is a 

potential source of variability contributing to the measured pO2 change data variability. 

Increasing the number of animals in each group may lead to a statistically significant 

finding between the average pO2 increases. Improving the methodology of obtaining and 

administering the intended NVX-108 dosage may reduce the standard deviation and aid 

in obtaining a statistically significant result with fewer experimental animals required.  

 

A potential explanation for the larger increase of oxygenation for carbogen breathing 

when comparing the high and low dosage of NVX-108 is the nature of the vasculature 
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present. It is possible the vasculature could form differently due to 1) inherent variability 

in tumor xenograft development and 2) an extended  time period over which a portion of 

the tumors were allowed to develop  prior to the implantation of the window chambers 

and initiation of the study. A portion of the tumors in the animals tested with the low 

dosage of NVX-108 did not effectively grow in size and develop into a substantial tumor 

within the mammary fat pad within the allocated 1 week time period. These tumors were 

barely palpable. Due to their small size, the tumors were allowed to develop for an extra 

week prior to the window chamber implantation. The extra time in place within the tissue 

could have impacted the establishment and nature of the vascular system present. It is 

reasonable to hypothesize that the vascular system would be more established or 

pervasive throughout the tumor given the slower development time. An increased 

vasculature dilation in response to carbon dioxide in these tumors is a potential 

hypothesis for the slightly larger difference observed between the response with oxygen 

and carbogen breathing. 

 

4.4 Future Directions and Improvements 

The study should be expanded with a greater number of animals in all groups in order to 

determine if the standard deviation of the means can be reduced. The reduction of the 

variation is possible given all experimental groups have fewer than five animals. Ideally, 

the delivery of the dosage of NVX-108 should be made more precise as well. Currently, 

the solution is diluted and mixed individually at the time of each injection. Small errors in 

the volumes drawn into the syringe for either the NVX-108 solution or dilution amount of 

saline would lead to variation in the dosage of the mixed solution. Further, the dead 

volume of the catheter is fairly large and only 0.06 to 0.1 mL of the mixed solution is 

theoretically being delivered in the low and high dose situations, respectively. The 

process of delivering a precise volume with a syringe is prone to inaccuracy as well. 
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Minor variation in the volume of the NVX-108 solution would have a significant impact 

on the actual dosage being delivered given the concentration and small size of the animal. 

 

5 MOXI Implementation in Dorsal Skin Fold WC 

MOXI or MR-based oxygen imaging is a technique developed in Dr. Ralph Mason’s lab 

at UT Southwestern and first reported by Zhang et al. in 2014 [55]. The approach 

requires no contrast agents to be administered and instead uses three MR data sets to 

arrive at the oxygen saturation of blood within a voxel and an estimation of the pO2 of the 

tissue. MOXI requires a quantitative map of both T1 and T2 values, a Carr-Purcell 

Meiboom-Gill (CPMG) acquired T2 data set, and a diffusion data set with sufficient 

quality to assess the intavoxel incoherent motion (IVIM) component of the diffusion 

signal. As part of my dissertation work, the implementation of MOXI in a window 

chamber model was initiated. Ideally the MOXI approach would be applied in the 

mammary window chamber model, where cross-validation with the previous 

phosphorescent lifetime oxygenation approach could be performed. However, the MWC 

model is susceptible to breathing motion, which can confound the accuracy of the 

diffusion measurements. Therefore, this portion of my dissertation work was performed 

in the dorsal skin fold model system. The dorsal skin fold model is rigidly secured to a 

holder during imaging by placing the protruding screws, which hold the window chamber 

pieces together, into holes. The window chamber extends off the back of the animal 

isolating the area from respiratory motion. The model allows a simpler implementation 

with one less confounding factor to be concerned with in the implementation of MOXI. 

 

In diffusion weighted MR sequences, two symmetric diffusion gradients are applied on 

either side of a 180 degree RF refocusing pulse. Depending on the strength of the 

gradients, the duration of the diffusion gradients, and the spacing between diffusion 
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gradients, the b-value (measure of the sensitivity weighting to diffusion) can be varied. 

The first diffusion gradient acts to dephase the hydrogen molecules on water molecules. 

If the water is stationary, the second diffusion gradient rephases the signal completely. 

When the water molecules are diffusing, the second diffusion gradient does not rephase 

the hydrogen spins perfectly and the acquired signal is therefore lower. Over a range of b-

values, the signal from a homogeneous media like water can be modeled as a mono-

exponential signal attenuation. By measuring the amount of signal attenuation at two or 

more b-values, an assessment of the apparent diffusion coefficient (ADC) in a tissue can 

be made, where the ADC is derived from a best fit to a mono-exponential decay, 

𝐼

𝐼0
= 𝑒−𝑏∗𝐴𝐷𝐶, 

where I is the signal intensity, I0 is the signal intensity at b=0 s/mm
2
, and b is the b-value 

or weighting to the sensitivity to diffusion in [s/mm
2
]. 

 

The concept of an IVIM component to the diffusion signal arises from the idea that 

moving blood in the vasculature running in the same direction as the applied diffusion 

gradient can additionally decrease the signal. The decrease is incorrectly attributed to the 

diffusion of the tissue water rather than motion of blood. Assuming IVIM is present in 

the diffusion data set, the signal decay should fit the following bi-exponential model,  

𝐼

𝐼𝑜
= 𝑓𝑝e

−b∗D𝑝 + (1 − 𝑓𝑝)𝑒
−𝑏∗𝐷𝑡, 

where I is the signal intensity, I0 is the signal intensity at b=0 s/mm
2
, b is the b-value, fp is 

the perfusion fraction, Dp is the pseudodiffusion coefficient or diffusion that should be 

attributed to motion of blood and Dt is the true diffusion coefficient or corrected diffusion 

value for the tissue water. By determining the expected exponential decay based on the 

decay properties at the high b-values, the deviation or increase in signal for IVIM can be 
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isolated. The isolated IVIM component of the signal can then be modeled with a mono-

exponential decay whose amplitude fp is a measure of the blood perfusion fraction. 

 

The IVIM fitting was applied to the diffusion data collected in the window chamber 

model. The signal intensities at the low b-values did not consistently decay 

monotonically in the diffusion data collected in either the mammary window chamber or 

the dorsal skin fold window chamber. However, the prevalence and severity of the data 

variability at low b-values is significantly reduced using the dorsal skin fold window 

chamber model compared to the mammary window chamber model. An example of the 

IVIM data fitting, including the blood volume perfusion fraction, from one dorsal skin 

fold animal is presented in Figure 20. The values of blood perfusion fraction in the 

majority of the window chamber are relatively low as seen in Figure 20d. The apparent 

diffusion coefficient values (Figure 20b) are reasonable, as freely diffusing water has a 

value of 3 µm
2
/ms and the values measured are below this value as expected for restricted 

diffusion in tissue. The IVIM, bi-exponential fit shows a slight improvement in the fit to 

the raw data compared to the ADC, mono-exponential fit as seen in the plot in Figure 

20e. 
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Figure 20: Example of IVIM diffusion parameter maps. a. The T2 map of the DSF WC 
animal highlights the location of the tumor (identified as the darker or lower values in the 

bottom portion of the chamber). b. The map of apparent diffusion coefficient (ADC) 

values shows lower values within the tumor.  c. The true diffusion coefficient is 

displayed, which corrects for the signal reduction from blood flow. d. The map displays 
the blood perfusion fraction resulting from the IVIM processing described. e. Two 

examples of the data from a voxel inside and outside the tumor are provided with their 

corresponding mono-exponential ADC and bi-exponential IVIM fits. 
 

Once the perfusion fraction is determined by the IVIM fitting process, it is then utilized 

in the analysis of the T2 relaxation data. The T2 data set is divided into contributions 
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from blood and nonblood components. The blood relaxation is further modeled as having 

relaxivity R20 for fully oxygenated blood and an additional relaxivity R2ex due to the 

susceptibility difference between blood and the surrounding tissue. The T2 relaxation 

data set can be modeled to fit the equation: 

𝐼

𝐼0
= 𝑓𝑝𝑒

−𝑇𝐸∙(𝑅20+𝑅2𝑒𝑥) + (1 − 𝑓𝑝)𝑒
−𝑇𝐸∙𝑅2𝑛𝑜𝑛𝑏𝑙𝑜𝑜𝑑  , 

where R20 is the relaxation of fully oxygenated blood, R2ex is the enhanced exchange 

contribution arising from water protons exchanging between the erythrocytes and the 

plasma, and R20nonblood is relaxation rate of non-blood components in the voxel [55], [56]. 

 

The value of the relaxation of fully oxygenated blood arises from the combination of 

different blood components including: plasma, diamagnetic, and oxygenated hemoglobin. 

The value of R20 depends on magnet strength and the hematocrit level of the blood in the 

animal species being imaged; 

𝑅20 = 𝑅2𝑝𝑙𝑎𝑠𝑚𝑎 +𝐻𝑐𝑡 ∙ (𝑅2𝑜𝑥𝑦 + 𝑅2𝑑𝑖𝑎), 

where R2plasma is the R2 relaxation rate from plasma contributions inside the blood and 

R2oxy+R2dia is the R2 relaxation rate from oxygenated hemoglobin and diamagnetic 

contributions inside the erythrocytes [56]. 

 

The process of applying a bi-exponential fit to the T2 data uses the blood perfusion 

fraction derived from the diffusion data and a literature R20 value for at 7T. However, the 

fitting procedure has proved challenging. The findings have been observed to be largely 

dependent on starting values and parameters of the fitting algorithm. Regardless of the 

algorithm and settings, large numbers of voxels produce non-realistic, negative relaxation 

values for the desired R2ex parameter. This has resulted in a lack of confidence with the 

MOXI technique as currently implemented. 
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The final steps of the MOXI fitting are described by Zhang, et al. and will be summarized 

very briefly here, since these steps have not been implemented successfully for this 

dissertation work. Utilizing the acquired enhanced exchange component (R2ex) of the R2 

relaxation arising from separating the T2 data set into a blood and non-blood component, 

a weak-field diffusion model is applied. The weak-field diffusion model makes an 

assumption on the characteristic length scale of the source of the field inhomogeneities 

and the diffusion constant suitable for this situation to find the strength of the field 

inhomogeneity. The diffusion constant is assumed to be 2.0 µm
2
/ms for red blood cell 

suspensions [57]. In our case, the effective radius of a mouse erythrocyte would be 

utilized for the characteristic length variable. The magnitude of the field inhomogeneity 

is then related to blood saturation. The final step is relating blood saturation to pO2 based 

on the Hill equation. 

 

The initial implementation of the MOXI protocol was reported in rats on a 4.7T magnet 

by Zhang et al in 2013. Due to the variations in both magnet strength and animal model, a 

number of parameters had to be identified for our configuration. These values have been 

compiled along with their sources in Table 3. Both the DSFWC and MWC models are 

currently utilized in the CB-17/IcrACC SCID mouse strain. Some variation was reported 

between mouse strain parameters and information on the CB-17 strain was not available 

for all parameters.  

Table 4: Parameters for MOXI Algorithm 

Parameter Zhang, et al. values 

(4.7 T, rat model) 

WC model values 

(7 T, mouse model) 

Source for WC values 

T1,blood 1773 ms 2450 ms [58] Rane, et al. 2013 

R2,plasma 4.6 s
-1
 6.8 ± 0.6 s

-1
 [56] Gardener, et al.  

2010 

R2,dia+R2,oxy 9.3 s
-1
 20.9 ± 1.4 s

-1
 [56] Gardener, et al.  

2010 
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Hematocrit, 

Hct 

0.43 0.50 ± 0.01 (†) [59] Janvier Labs 2013 

Erythrocyte 
Volume, Vdisc 

~56 µm
3
 ~45 µm

3
 [60] Russell, et al. 1951 

Effective 

radius, rc 

2.4 µm 2.01 µm Vdisc=4/3πR
3 
and 

rc≈0.91R 

Inter-echo 
spacing, τcp 

10 ms 10 ms Parameter taken from 
Bruker sequence  

Hill 

coefficient, n 

2.26 2.94 (‡) [61] Mouneimne, et al. 

1990 

Half-maximal 
hemoglobin 

saturation, p50 

36.9 mmHg 40.5 ± 0.5 mmHg  

37.3 ± 1.5 mmHg 

[61] Mouneimne, et al. 

[62] Biolo, et al. 2013 

† Value for CB-17/Icr-Prkdc scid mouse strain 
‡ Balb/c mouse strain 

 

The Matlab code developed thus far for implementing the MOXI algorithm is included in 

Appendix E. 

 

6 Conclusions and Future Directions 

The mammary window chamber model developed is compatible with optical, magnetic 

resonance and nuclear imaging. The structure of the chamber allows for positions within 

images acquired on different days or using different modalities to be registered or 

correlated to one another. The possibility to utilize the most ideal imaging technique(s) 

for a study rather than being limited to one modality, such as optical imaging, enhances 

the power of the study and potentially leads to greater progress in the research field. 

 

The oxygen-sensitive coating approach is suitable for tracking changes as they occur 

within the subject. The coating is also stable enough to repeat and monitor changes 

occurring over the course of a week or more. Testing the coating using reasonable 

therapeutic dosage levels and modulations with breathing gases indicated the coating is 

sensitive to physiologically relevant oxygen fluctuations. The approach is acknowledged 

to be limited in sensitivity to the tissue in direct contact with the coating. The sensitivity 
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limitation is not problematic for applications such as monitoring oxygenation of the top 

tissue surface beneath the window chamber.   

 

In the study evaluating the effect of NVX-108, the drug resulted in a greater average 

effect when delivered in combination with a hyperoxic gas. The effect was on average 

lower for air breathing regardless of the dosage level. The variability in results due to the 

low number of animals utilized prevented statistically significant changes from being 

obtained, but continuing work with additional animals has the potential for showing 

significant differences under each experimental condition. The data obtained could allow 

a power analysis to be performed to determine the number of animals required in each 

group to reach a statistically significant result. 

 

While the work performed in this dissertation with the mammary window chamber model 

has focused solely on human breast cancer cell lines, the model can be expanded to 

support patient derived xenografts. The initial testing and implementation of techniques 

to utilize small portions of patient biopsy samples to implant and develop beneath the 

window chamber has begun in the laboratory. Expanding into the area of patient derived 

xenografts will position the model for potential personalized medicine applications as 

well as investigating whether preliminary findings arising from studies in the readily 

available but largely transformed human cancer cell lines are applicable and repeatable 

across a larger sampling of the cancer population. 

 

Other future endeavors with the model could include expanding the applied imaging 

modalities to include photoacoustic imaging. Photoacoustic imaging has been reported 

for oxygen imaging, including using methylene blue to access intravascular pO2. The 

combination of an intravascular approach with the presented extracellular assessment 
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detailed in this dissertation could work in tandem to provide information on the balance 

between delivery and metabolic use of oxygen. Further exploring metabolic activity 

could complete the understanding of the dynamics resulting in an observed oxygenation 

status. Metabolic assessment could be performed with 18F-FDG as reported in the first 

manuscript or with optical imaging in the ultraviolet spectrum where a ratio of the FAD 

and NADH levels can be acquired. 

 

Future work could involve developing micro- or nano-scale probes that encase the 

porphyrin dye. The probes could then have the potential to be placed within the tumor to 

gain an understanding of the spatial distribution of oxygenation intratumorally. The 

oxygen sensitive coating could be utilized in a variety of other settings where an 

understanding of oxygenation is critical. For example, in tissue engineering applications 

proper oxygenation is crucial to maintaining or developing a viable living entity. Placing 

a coated substrate in contact with the tissue of interest would allow a quantitative 

measure of pO2 over the complete spatial area of the coating. 

 

As discussed in chapter 5, an MR method for oxygenation assessment is a future 

possibility. While motion has been detrimental to pursuing the MOXI approach in the 

mammary window chamber, more rigorous stabilization of the chamber could be 

investigated. Additional development of the bi-exponential fitting to the T2 data is 

required in both the dorsal skin fold and mammary window chamber model. The MR 

method does possess the ability to assess pO2 through the entire depth of the tumor. As 

the method requires no exogenous contrast agent, it eliminates the factors of delivery and 

reporter molecule stability necessary for consideration in approaches with exogenous 

agents. 

 



99 

 

REFERENCES 

[1] A. Richmond and Y. Su, “Mouse xenograft models vs GEM models for human 

cancer therapeutics,” Dis. Model. Mech., vol. 1, no. 2–3, pp. 78–82, 2008. 

[2] J. Killion, R. Radinsky, and I. Fidler, “Orthotopic Models are Necessary to Predict 
Therapy of Transplantable Tumors in Mice,” Cancer Metastasis Rev., vol. 17, no. 

3, pp. 279–284, 1998. 

[3] K. O. Neill, S. K. Lyons, W. M. Gallagher, K. M. Curran, and A. T. Byrne, 

“Bioluminescent imaging : a critical tool in pre-clinical oncology research,” no. 

October 2009, pp. 317–327, 2010. 

[4] G. M. Palmer, A. N. Fontanella, S. Shan, and M. W. Dewhirst, “In Vivo Cellular 
Imaging Using Fluorescent Proteins,” Methods Mol. Biol., vol. 872, no. 4, pp. 31–

50, 2012. 

[5] J. C. Sandison, “Observations on the growth of blood vessels as seen in the 

transparent chamber introduced into the rabbit’s ear,” Am. J. Anat., vol. 41, no. 3, 

pp. 475–496, 1928. 

[6] A. G. Ide, N. H. Baker, S. L. Warren, E. R. Clark, and E. L. Clark, “A Starting 

Point,” Am. J. Roentgenol, vol. 42, pp. 891–899, 1939. 

[7] Y. Tsuzuki, C. M. Carreira, M. Bockhorn, L. Xu, R. K. Jain, and D. Fukumura, 

“Pancreas Microenvironmen Promotes VEGF Expression and Tumor Growth: 

Novel Window Models for Pancreatic Tumor Angiogenesis and 

Microcirculation,” Lab. Investig., vol. 81, no. 10, pp. 1439–1451, 2001. 

[8] I. Fidler, S. Yano, R. Zhang, T. Fujimaki, and C. Bucana, “The seed and soil 

hypothesis: vascularisation and brain metastases,” Lancet Oncol., vol. 3, pp. 53–

57, 2002. 

[9] R. R. Langley and I. J. Fidler, “The seed and soil hypothesis revisited - the role of 

tumor-stroma interactions in metastasis to different organs,” Int. J. Cancer, vol. 

128, no. 11, pp. 2527–2535, Jun. 2011. 

[10] F. Yuan, H. Salehi, Y. Boucher, and U. Vasthare, “Vascular permeability and 

microcirculation of gliomas and mammary carcinomas transplanted in rat and 

mouse cranial windows,” Cancer Res., pp. 4564–4568, 1994. 

[11] S. Shan, B. Sorg, and M. W. Dewhirst, “A novel rodent mammary window of 
orthotopic breast cancer for intravital microscopy,” Microvasc. Res., vol. 65, no. 

2, pp. 109–117, Mar. 2003. 

[12] S. A. Figley, Y. Chen, A. Maeda, L. Conroy, J. D. McMullen, J. I. Silver, S. 

Stapleton, A. Vitkin, P. Lindsay, K. Burrell, G. Zadeh, M. G. Fehlings, and R. S. 

DaCosta, “A Spinal Cord Window Chamber Model for In Vivo Longitudinal 



100 

 

Multimodal Optical and Acoustic Imaging in a Murine Model,” PLoS One, vol. 8, 

no. 3, p. e58081, Mar. 2013. 

[13] D. A. Boas, C. Pitris, and N. Ramanujam, Eds., Handbook of Biomedical Optics. 

Boca Raton, Florida: CRC Press, 2011. 

[14] J. L. Prince and J. M. Links, Medical Imaging Signals and Systems. Upper Saddle 

River, New Jersey: Pearson Education, Inc., 2006. 

[15] L. Chen, L. S. Gobar, N. G. Knowles, Z. Liu, A. F. Gmitro, and H. H. Barrett, 

“Direct imaging of radionuclide-produced electrons and positrons with an 

ultrathin phosphor.,” J. Nucl. Med., vol. 49, no. 7, pp. 1141–5, Jul. 2008. 

[16] National Cancer Institute, “SEER Stat Fact Sheets: Breast Cancer.” [Online]. 
Available: http://seer.cancer.gov/statfacts/html/breast.html. [Accessed: 18-Nov-

2014]. 

[17] American Cancer Society, “What are the key statistics about breast cancer in 

men?,” 2014. [Online]. Available: 

http://www.cancer.org/cancer/breastcancerinmen/detailedguide/breast-cancer-in-

men-key-statistics. [Accessed: 19-Nov-2014]. 

[18] National Cancer Institute, “Breast Cancer.” [Online]. Available: 

http://www.cancer.gov/cancertopics/types/breast. [Accessed: 19-Nov-2014]. 

[19] X. Sun, G. Niu, N. Chan, B. Shen, and X. Chen, “Tumor hypoxia imaging.,” Mol. 

Imaging Biol., vol. 13, no. 3, pp. 399–410, Jun. 2011. 

[20] P. Vaupel, “Tumor microenvironmental physiology and its implications for 
radiation oncology.,” Semin. Radiat. Oncol., vol. 14, no. 3, pp. 198–206, Jul. 

2004. 

[21] D. W. Siemann, Ed., Tumor Microenvironment. Chichester, West Sussex, UK: 

John Wiley & Sons, Ltd., 2011. 

[22] K. a Krohn, J. M. Link, and R. P. Mason, “Molecular imaging of hypoxia.,” J. 

Nucl. Med., vol. 49 Suppl 2, p. 129S–48S, Jun. 2008. 

[23] M. W. Dewhirst, Y. Cao, and B. Moeller, “Cycling hypoxia and free radicals 
regulate angiogenesis and radiotherapy response,” Nat Rev Cancer, vol. 8, no. 6, 

pp. 425–437, Jun. 2008. 

[24] P. C. McDonald, J.-Y. Winum, C. T. Supuran, and S. Dedhar, “Recent 

Developments in Targeting Carbonic Anhydrase IX for Cancer Therapeutics,” 

Oncotarget; Vol 3, No 1 January 2012, 2012. 

[25] R. Mason and D. Zhao, “Multimodality imaging of hypoxia in preclinical 

settings,” Q J Nucl Med Mol Imaging, vol. 54, no. 3, pp. 259–280, 2010. 



101 

 

[26] Warner Instruments, “Oxygen Probe,” 2012. [Online]. Available: 

https://www.warneronline.com/product_info.cfm?id=375. 

[27] K. A. Yeh, S. Biade, R. M. Lanciano, D. Q. Brown, M. C. Fenning, J. S. Babb, G. 
E. Hanks, and J. D. Chapman, “Polarographic needle electrode measurements of 

oxygen in rat prostate carcinomas: accuracy and reproducibility,” Int. J. Radiat. 

Oncol. Biol. Phys., vol. 33, no. 1, pp. 111–118, 1995. 

[28] J. A. Raleigh, S.-C. Chou, G. E. Arteel, and M. R. Horsman, “Comparisons 

among Pimonidazole Binding, Oxygen Electrode Measurements, and Radiation 
Response in C3H Mouse Tumors,” Radiat. Res., vol. 151, no. 5, pp. 580–589, 

May 1999. 

[29] P. L. Olive, J. P. Banáth, and C. Aquino-Parsons, “Measuring hypoxia in solid 

tumours--is there a gold standard?,” Acta Oncol., vol. 40, no. 8, pp. 917–23, Jan. 

2001. 

[30] A. Goldoni, “Porphyrins: fascinating molecules with biological significance,” 

Elettra highlights, vol. 2001, pp. 64–65, 2002. 

[31] K. Koren, R. I. Dmitriev, S. M. Borisov, D. B. Papkovsky, and I. Klimant, 

“Complexes of Ir(III)-octaethylporphyrin with peptides as probes for sensing 

cellular O2.,” Chembiochem, vol. 13, no. 8, pp. 1184–90, May 2012. 

[32] R. I. Dmitriev and D. B. Papkovsky, “Optical probes and techniques for O2 
measurement in live cells and tissue.,” Cell. Mol. Life Sci., vol. 69, no. 12, pp. 

2025–39, Jun. 2012. 

[33] O. Stern and M. Volmer, “On the quenching-time of fluorescence,” Phys. 

Zeitschr, vol. 20, pp. 183–188, 1919. 

[34] A. Lebedev and A. Cheprakov, “Dendritic phosphorescent probes for oxygen 

imaging in biological systems,” ACS Appl Mater Interfaces, vol. 1, no. 6, pp. 

1292–1304, 2009. 

[35] D. B. Papkovsky and T. C. O’Riordan, “Emerging applications of phosphorescent 

metalloporphyrins.,” J. Fluoresc., vol. 15, no. 4, pp. 569–84, Jul. 2005. 

[36] A. Fercher, S. M. Borisov, A. V Zhdanov, I. Klimant, and D. B. Papkovsky, 

“Intracellular O2 Sensing Probe Based on Cell-Penetrating Phosphorescent 

Nanoparticles,” ACS Nano, vol. 5, no. 7, pp. 5499–5508, Jun. 2011. 

[37] J. F. Fernández-Sánchez, T. Roth, R. Cannas, M. K. Nazeeruddin, S. Spichiger, 

M. Graetzel, and U. E. Spichiger-Keller, “Novel oxygen sensitive complexes for 

optical oxygen sensing.,” Talanta, vol. 71, no. 1, pp. 242–50, Jan. 2007. 

[38] X.-H. Wang, H.-S. Peng, Z. Chang, L.-L. Hou, F.-T. You, F. Teng, H.-W. Song, 

and B. Dong, “Synthesis of ratiometric fluorescent nanoparticles for sensing 

oxygen,” Microchim. Acta, vol. 178, no. 1–2, pp. 147–152, 2012. 



102 

 

[39] Y.-E. K. Lee, R. Smith, and R. Kopelman, “Nanoparticle PEBBLE sensors in live 

cells and in vivo.,” Annu. Rev. Anal. Chem. (Palo Alto. Calif)., vol. 2, pp. 57–76, 

Jan. 2009. 

[40] S. Ashkenazi, “Photoacoustic lifetime imaging of dissolved oxygen using 

methylene blue.,” J. Biomed. Opt., vol. 15, no. 4, p. 040501, 2014. 

[41] S. Ashkenazi, S.-W. Huang, T. Horvath, Y.-E. L. Koo, and R. Kopelman, 

“Photoacoustic probing of fluorophore excited state lifetime with application to 

oxygen sensing,” J. Biomed. Opt., vol. 13, no. 3, pp. 34023–34024, 2008. 

[42] R. R. Hallac, H. Zhou, R. Pidikiti, K. Song, S. Stojadinovic, D. Zhao, T. Solberg, 
P. Peschke, and R. P. Mason, “Correlations of noninvasive BOLD and TOLD 

MRI with pO2 and relevance to tumor radiation response.,” Magn. Reson. Med., 

vol. 71, no. 5, pp. 1863–73, May 2014. 

[43] J. P. B. O’Connor, J. H. Naish, A. Jackson, J. C. Waterton, Y. Watson, S. Cheung, 
D. L. Buckley, D. M. McGrath, G. a Buonaccorsi, S. J. Mills, C. Roberts, G. C. 

Jayson, and G. J. M. Parker, “Comparison of normal tissue R1 and R*2 

modulation by oxygen and carbogen.,” Magn. Reson. Med., vol. 61, no. 1, pp. 75–

83, Jan. 2009. 

[44] B. Gallez and H. M. Swartz, “In vivo EPR: when, how and why?,” NMR Biomed., 

vol. 17, no. 5, pp. 223–5, Aug. 2004. 

[45] H. M. Swartz, N. Khan, J. Buckey, R. Comi, L. Gould, O. Grinberg, A. Hartford, 

H. Hopf, H. Hou, E. Hug, A. Iwasaki, P. Lesniewski, I. Salikhov, and T. Walczak, 

“Clinical applications of EPR: overview and perspectives.,” NMR Biomed., vol. 

17, no. 5, pp. 335–51, Aug. 2004. 

[46] K. H. Shin, J. A. Diaz-Gonzalez, J. Russell, Q. Chen, P. Burgman, X. Li, and C. 
C. Ling, “Detecting changes in tumor hypoxia with carbonic anhydrase IX and 

pimonidazole,” CANCER Biol. Ther., vol. 6, no. 1, p. 70, 2007. 

[47] L. Dubois, N. G. Lieuwes, A. Maresca, A. Thiry, C. T. Supuran, A. Scozzafava, 

B. G. Wouters, and P. Lambin, “Imaging of CA IX with fluorescent labelled 
sulfonamides distinguishes hypoxic and (re)-oxygenated cells in a xenograft 

tumour model,” Radiother. Oncol., vol. 92, no. 3, pp. 423–428, 2009. 

[48] J. G. Rajendran, D. L. Schwartz, J. O’Sullivan, L. M. Peterson, P. Ng, J. 

Scharnhorst, J. R. Grierson, and K. A. Krohn, “Tumor hypoxia imaging with [F-

18] fluoromisonidazole positron emission tomography in head and neck cancer,” 

Clin. Cancer Res., vol. 12, no. 18, pp. 5435–5441, 2006. 

[49] P. Babilas, G. Liebsch, V. Schacht, I. Klimant, O. S. Wolfbeis, R.-M. Szeimies, 

and C. Abels, “In vivo phosphorescence imaging of pO2 using planar oxygen 

sensors.,” Microcirculation, vol. 12, no. 6, pp. 477–87, Sep. 2005. 



103 

 

[50] O. Mahdavi, “Solitec Spin Coater Operating Instructions,” 2011. [Online]. 

Available: http://mfc.engr.arizona.edu/documents/Solitec Spin Coater/Solitec 

Operating Instructions-Rev.B.pdf. 

[51] L. Harrison and K. Blackwell, “Hypoxia and anemia: factors in decreased 

sensitivity to radiation therapy and chemotherapy?,” Oncologist, vol. 9, no. suppl 

5, pp. 31–40, 2004. 

[52] J. L. H. Johnson, R. A. Leos, A. F. Baker, and E. C. Unger, “Radiosensitization of 

Hs-766T Pancreatic Tumor Xenografts in Mice Dosed with Dodecafluoropentane 
Nano-Emulsion – Preliminary Findings,” J. Biomed. Nanotechnol., vol. 10, pp. 1–

8, 2014. 

[53] S. Kety and C. Schmidt, “The effects of altered arterial tensions of carbon dioxide 

and oxygen on cerebral blood flow and cerebral oxygen consumption of normal 

young men,” J. Clin. Invest., pp. 484–492, 1948. 

[54] H. Kontos, A. Raper, and J. Patterson, “Analysis of vasoactivity of local pH, 

PCO2 and bicarbonate on pial vessels.,” Stroke, pp. 358–361, 1977. 

[55] Z. Zhang, R. R. Hallac, P. Peschke, and R. P. Mason, “A noninvasive tumor 

oxygenation imaging strategy using magnetic resonance imaging of endogenous 

blood and tissue water.,” Magn. Reson. Med., vol. 71, pp. 561–569, Feb. 2014. 

[56] A. G. Gardener, S. T. Francis, M. Prior, A. Peters, and P. a Gowland, 
“Dependence of blood R2 relaxivity on CPMG echo-spacing at 2.35 and 7 T.,” 

Magn. Reson. Med., vol. 64, no. 4, pp. 967–74, Oct. 2010. 

[57] J. Jensen and R. Chandra, “NMR relaxation in tissues with weak magnetic 

inhomogeneities,” Magn. Reson. Med., vol. 156, pp. 144–156, 2000. 

[58] S. D. Rane and J. C. Gore, “Measurement of T1 of human arterial and venous 

blood at 7T.,” Magn. Reson. Imaging, vol. 31, no. 3, pp. 477–9, Apr. 2013. 

[59] Janvier Labs, “CB17-SCID Immunodeficient Mouse,” 2013. [Online]. Available: 
http://www.janvier-

labs.com/tl_files/_media/images/FICHE_RESEARCH_MODEL_CB17SCID.pdf. 

[60] E. S. Russell, E. F. Neufeld, and C. T. Higgins, “Comparison of normal blood 

picture of young adults from 18 inbred strains of mice,” Exp. Biol. Med., vol. 78, 

no. 3, pp. 761–766, 1951. 

[61] Y. Mouneimne, R. Barhoumi, and T. Myers, “Stable rightward shifts of the 

oxyhemoglobin dissocation curve induced by encapsulation of inositol 

hexaphosphate in red blood cells using electroporation,” FEBS Lett., pp. 1–4, 

1990. 



104 

 

[62] A. Biolo, R. Greferath, and D. Siwik, “Enhanced exercise capacity in mice with 

severe heart failure treated with an allosteric effector of hemoglobin, myo-inositol 

trispyrophosphate,” PNAS, vol. 106, no. 6, pp. 1926–1929, 2009. 

[63] L. H. Gray, A. D. Conger, M. Ebert, S. Hornsey, and O. C. A. Scott, “The 

concentration of oxygen dissolved in tissues at the time of irradiation as a factor in 

radiotherapy,” Br. J. Radiol., vol. 26, no. 312, pp. 638–648, 1953. 

[64] R. Schafer, H. M. Leung, and A. F. Gmitro, “Multi-modality imaging of a murine 

mammary window chamber for breast cancer research.,” Biotechniques, vol. 57, 

no. 1, pp. 45–50, Jul. 2014. 

[65] R. Schafer and A. F. Gmitro, “Dynamic oxygenation measurements using a 

phosphorescent coating within a mammary window chamber mouse model,” 

Biomed. Opt. Express, vol. 6, no. 2, pp. 639–650, Feb. 2015.   

 

  



105 

 

APPENDIX A: MULTI-MODALITY IMAGING OF A MURINE MAMMARY 

WINDOW CHAMBER FOR BREAST CANCER RESEARCH 

 

The following manuscript was published in July 2014 the 57
th
 issue of BioTechniques. 

[doi 10.2144/000114191]. The content of this appendix is copyrighted material that was 

originally published by BioTechniques. It is reproduced with permission in the form of a 

reprint (modified from its original format to conform to the format of this dissertation). 

 

Title: Multi-modality imaging of a murine mammary window chamber for breast cancer 

research 

 

Authors: 

 Rachel Schafer
1
, Hui Min Leung

2,3
, and Arthur F. Gmitro

2,3 
 

1
Department of Biomedical Engineering, University of Arizona, Tucson, AZ, 

2
College of 

Optical Sciences, University of Arizona, Tucson, AZ, and 
3
Department of Medical 

Imaging, University of Arizona, Tucson, AZ  

Keywords: cancer; optical; magnetic resonance; nuclear; imaging; window chamber  

Received 14 March 2014; accepted 25 June 2014.  

Abstract 

Window chamber models have been developed and utilized as a means to study the 

complex microenvironment in which cancers develop, proliferate, and metastasize in 

small animals. Here we utilize rapid prototyping printer technology to construct a new 

plastic orthotopic mammary window chamber that is compatible with magnetic resonance 

imaging, nuclear imaging, and optical imaging. Optical imaging allows for high-

resolution cellular and molecular level analysis of tissues; magnetic resonance imaging 

provides quantitative measures of tumor size, perfusion, diffusion, fat/water content 

relaxation parameters; and a nuclear imaging technique, called the Beta Imager, supports 

functional and metabolic imaging. Our demonstration of the multiple imaging capabilities 
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of this model suggests that it can be used as a powerful platform for studying basic cancer 

biology and developing new cancer therapies. 

 

Method Summary  

Mammary window chamber structures were surgically implanted over human breast 

cancer xenograft tumors grown in the mammary fat pads of mice. The window chamber 

model enabled imaging of the tumor and surrounding microenvironment with multiple 

imaging modalities, including optical imaging, magnetic resonance imaging, and 

functional metabolic imaging.  

 

Introduction 

Imaging has been vital to our understanding of the molecular biology of disease as well 

as the development of new therapies. Window chamber models have been developed as a 

means to study the complex microenvironment in which cancers develop, proliferate, and 

metastasize (1–5) since these structures enable the visualization of biology at the cellular 

and molecular levels within a realistic in vivo model. Window chambers are fixed 

structures placed on animals where the external tissue (e.g., skin, skull) is removed and 

replaced with a glass coverslip, providing a window into the underlying tissue. This 

technique allows researchers to follow disease progression or treatment outcome over the 

course of several days to weeks.  

 

The dorsal skin-fold (DSF) window chamber has been widely utilized to investigate basic 

cancer biology and tumor development in rodent models (6–11). Numerous studies in 

DSF models have shown how tumor vasculature differs from normal vasculature and 

have measured parameters such as vascular permeability, hemoglobin saturation, red cell 
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flux, oxygen tension, and tissue hypoxia. Such parameters have also been studied as 

biomarkers of therapeutic response (12–17).  

Drawbacks of the DSF model are that the approach artificially constrains tumor growth to 

a thin tissue section and that disease development occurs outside of its natural 

environment. Most problematically, these constraints have the potential to alter the 

natural behavior of the disease process and complicate the interpretation of experimental 

results. Orthotopic window chambers, placed in a region where a particular cancer would 

normally arise, provide a more realistic model and overcome many disadvantages of 

ectopic models (18). A recent review article stated that non-orthotopic, subcutaneous 

models are often not predictive of response when used to test anti-cancer drugs (19). 

Investigators have therefore developed and studied different orthotopic models. In 

particular, mammary window chamber (MWC) models have been developed to optically 

image the microenvironment of breast cancer tumors (20–22).  

 

Optical methods are well suited for imaging window chambers as they can achieve a 

spatial resolution along with the field-of-view necessary to image cellular detail, vascular 

development, and many aspects of the tumor microenvironment. However, optical 

techniques are limited in their depth imaging capability and thus do not take full 

advantage of the ability to study the three-dimensional tumor growth that occurs within 

orthotopic models. Optical methods such as fluorescence tomography can quantitatively 

assess tumor size in three dimensions, but the measurement accuracy is limited. 

Alternatively, magnetic resonance imaging (MRI) can provide high-resolution and high 

contrast morphological measurements of tumor size, location, and growth patterns, while 

nuclear imaging can provide a functional assessment of tumor phenotype. The 

combination of MRI and intravital optical imaging has been accomplished in a dorsal 

skin fold model (6, 23–25), and the combination of nuclear and optical imaging has also 
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been demonstrated in a dorsal skin fold model (26). However, multi-modality imaging 

has not been demonstrated to date in a MWC model.  

 

Here we describe the development of an MWC mouse model compatible with optical, 

MRI, and nuclear imaging. The ability to obtain multiple co-registered imaging 

measurements in the same animal is demonstrated, and the advantages of applying a 

multi-modality approach are discussed.  

 

Methods  

MWC Design  

The structures of the MWC and animal holding apparatus were designed using 

SolidWorks (Dassault Systèmes SolidWorks Corp., Waltham, MA) and fabricated using 

an Objet Connex 350 rapid prototyping printer (Stratsys Ltd., Edina, MN). The MWC 

design, shown in Figure 1A, consists of a 13 mm outer diameter annular structure with a 

groove on the outer surface. The inner portion of the window chamber has a thin lip that 

supports an 8 mm diameter glass coverslip (Warner Instruments, Hamden, CT). The 

coverslip is held securely in place with a custom retaining ring, also manufactured with 

the rapid-prototyping printer, which fits under two small protrusions from the inside wall 

of the chamber. The retaining ring can be removed by grasping the indentions in the ring 

with tweezers and compressing the ring to slip it out from underneath the tabs. The 

coverslip can be removed to allow access to the surface of the mammary fat pad to 

perform nuclear imaging studies, manipulate the local tumor environment, or to deliver 

drugs.  
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Figure A.1. MWC model (A) Schematic displaying the components of the MWC, 
which include the chamber, coverslip, and snap ring. (B) MWC implanted in a 

mouse and secured in a holder on the microscope (white arrow points to gas 

anesthesia connection). (C) MWC mouse secured in a holder with custom surface 

coil (black arrow) centered directly over top of chamber. Anesthesia is supplied 
(white arrow), and temperature and respiration are monitored throughout the 

imaging experiments. 

 
MWC Implantation  

All animal experiments and procedures were reviewed and approved by the University of 

Arizona Institutional Animal Care and Use Committee. Post-breeder female SCID mice 

were utilized due to their immune status compatibility with human cell lines and well-

developed mammary glands. The chambers were implanted over the fat pad of the fourth 

mammary gland, located abdominally near the animal’s hind left leg. This site was 

chosen to reduce issues with respiratory motion artifacts. Surgery to implant the MWC 

structure was performed under isoflurane anesthesia and analgesics were administered to 

minimize pain—buprenorphine, (0.1 mg/kg IP/SC) twice a day for three days following 

surgery. To install the window chambers, the animal’s fur was first depilated around the 

nipple. A 3–4 mm diameter hole in the skin was then created over the mammary fat pad 

by pulling up the nipple, cutting skin around the nipple, and gently separating the skin 

from the underlying tissue. The skin was then stretched around the edge of the chamber 

as it was placed in the animal. This is a suture-less procedure, where the outer diameter of 

the chamber is larger than the hole created, which allows the skin to retract into the 

groove on the edge of the chamber to secure the structure in place. Surgical glue was 

applied to the periphery of the MWC to help secure the structure. Additional glue was 
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applied at later times when it was beneficial to stabilize the structure to increase the 

longevity of the window chamber. The entire surgical procedure from induction of 

anesthesia to recovery was performed in approximately 15 min.  

 

Cell Implantation  

MDA-MB-231 (triple negative) or MCF-7 (ER+) breast cancer cells from American 

Type Culture Collection (ATCC) were used in experiments. The cells were tested for 

authenticity by the University of Arizona Genetics Core using the StemElite system 

(Promega Corp., Madison, WI). Both cell lines were transfected to express green 

fluorescent protein (GFP), which allowed identification of tumors using fluorescent 

microscopy. The cells were grown in T175 flasks in 10% RPMI until they were 60%–

90% confluent and were then harvested by trypsinization with 0.25% trypsin2 in 21 mM 

EDTA in HBSS for 3 min. A trypan blue cytometer assay was used to determine cell 

number and viability. Only mycoplasma free cells with 90% or greater viability were 

used for experiments. Estrogen pellets were implanted subcutaneously in mice growing 

MCF-7 tumors. Two protocols for the implantation of cells and chambers were tested. In 

the first method, the window chambers were implanted first, and 2 days later 1 × 106 to 5 

× 106 GFP expressing cells, either MDA-MB-231 or MCF-7, were injected into the 

mammary fat pad under the coverslip of the window chamber. To maintain adequate 

hydration, the animals were given 1 mL saline subcutaneous injections daily starting one 

day prior to chamber implantation and continuing two days post-cell injection. In the 

second protocol, the cells were implanted first underneath the nipple into the mammary 

fat pad. Approximately 1 week later, the window chamber was implanted over the 

established tumor. Prior to implanting the window chamber, the fur was removed and a 

fluorescence microscope used to observe the diffuse GFP signal in order to assess the 

tumor size and location.  
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Animal Housing and Care  

Mice were housed individually in cages in a temperature and humidity controlled 

environment with free access to food and water. Yuk-2e was applied daily to the exposed 

plastic surfaces of the chamber to discourage chewing. Additionally, food treats, such as 

sunflower seeds, were placed in the cage to distract the animal from chewing on the 

window chamber.  

 

Imaging  

Animals were anesthetized with 2% isoflurane before being placed in the animal holder 

and maintained on 1% isoflurane with 1 L/min O
2 

flow rate with slight modifications 

made based on respiration rate. The window chamber was secured to the holder, shown in 

Figure 1B, with a cross bar to minimize tissue movement. Temperature was monitored 

with a rectal probe and maintained at a 37°C (±3°C) with either a heat lamp or circulating 

warm water pad. Ophthalmic ointment was applied to the eyes. In the case of MRI, where 

the animal is not visible to the operator, respiration was monitored via a pressure sensor 

placed at the animal’s chest.  

 

Optical imaging was performed using a Nikon E600 microscope with a C1 confocal 

attachment (Nikon Instruments Inc., Melville, NY). Bright-field optical microscopy was 

performed using a quartz halogen lamp coupled to a goose-neck fiber illuminator in an 

epi-illumination configuration. Fluorescent imaging of GFP was done using a broad-

spectrum mercury lamp and a Nikon B-2E/C filter cube. Images were captured on a 

RETIGA 2000R 12-bit per color-channel cooled CCD with 1600 × 1200 pixels 

(QImaging, Surrey, BC, Canada). High-resolution confocal images were acquired on the 
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same microscope using the Nikon C1 attachment. Fluorescent contrast agents were 

administered to demonstrate molecular level targeting and cellular resolution imaging in 

the model. Albumin labeled with Alexa Fluor 647 (200 μL, 0.055 mg/μL) (Invitrogen, 

Grand Island, NY) was intravenously injected to highlight vasculature. To assess cell 

viability, 50 μL of annexin V labeled with Alexa Fluor 647 and 50 μL of propidium 

iodide (Invitrogen) were injected subcutaneously at the site of the tumor at concentrations 

of 2 mL/kg and 1 mg/mL, respectively.  

 

MRI of the mammary window chamber model was performed using a Bruker Biospec 7 

Tesla small-animal MRI system (Bruker Corporation, Billerica, MA). The animal holder 

was modified for MRI experiments, as shown in Figure 1C, to hold a single-turn radio 

frequency (RF) surface coil (Doty Scientific, Columbia, SC) over the center of the 

window chamber. The holder and attached surface coil were placed inside a linear 

volume coil centered in the bore of the magnet. The linear volume coil was used for RF 

excitation while the surface coil was used as the receiver coil. An intraperitoneal injection 

of 469.01 mg/mL Magnevist (Gd-DTPA) (Bayer HealthCare Pharmaceuticals LLC, 

Montville, NJ) was administered to demonstrate increased contrast between tumor and 

surrounding tissue.  

 

A specialized nuclear imaging system, called the Beta Imager (26), was utilized instead 

of traditional nuclear imaging, which requires specialized hardware and reconstruction 

techniques. In the Beta Imager technique, a thin scintillator is placed directly in contact 

with the exposed tissue surface in the window chamber. Due to the shallow depth of the 

tissue at the surface of the MWC, some positrons can escape from the tissue without 

annihilating with an electron. The escaped positrons interact with the scintillator to 

produce visible light photons, which can be detected inside a light shielded box with a 
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cooled CCD, similar to devices used in bioluminescence imaging. The Beta Imager 

approach has relatively high spatial resolution and sensitivity for imaging radiotracer 

distributions near the tissue surface. In preparation for imaging, animals were fasted for 

12 h, then the coverslip was removed, the exposed tissue was washed with sterile saline, 

and a thin scintillator material (26) was placed in contact with the tissue. Radiolabeled 

glucose analog, 0.2 mL of 5–6 mCi 18F-fluorodeoxyglucose (FDG), was injected 

intravenously. After imaging, the wound was washed, and the coverslip and retaining 

ring were replaced. Animals were monitored for several days following imaging for any 

signs of infection. No cases of infection were observed.  

For all imaging modalities, including optical, MR, and nuclear, animal preparation prior 

to imaging took 15 min. Image acquisition lasted between 5 min to 1 h, depending on the 

experiment.  

 

Results and Discussion  

The protocol for implanting cells prior to MWC implantation was 100% successful in 

growing a viable tumor within the chamber (16 animals). An alternative method of 

injecting cells after MWC placement was 93% successful (28 animals). Growing the 

tumor before placing the MWC allows control in selecting tumor size prior to the start of 

a study and maximizes the time period during which the window chamber remains viable 

for imaging experiments. No adverse reactions were observed in response to the plastic 

materials employed nor does the MWC appear to affect tumor growth.  
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Figure A.2. Optical images of the MWC. (A) 2× white light epi-illumination 
image, showing the tissue and blood vessels. (B) 2× wide-field fluorescence image 

of the same location showing the MDA-MB-231 GFP expressing tumor mass and 

some of the vascular system, (tumor is 6 days old). (C) Maximum intensity 

projection of a z-stack of confocal images covering a 60 micron deep section of 
tissue acquired with a 40× objective after injection of intravascular contrast agent, 

albumin Alexa Fluor 647 vascular network (red), and MDA-MB-231 GFP cancer 

cells (green), (tumor is 3 days old). (D) Maximum intensity projection of a z-stack 
of confocal images acquired with a 40× objective in a region containing MCF-7 

GFP tumor cells (green) approximately 1 hour after the injection of the cell-

membrane impermeable dye, propidium iodide (red) and phosphatidylserine 
binding dye, annexin V labeled with Alexa Fluor 647 (blue), (tumor is 7 days old).  

 

White light imaging of the MWC is shown in Figure 2A, where the mammary fat pad 

tissue and vascular network can be observed. Fluorescence imaging of the GFP signal 

from the same MWC is shown in Figure 2B. The location and extent of GFP tumor 

expression in the MWC can be assessed temporally to monitor growth and visualize 

tumor angiogenesis.  
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Visualization of individual GFP expressing cancer cells was achieved using high-

resolution confocal microscopy. The optical sectioning capability of confocal microscopy 

allowed delineation of individual cancer cells. The images shown in Figure 2, C and D 

were obtained using a 40× objective. Albumin labeled Alexa Fluor 647 contrast agent 

was administered intravenously to observe the distribution of the microvasculature in 

relationship to the cancer cells. A maximum intensity projection image, Figure 2C, was 

created from a z-stack volume acquisition covering a 60 μm thick section of tissue. 

Figure 2C shows capillary vessels containing contrast agent (red) among tumor cells 

(green). The ability to visualize the vascular distribution in relation to the cancer cells has 

potential value in a number of applications, such as assessing the effectiveness of anti-

angiogenic cancer therapies, monitoring the extravasation and biodistribution of cancer 

drugs, or investigating regional variations in the tumor microenvironment.  

 

An example of the ability to target and assess characteristics of individual cells in vivo is 

shown in Figure 2D, where propidium iodide and annexin V labeled with Alexa Fluor 

647 were injected to distinguish between viable, apoptotic, and necrotic cells. A 

maximum intensity projection image containing a cluster of GFP expressing tumor cells 

an hour after staining is shown in Figure 2D. In this assay, early apoptotic cells should 

have only annexin V (blue) staining of the translocated phosphatidylserine on the 

extracellular side of the membrane and no propidium iodide (red) staining of the nucleus. 

Necrotic cells, on the other hand, have both annexin V staining of phosphatidylserine and 

propidium idodide staining of the nucleus due to the compromised permeability of the 

cell membrane. Viable cells have no annexin V or propidium iodide staining, but can be 

delineated as cancer cells based on GFP (green) fluorescence. Cancer cells, necrotic cells, 

and a few apoptotic cells can be observed in Figure 2D, demonstrating standard in vitro 



116 

 

assays can be applied when using this model. In addition to conventional and confocal 

optical microscopy, the MWC is compatible with alternative techniques such as multi-

photon imaging, nonlinear microscopy, and structured illumination.  

 
Figure A.3. Magnetic resonance images of the MWC. (A) Coronal slice with 

arrow designating location of a 7 day old MDA-MB-231 tumor; (B) corresponding 

sagittal slice through middle of tumor pressing against peritoneal lining (black 
band); (C) T1-weighted image showing a 5 day old MDA-MB-231 tumor growing 

amid (white/higher signal) mammary fat; (D) same tumor at 13 days growing 

deeper into the body of the mouse; (E) same tumor at 13 days with Gd contrast 
agent showing darker, potentially necrotic tumor core.  

 

Detailed three-dimensional anatomical visualization of tumors can be obtained using 

MRI. Figure 3, A and B show en-face (coronal) and cross-sectional (sagittal) T1-

weighted slices through a tumor (spin-echo sequence parameters: TR = 250 ms, TE = 
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10.747 ms, 256 × 256 matrix covering a 2.56 cm × 2.56 cm field of view, 5 mm thick 

coronal slice and 1.5 mm sagittal slice). A series of slices was acquired to cover the 

whole extent of the tumor, allowing quantitative assessment of tumor volume with high 

accuracy. The T1-weighted images have high signal intensity from fat within the 

mammary fat pad and below the peritoneal lining. The peritoneal lining, forming the 

boundary between the outer fat/muscle layers and the internal organs, is observed as a 

distinct dark band between the tumor and internal fat. Both orientations allow 

visualization of the window chamber structure due to the void in signal where the plastic 

resides. The MWC structure supports location co-registration between imaging 

modalities (Supplementary Material).  

 

Figures 3 C–E show MR images of a tumor in an animal over an 8 day time period (spin-

echo sequence parameters: TR = 400 ms, TE = 10.747 ms, 256 × 256 matrix, and 2 

averages). The image in Figure 3C was acquired 5 days after cell injection, with a 1 mm 

axial slice thickness and a 2.56 cm × 2.56 cm FOV. The image in Figure 3D was acquired 

13 days post cell injection with a thinner 0.5 mm axial slice thickness but the same FOV. 

The image in Figure 3E was acquired on the same day as Figure 3D after an injection of 

Magnevist contrast agent to improve contrast between the tumor and surrounding tissue. 

Enhanced signal first appeared as a ring around the periphery of the tumor (data not 

shown). A thinner 0.3 mm axial slice thickness and a smaller 1.92 cm × 1.92 cm FOV 

with the same 256 × 256 matrix were used to achieve higher spatial resolution in Figure 

3E, revealing more detail in the structure of the tumor 15 min after injection, when 

contrast agent had diffused throughout the tumor. This image also reveals a small tumor 

nodule that was difficult to identify on the original T1-weighted image obtained without 

contrast agent.  
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MRI can also provide quantitative maps of relaxation parameters (T1, T2, and T2*), fat 

and water content, diffusion properties, and blood perfusion. Moreover, important 

functional information regarding the vascular permeability and altered metabolism can be 

obtained by advanced MR imaging and/or spectroscopy techniques. (For quantitative 

MRI results, see Supplementary Material).  

 
Figure A.4. Nuclear imaging with FDG. Nuclear Beta images following 
intravenous injection of FDG colorized to a red scale, overlaid on a combined 

white light reflectance and fluorescent GFP image of MDA-MB-231 tumors, with 

the tumor outline displayed in green. (A) In the first data set, the 5 day old GFP 

tumor location correlates with the FDG signal. (B) In a second animal, a large 
portion of a 13 day old tumor does not correlate with the FDG signal.  

 

The Beta Imager was used to assess glycolytic metabolism in two different animal 

tumors. A series of sequential images were acquired with 5 min exposures following 

intravenous injection of 18F-fluorodeoxyglucose (FDG). Figure 4, A and B display the 

FDG signal (red) obtained in 2 animals 42 and 55 min after contrast agent injection, 

respectively. The signal intensity is overlaid on a co-registered white light reflectance 

image with the GFP tumor outlined. Figure 4A shows good correlation between the 

regions of increased metabolism (higher FDG signal) and the location of the GFP tumor 

signal. Figure 4B shows a lack of FDG signal within the tumor. These results highlight 

the ability to image variation in the metabolic properties of tumors using MWCs.  
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In conclusion, we have developed an orthotopic breast cancer mammary window 

chamber model that is compatible with multi-modality imaging. We have demonstrated 

high-resolution optical imaging, high-resolution MR imaging, and functional nuclear 

imaging. The different resolutions, imaging depths, and functional capabilities of the 

modalities complement one another. The utility of the MWC model, coupled with these 

imaging modalities, provides a powerful platform technology for therapeutic devel-

opment and studies of basic cancer biology.  
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Supplementary Material For: Multi-modality imaging of a murine mammary window 

chamber for breast cancer research 

Supplementary Information  

 
A. Co-registration between Modalities  

The window chamber serves as a fixed structure from which measurements can be made 

to identify and co-register position on images obtained with different imaging modalities. 

With the nuclear and magnetic resonance (MR) imaging techniques described here, the 

limiting spatial resolution for these images is such that the entire mammary window 

chamber (MWC) structure is observed within the image field of view. For magnetic 

resonance imaging (MRI), the MWC structure is a signal void, but any point in the tissue 

can be easily related to position with respect to the MWC structure. Obtaining multiple 

orientations for slices (e.g. coronal and cross-sectional) facilitates the localization 

process. In cross-sectional images, the slice selection reports the distance relative to 

either end of the MWC structure, providing one orthogonal measurement. The distance in 

the image from the area of interest to the side of the MWC structure provides a second 

orthogonal measurement. For nuclear imaging, the co-registered optical images and 

nuclear images of the MWC obtained with the low-light camera provide a similar 

correlation of tissue position with MWC structure landmarks. Both nuclear and MR 

images can be readily co-registered to optical microscopy images. The one requirement is 

that a low-resolution image covering the extent of the MWC structure be obtained that is 

co-registered to any high-resolution image of a small field of view. This is easily 

accomplished by switching objectives from high to low power and capturing a low power 

image in which the high-resolution region of interest is at the center of the low power 
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image. In that way, the exact location of the high-resolution image can be correlated to 

locations on lower-resolution optical, MR, or nuclear images.  

 
Supplementary Figure A.S1. Co-registration of an optical and MR image. The 
same tumor was imaged within a two day time period with both optical and MR 

imaging. (A) The GFP fluorescent tumor signal (9 days old) was acquired with the 

outline of the window chamber being visible. The white asterisk denotes a region 
of interest near a tumor vessel. (B) A MR T1-weighted image of the same tumor (7 

days old) with an arrow denoting the same co-registered position as the asterisk in 

the optical image. 

 
An example of a co-registered location on an optical image of the GFP signal and an MR 

T1 weighted image is displayed in Supplementary Figure S1. The asterisk denotes the 

location on the optical image, while the arrow designates the location on the MR image. 

The MR image is a single slice from an series of 15 slices, each 1 mm thick and separated 

by 0.2 mm. The data were acquired with TR = 300 ms, TE = 10.7 ms, and covers a 2.56 × 

2.56 cm field of view (FOV) and was encoded onto a 256 × 256 matrix. The optical 

image was acquired two days after the acquisition of the MR image.  

While it is possible to co-register locations between modalities, one cannot ensure that 

the tissue has not shifted slightly beneath the window chamber between measurements. 

Additionally, finding the exact high-resolution location repeatedly would be challenging 

and time-consuming to accomplish with certainty without placing fluorescent markers in 

the tissue, laser burning, or providing some other means of a visual indicator.  

B. Quantitative MR Imaging Capabilities  
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Supplementary Figure A.S2. Quantitative MRI Measurements. All images are 

of the same 1 mm slice through a 13 day old tumor covering a 2.56 × 2.56 cm 

FOV encoded on a 128 × 128 matrix. (A) A T1-weighted image acquired with TR 
= 300 ms and TE = 10.7 ms shows the tumor extent as outlined in yellow. (B) A 

perfusion map is displayed; units: ml/100 g/min. (C) T1 map of the tumor and 

surrounding tissue; units: ms. (D) T2 map of the tumor and surrounding tissue, 
units: ms. (E) A map of the apparent diffusion coefficient (ADC) value calculated 

from a mono-exponential fit for the signal intensity values at 10 diffusion 

gradients; units: μs
2
/ms. 

 

The quantitative MR image results shown here were obtained on the same tumor in the 

same position. A single axial slice containing the largest cross-section of the tumor was 

selected from a spin-echo T1-weighted anatomical scan (TR = 300 ms, TE = 10.7 ms, 1 

mm thick slice, 2.56 × 2.56 cm FOV) (Supplementary Figure S2A).  

An arterial spin-labeled, FAIR-RARE, sequence was used to quantitatively assess 

perfusion in units of mL of blood per 100 g of tissue per minute for each image voxel 

(Supplementary Figure S2B). The sequence collects a series of single-shot fast spin echo 

images at increasing time delays following a 180° inversion pulse. These images are used 

to calculate the T1 relaxation time of the tissue. This is done twice, in one case with 

selective inversion of a thin slab encompassing the imaging slice and in the other case 

with inversion of the whole tissue volume prior to imaging the slice. The difference in T1 
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in these two cases is related to the inflow of blood into the image slice, which is inverted 

by the non-selective inversion pulse, but not by the selective inversion pulse. The 

sequence utilized has a TR = 10 s and inversion recovery times ranging from 30 to 2300 

ms. The selective inversion slice thickness was 3 mm, while the imaging slice was 1 mm 

thick and covered a 2.56 × 2.56 cm FOV encoded on a 128 × 128 matrix. The T1 data 

obtained through the non-selective inversion case results in a T1 map of the transverse 

relaxation values of the tumor and surrounding tissue (Supplementary Figure S2C).  

A T2 map of the tissue was obtained by processing the data collected using a multi spin-

echo sequence (Supplementary Figure S2D). The sequence collected images for each of 

16 time-to-echo (TE) values, ranging from 8.5 to 136 ms, with a TR of 2000 ms. The 

image covered the same 2.56 × 2.56 cm FOV as the other quantitative MR sequences and 

was encoded on a 128 × 128 matrix.  

The diffusion of water in tissue was also measured. For measuring diffusion via MRI, a 

series of images are acquired with varying diffusion encoding gradient strengths. The 

random motion of water in the presence of the diffusion encoding gradients causes a 

distribution of spin phases and a resulting reduction in net signal amplitude. The decay 

curve of signal intensity for a series of gradient strengths is given by S=S
0
(-b*ADC), 

where b is a variable related to the strength and timing of the diffusion encoding gradient, 

S0 is the signal intensity at b=0, S is the signal intensity at a given b value, and ADC is 

the apparent diffusion coefficient of the tissue water. Images were acquired at 10 b-values 

(0, 10, 20, 40, 80, 160, 320, 480, 640, 800 s/ mm2) with diffusion gradient encoding 

separately in the 3 orthogonal directions (x, y, z). A mono-exponential fit of the decay in 

signal intensity of the trace image was performed on a pixel by pixel basis to derive a 

map of ADC values (Supplementary Figure S2E). 
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Abstract: Phosphorescent lifetime imaging was employed to measure the spatial and 

temporal distribution of oxygen partial pressure in tissue under the coverslip of a 

mammary window chamber breast cancer mouse model. A thin platinum-porphyrin 

coating, whose phosphorescent lifetime varies monotonically with oxygen partial 

pressure, was applied to the coverslip surface. Dynamic temporal responses to induced 

modulations in oxygenation levels were measured using this approach. 

OCIS codes: (170.3650) Lifetime-based sensing; (170.1470) Blood or tissue constituent 

monitoring. 

 

1. Introduction 

Tumor hypoxia has important implications in terms of disease progression, 

aggressiveness, and treatment response [1,2]. The ability to measure hypoxia dynamically 
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over time and spatially over the extent of a tumor would be a significant advance over the 

commonly utilized and accepted oxygen tension measurement techniques. Two of the 

most common approaches to oxygen measurement include insertion of pO2 needle 

electrode probes and administration of nitroimidazoles (e.g., pimonidazole) [3,4]. The use 

of pO2 probes is invasive, unreliable, and prone to variability and measurement bias 

based on probe location [5]. Nitroimidazoles are administered IV or IP and are subject to 

delivery limitations in reaching the target tissue site. In addition, nitroimidazoles only 

report on cells that have an intracellular pO2 level below approximately 10 mmHg [4,6]. 

Visualization of nitroimidazoles requires removal of the tissue followed by 

immunohistochemical processing, sectioning and staining. Tissue biopsy is destructive 

and limited to a measurement at a single time point [5]. More recently, radiolabeled 

versions of nitroimidazoles have been developed [6,7]. While potentially this eliminates 

the need for tissue removal, the radiolabeled agent approach still presents a temporal 

snapshot of oxygenation levels and is dependent upon successful delivery of agent to the 

tissue of interest. 

 

The development of alternative methods for detecting and measuring hypoxia is an active 

area of research. One approach has been the utilization of porphyrin molecules that 

change the rate of phosphorescence emission (lifetime), dependent on the amount of 

oxygen present. Oxygen acts as a quencher that decreases the phosphorescence lifetime 

[8]. Most in vivo studies have utilized intravascular probes, although there has been some 

development of probes measuring extracellular oxygenation outside of the vascular 

system [9]. The injected probes are cleared over time, limiting the time frame for 

monitoring. The probes generally have half-lives on the order of a few hours [9]. Babilas 

et al. have shown the ability to encapsulate platinum porphyrin molecules in a polymer 

matrix and coat it on the surface of a coverslip. The group demonstrated the approach 
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using a titanium dorsal skin-fold window chamber hamster model for single baseline 

measurements [8]. This approach has potential to be utilized for repeatable measurements 

over the course of a week without the need for additional introduction of new probe. The 

encapsulation of the phosphorescent probe molecule in a polystyrene coating increases 

the time period over which adequate probe concentrations are present compared to 

injectable probes. 

 

The work herein describes the first implementation and testing of a platinum-porphyrin 

coating applied to a mammary window chamber (MWC) model of breast cancer for 

dynamic oxygenation assessment. The MWC model that we have developed is 

orthotopic, allowing breast cancer tumors to develop in their natural environment, and 

does not impose restrictions on the development of the tumor in three-dimensions [10]. 

The MWC model allows for localized regions of hypoxia to develop, making it a more 

realistic model of human breast cancer. The phosphorescent lifetime approach was used 

to dynamically detect physiologically induced oxygenation modulations over the spatial 

extent of the mammary tissue and tumor in contact with the coated coverslip. The 

concordance between the pO2 estimates based on phosphorescence measurements and the 

visualization of hypoxia by standard pimonidazole immunohistochemical staining of 

tissue was evaluated. Additionally, measurements from both the phosphorescent lifetime 

coating and a fiber optic pO2 probe were obtained from the same tumor. 

 

2. Materials and Methods 

2.1 Mammary Window Chamber Mouse Model 

We have developed and reported on a mammary window chamber (MWC) breast cancer 

mouse model that employs a custom plastic window chamber support structure and a 

removable coverslip [10]. For imaging pO2, platinum-porphyrin coated coverslips were 
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placed either at the time of MWC implantation in the mouse or after removal of a 

standard 8 mm uncoated glass coverslip. Imaging was delayed for at least 24 hours after 

replacement with a coated coverslip to allow the tissue/coverslip interface to stabilize. 

The MWC structures were surgically implanted over seven day old tumors grown in the 

fourth mammary fat pad of eight female, post-breeder SCID mice. The tumors were 

created by injection of 1-5 x 106 MDA-MB-231/eGFP human breast cancer cells. Details 

of the surgical procedure and post-operative care were described previously [10]. All 

animal experiments and procedures were reviewed and approved by the University of 

Arizona Institutional Animal Care and Use Committee. 

 

During all imaging experiments, the animals were anesthetized with 2% isoflurane before 

being placed in a supine position within an animal holder. Animals were then maintained 

on 1.0-1.5% isoflurane with a constant 1 L/min flow rate of medical-grade oxygen (or 

air) during imaging experiments. A custom holder supported the mice, while maintaining 

delivery of anesthesia, and minimizing movement of the window chamber structure. The 

animal temperature was monitored with a rectal temperature probe and maintained at 37 

°C ± 1 °C through the use of a heating pad placed beneath the animal holder. 

 

2.2 Oxygen Sensitive Platinum-Porphyrin Coating 

A 5 wt% solution of platinum-octaethyl-porphyrin (Pt-OEP) (Frontier Scientific, Logan, 

UT) to polystyrene (MW = 50 kDa) (Sigma-Aldrich, St. Louis, MO) was dissolved in 

chloroform, and then dispensed onto either large, 63.5 mm diameter round glass 

coverslips or small, 8 mm diameter round glass coverslips (No.1 thickness) for spin 

coating. The coverslips were cleaned with acetone and methanol prior to spin-coating. 

The solution was applied while the coverslip was stationary in the case of the small 

coverslips or spinning at a low speed (500 rpm) for the larger coverslips. Enough solution 
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was added to cover over half of the area of the coverslip. The speed of the Solitec spin 

coater was increased to 2000 rpm for 25 seconds to spread the solution in a uniform 

thickness layer over the entire coverslip area. When using the larger coverslips, 

approximately 8 mm diameter coverslips were cut from the larger coverslip using a 

diamond-coated hole-cutter bit. The coating thickness was measured to be 1.7 μm, as 

measured using a profilometer. The coated coverslip was placed in the MWC structure 

with the coated side in direct contact with the tissue. 

 

2.3 Phosphorescent Lifetime Instrumentation and Imaging Procedure 

A tunable optical parametric oscillator (OPO) pumped by a Nd:YAG Q-switched laser 

with 20 Hz pulse repetition rate and 3 ns pulse width was used to produce optical pulses 

at a wavelength of 532 nm. An Olympus MVX10 scientific microscope with a 595 nm 

dichroic and 645/75 nm emission filter was used for imaging the fluorescence emission 

from the coated window chamber structure. An interline CCD camera (Photonics 

Research Systems) with 596 x 796 pixels and on-chip integration, was used to capture 

time-gated images for estimating the lifetime of the Pt-OEP phosphorescence emission 

across the image field. 

 

A series of 14 images was acquired with 5 μs gate width at increasing delay times, 

ranging from 0 to 65 μs in 5 μs increments after the end of the laser pulse. The laser 

sends a signal to the pulse generator to synchronize the timing. The pulse generator waits 

the designated delay time before sending a signal to the camera controller to begin the 

exposure. Prior to processing, images were down-sampled using 2x2 pixel binning to 

increase SNR and decrease data processing time. The phosphorescent lifetime for each 

voxel was obtained by fitting the temporal evolution of the signal intensities to a single 
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mono-exponential decay. Lifetime maps were generated as images of the pixel lifetime 

estimates. 

 

Conversion between phosphorescent lifetime values and pO2 was based on a two point 

calibration procedure, since previous characterization of these coatings reported a linear 

response [8]. A linear calibration fit was made for the lifetimes of two measurements, one 

with exposure of the coverslip to air (pO2 = 140 mmHg) and the other with exposure of 

the coverslip to a zero dissolved oxygen solution (Rica Chemical Company, Arlington, 

TX), containing sodium sulfite (pO2 = 0 mmHg). Average lifetime values of 57.4 μs ( ± 

2.45 μs) were measured under exposure to the zero dissolved oxygen solution: lifetime 

values of 16.5 μs ( ± 1.11 μs) were measured under air exposure. 

 

Wide-field fluorescence images of the GFP transfected tumors within the MWC were 

captured on the same Olympus MVX10 scientific microscope. The GFP tumor signal was 

acquired by setting the OPO laser emission to 488 nm and using an appropriate GFP filter 

set on the microscope. 

 

2.4 Oxygen Modulation with Gas Modification 

Two animals were stabilized for baseline measurements of the tissue oxygenation state by 

breathing air with isoflurane gas for 15 minutes. After acquiring the baseline 

measurements, the gas flow was replaced with oxygen. The flow of oxygen with 

isoflurane was maintained for approximately 15 minutes before switching back to air. 

Multiple lifetime measurements were acquired during the switch to oxygen as well as 

during the recovery period when the anesthesia gas returned back to air. The opposite 

experiment (oxygen to air and back to oxygen) was also performed. 
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2.5 Oxygen Modulation with Pharmaceutical Agents 

The pO2 in tissue was also modulated using pharmaceutical agents. Three animals were 

stabilized for baseline measurements under air or oxygen gas plus isoflurane anesthesia. 

In one set of experiments, an intraperitoneal injection of 1000 mg/kg body weight 

nicotinamide (Sigma Aldrich, St. Louis, MO) was administered. Nicotinamide inhibits 

blood vessel constriction and thus allows more oxygen to be delivered to oxygenate 

tissue [11]. In another set of experiments, an intravenous injection of 0.6 mL/kg body 

weight NVX-108 (NuvOx Pharma, Tucson, AZ) was administered. NVX-108 is an 

investigational therapeutic composed of a nano-emulsion of 2% w/vol 

dodecofluoropentane that binds significant oxygen and increases delivery of oxygen to 

tissue [12]. 

 

2.6 Pimonidazole Staining 

Hypoxia staining was performed in two animals by administering hypoxyprobe 

(pimonidazole hydrochloride) i.p. at 60 mg/kg animal body weight. The animals were 

euthanized one hour after hypoxyprobe was administered. The tissue beneath the MWC 

was harvested and placed in 10% formalin in phosphate buffered saline to prepare it for 

immunohistochemistry processing. Within 24 hours, the tissue was transferred to 70% 

ethanol before being embedded in paraffin. Tissue slices were stained with anti-

pimonidazole mouse monoclonal antibody. 

 

2.7 Oxygen Probe Measurement 

An OxyLab fiber optic based oxygen probe (Oxford Optronics, Abingdon, United 

Kingdom) was inserted into the mammary fat pad in two anesthetized mice after the 

termination of phosphorescent lifetime imaging experiments. The location of the probe 

was varied and measurements were recorded over the course of several minutes in each 
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location. The probe location relative to the tumor location was also recorded. The 

temperature of the animal was monitored and the OxyLab system was updated with the 

body temperature to compensate for temperature variation in the calibration of the probe. 

 

3. Results 

The 2D pO2 maps derived from the measured lifetime maps show the underlying spatial 

variation of the tissue oxygenation. A GFP image and a corresponding pO2 image of a 

MWC with a large tumor are shown in Fig. 1. The tumor (bright GFP signal in Fig. 1(a)) 

boundary is shown by the dark outline in the GFP and pO2 images. In this image the pO2 

is lower in the majority of the GFP tumor compared to the normal tissue surrounding the 

tumor. 

 

Fig. B.1. GFP tumor with corresponding pO2 map. Tumor location based on GFP 

signal (a) correlates with the spatial variation of the pO2 map (b), indicating low 
pO2 values within the tumor. 

 

As described in the methods, multiple experiments were performed where tissue 

oxygenation levels were modulated. This was done to demonstrate the ability of the 

MWC coating to measure physiologically relevant changes in tissue pO2 in vivo. 

 

3.1 Modulation with Gas 
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Phosphorescence lifetime maps and subsequent pO2 maps were derived from data 

acquired while the gas mixture of isoflurane anesthesia was modified. The experiment 

was repeated in three animals. A representative result is shown in Fig. 2. In this particular 

window chamber, no significant difference in tissue oxygenation was observed between 

the tumor (outlined in black) and surrounding regions of normal tissue, although there 

was significant spatial heterogeneity in the distribution of tissue pO2. The baseline 

lifetime map while the animal was breathing air (Fig. 2(a)) with a flow rate of 1 L/min 

was repeated three times and produced a consistent pO2 distribution pattern. Lifetime 

values in specific regions of interest fluctuated within a range of 6 μs in the three 

repeated measurements. The anesthesia gas was then switched to oxygen at the same 

1L/min flow rate. Lifetime and pO2 maps were derived from the data collected over the 

15 minutes during which oxygen was administered. The results showed a significant drop 

in lifetime values corresponding to increased tissue oxygenation. The percent pO2 rose 

between 22 and 43% compared to baseline measurements while breathing air. After 

returning the animal to breathing air, the pO2 maps showed a progressive decrease in pO2. 

The pO2 did not return back fully to the baseline values over the 15 minutes of repeat 

measurement in all regions. The mean lifetime and pO2 values in three regions of interest 

at the acquired time points are displayed in the graph in Fig. 2(d). The entire tumor 

region, as identified by GFP fluorescence signal (outlined in black), did not respond in a 

significantly different manner compared to other tissue locations. It can be seen from the 

pO2 values that this tumor is not hypoxic. 

 

Experiments performed in the opposite order of oxygen to air to oxygen (data not 

shown), demonstrate the opposite change in pO2 as expected. Based on experiments 

modulating the gases in both directions (air to oxygen to air and oxygen to air to oxygen), 

the introduction of oxygen produces a shortening of the lifetime measurement consistent 
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with higher tissue pO2. It was observed that the tissue responds slightly more rapidly to 

an increase in oxygen in the anesthesia gas than the reverse decrease in oxygen in the 

anesthesia gas. 

 

Fig. B.2. Modulation of tissue pO2 with anesthesia delivery gas. pO2 maps 
acquired while the mouse breathed (a) air with isoflurane, (b) oxygen with 

isoflurane for 15 minutes, and (c) back to air with isoflurane for 10 minutes. (d) 

The average lifetime and pO2 values within the tumor (black) and two normal 
tissue regions (designated in the pO2 maps by red and blue outlines) acquired over 

the course of the modulation experiment. 

 

3.2 Modulation with Nicotinamide 

In another modulation experiment, lifetime data were acquired before and after the 

administration of nicotinamide. Nicotinamide acts to prevent vasoconstriction and thus 

maintains or in some cases increases oxygen delivery depending on the state of 

vasoconstriction in the blood vessels [13]. Nicotinamide has been explored through 

clinical trials as a means to address chronic and acute hypoxia prior to radiotherapy [14]. 
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The baseline pO2 map obtained while the animal was breathing oxygen with isoflurane 

anesthesia is shown in Fig. 3(b). The tumor location was determined by the GFP image 

shown in Fig. 3(a). The outline of the tumor (black) is superimposed on the pO2 maps. 

The pO2 maps from data acquired 3,8,19, and 78 minutes after administration of 

nicotinamide are shown in Fig. 3(c)- 3(f). The temporal response both within the tumor 

(black and blue outlined regions of interest) and in normal tissue (red outlined region of 

interest) are shown in Fig. 3(g). The i.p. injection of nicotinamide resulted in a significant 

rise in the pO2 values in normal regions of the tissue. The tumor region also increased in 

pO2 values, but the average increase was less than in the surrounding normal tissue. 

There is a lack of smooth muscle in tumor vasculature, and this lack of vascular smooth 

muscle would result in a lower response to a drug inhibiting vasoconstriction. This may 

explain the decreased effect of nicotinamide within the tumor region. 
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Fig. B.3. Modulation with nicotinamide. (a) The GFP tumor signal within the 
MWC is outlined on the pO2 maps. (b) pO2 maps were acquired in a MWC animal 

under stable conditions while it was breathing oxygen with isoflurane anesthesia. 

An i.p. injection of nicotinamide was administered to increase oxygenation, pO2 

maps acquired at (c) 3, (d) 8, (e) 19 and (f) 78 minutes after injection show a 
steady increase in pO2 within the tissue. (g) The dynamic temporal changes in 

average lifetime and pO2 values within the tumor (black and blue regions of 

interest) and in the normal tissue (red region of interest) following nicotinamide 
administration at time t = 0. 

 

3.3 Modulation with NVX-108 

Another way to alter tissue oxygenation is through delivery of oxygen carrying drugs. 

NVX-108 is one such drug under development for increasing oxygenation of hypoxic 

tumors prior to radiation treatment. The drug has completed preliminary testing in a 
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pancreatic xenograft model, and has moved on to a clinical trials in the context of treating 

gliomas [12]. The drug has potential for expanding into other common hypoxic tumor 

types, including breast cancers. NVX-108 was administered IV to a MWC animal on two 

occasions, one while the animal breathed oxygen with isoflurane anesthesia and the other 

while the animal breathed air with isoflurane anesthesia. The results of the experiment 

with oxygen are shown in Fig. 4. Three baseline measurements were acquired prior to the 

IV injection of NVX-108 one of which is shown in Fig. 4(b). The tumor location was 

determined based on the GFP image (Fig. 4(a)) and the outline of the tumor (black) is 

superimposed on the pO2 maps. Several lifetime measurements were acquired over an 

hour following the injection. Select pO2 maps from data acquired 3, 10, 18 and 40 

minutes after administration of agent are displayed in Fig. 4(c)-4(f). The pO2 rose 

significantly in the first few minutes following administration of the drug and remained 

elevated for the entire 63 minute monitoring period. The decrease in the lifetime values 

(increase in pO2) is consistent with enhanced delivery of oxygen to the tissue and is in 

agreement with unpublished findings obtained by NuvOx Pharma showing an increase in 

pO2 as measured with an oxygen electrode probe. The results with the animal breathing 

air were similar, but the magnitude of the response was less than with oxygen. This 

finding is interesting in that a high oxygen concentration in the blood appears to increase 

the effectiveness of this drug, presumably by allowing the agent to remain more fully 

saturated with oxygen during delivery to tissue. 
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Fig. B.4. Oxygen delivery to tissue with the investigational pharmaceutical, NVX-

108. (a) GFP tumor signal in the MWC. (b) Baseline pO2 map acquired while the 

animal breathed oxygen with isoflurane anesthesia. Following administration of 
0.6 mL/kg body weight NVX-108 into the tail vein, subsequent pO2 maps acquired 

at (c) 3, (d) 10, (e) 18 and (f) 40 minutes show a rapid and sustained rise in pO2 

values. (e) The dynamic temporal changes in average lifetime and pO2 values 
within the tumor (black outlined region of interest) and in the normal tissue (blue 

outlined region of interest) following NVX-108 administration at time t = 0. 

 

3.4 Pimonidazole Staining of Tissue 

Figure 5(a) shows a pO2 map of one animal where the pO2 within the tumor (black 

outline) is uniformly low and in a range that would indicate it is close to being hypoxic. 

In this animal, pimonidazole was administered after the phosphorescence lifetime 

imaging measurement. The tissue from the mammary fat pad region was harvested after 
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the animal was euthanized. The paraffin-embedded tissue was processed and cut in slices 

oriented perpendicular to the tissue surface in contact with the coverslip of the window 

chamber. An image of the processed slide is shown in Fig. 5(b). The brown staining, 

positive for pimonidazole and indicative of cells with a pO2 less than 10 mmHg, is clearly 

seen within the tumor. However, the staining is heterogeneous in its distribution with 

some areas of the tumor showing a higher degree of staining than others both at the 

surface (upper boundary of Fig. 5(b)) and deeper inside the tumor. Variability in 

pimonidazole staining can be due to how well perfused the tissue is, as well as the degree 

of hypoxia, since the stain has to reach the tissue of interest to show that it is hypoxic. An 

advantage of the lifetime approach to measuring hypoxia is that it does not depend on the 

tissue concentration of a delivered agent. A histogram of the pO2 values within the 

outlined tumor region is displayed in Fig. 5(c). The peak in the distribution of values 

measured by the coating falls within 10-15 mmHg. These values are right at the edge of 

the reported positive detection threshold for pimonidazole. The average pO2 over the 

entire tumor region of interest in Fig. 5(a) is 26.8 mmHg. The pimonidazole image shows 

that the tissue is mildly stained near the surface with the highest degree of staining in the 

middle (arrow) consistent with the lower pO2 in the center of the tumor on Fig. 5(a). The 

correlation with an accepted method of assessing hypoxia provides evidence that the 

lifetime measurement approach is yielding a quantitative spatially and temporally 

resolved evaluation of tissue hypoxia without removal of the tissue at least at the contact 

surface of the coverslip. 
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Fig. B.5. Comparison of phosphorescent lifetime and pimonidazole hypoxia 
measurement assays. (a) The pO2 measurement in the MWC indicates hypoxic 

conditions. (b) The corresponding pimonidazole staining of a slice of tissue 

perpendicular to the measured surface shows positive (brown) staining along a 

portion of the top surface that was in contact with the coating (arrow). (c) The 
histogram of pO2 values within the black outlined tumor region in (a). 

 

3.5 Coating Stability 

The stability of the coating is an important consideration for longitudinal studies 

monitoring oxygenation changes in tissue. In the imaging experiments, the coatings 

remained intact for at least a week after placement. After approximately a week, some 

local areas of the coatings did begin to break apart and become detached from the 

coverslip. Imperfections or scratches in the coating appear to lead to more rapid 

degradation. While coatings were observed to partially degrade in spots, the coating 

could be visualized and measurements obtained from the intact regions of the coating on 

the coverslip. Due to the unique design of the window chamber, the coverslip can be 
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replaced with a new coverslip in the event the coating becomes significantly degraded. 

Following the termination of in vivo experimentation, a used coated coverslip was 

retested with the two-point lifetime calibration method. The coating was essentially 

unchanged under exposure to air, with a moderate change in the lifetime measurement 

acquired for the zero dissolved oxygen condition for the one coating tested. The 

difference in the mean lifetime values during exposure to air for a fresh and used coating 

was 0.88 μs, equivalent to 3.01 mmHg change in pO2. The difference in the mean lifetime 

values during exposure to a zero dissolved oxygen solution for a fresh and used coating 

was 2.93 μs, equivalent to 10.03 mmHg change in pO2. The long term variability with the 

zero dissolved oxygen solution was approximately a factor of 2 larger than the short term 

variability observed with multiple repeat measurements at the initial time point. 

 

3.6 Oxygen Probe Measurement 

Limited testing was also performed with an OxyLab fiber optic based oxygen probe. In 

one animal, the probe was placed into the tissue, after removal of the window chamber 

structure. The probe results largely corroborated the high pO2 values observed with the 

phosphorescent coating lifetime technique. Placement of the oxygen probe into the tumor 

at two spots gave average readings of 87.6 ± 9.37 mmHg and 90.95 ± 3.94 mmHg. 

Measurements using the phosphorescent coating in this same general region of the tumor 

one day prior gave an average pO2 value of 127.4 ± 2.83 mmHg. A large amount of 

variability exists in the pO2 measurements obtained with the fiber optic probe, depending 

on location and depth of the probe in the tissue. Additionally, the point readings with the 

fiber probe often were not very stable, exhibiting either a slow drift or larger transitions 

in the readings over a few minutes of monitoring. A temporally variable point 

measurement is not an ideal standard for comparison, but does tend to show consistency 

with the high oxygen partial pressure values measured with the phosphorescent coating. 
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Both the phosphorescent lifetime and fiber optic probe measurement approaches yield 

pO2 values higher than what has generally been reported in the literature for breast tissue 

and tumors. However, the measurement approaches are consistent and appear reliable 

based on calibration measurements. 

 

4. Discussion 

In this work we evaluated the use of a platinum porphyrin in polystyrene coating for its 

utility in measuring tissue oxygenation in an orthotopic breast cancer window-chamber 

mouse model. The ability to detect physiologically induced oxygenation changes was 

clearly demonstrated through multiple means of oxygenation modulation. Both static and 

modulated measurements of tissue oxygenation are feasible with a rapid response to 

tissue oxygenation changes under modulated conditions. The raw data for calculation of a 

lifetime map can be acquired in less than one minute with the current setup. This could be 

done even faster with fewer temporal measurements along the phosphorescence decay 

curve or with high laser power and shorter integration times. Data processing to create 

pO2 maps from the signal decay measurements was done off-line, but this step could be 

incorporated into the processing pipeline to directly observe oxygenation changes in real 

time with a temporal resolution of a few seconds if necessary. The coatings were 

generally observed to be robust and stable for multiple days, making the approach 

suitable for longitudinal studies as well as for dynamic short term monitoring of tissue 

oxygenation or the detection of cycling hypoxia. To affirm the validity of the coating 

approach, oxygenation measurements were compared with a well-established 

pimonidazole staining protocol and with a fiber optic oxygen probe. The 

immunohistochemical staining observed in Fig. 4 confirms the tumor tissue in the MWC 

model can become hypoxic with reasonable concordance among measurements at the low 

end of pO2. At the higher pO2, the oxygen probe measurement was somewhat lower than 
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that obtained in the coating. However, the accuracy of oxygen probe measurements is 

prone to error due to the invasive disruptive nature of the measurement. The coating 

approach supplies a well calibrated and non-invasive measurement of tissue oxygenation. 

 

One limitation of the coated coverslip approach is that it is sensitive to only the top 

surface layer of tissue. The diffusion limit of oxygen in tissue is reported to be 

approximately 200 microns [15,16]. The phosphorescent coating is likely, therefore, only 

measuring average oxygen levels from the first 100-200 micron depth of the tissue below 

the coating. The diffusion of oxygen may also explain why oxygenation maps have 

relatively smooth spatial variations across the extent of the MWC. However, while the 

majority of the collected phosphorescent signal is from direct emission from the coating 

which is imaged with high spatial resolution, some phosphorescence light propagates into 

the tissue and can backscatter before being detected. The light spread due to scattering of 

the phosphorescent signal could be another source of spatial blurring of the measured 

spatial distributions. In some instances, it is suspected that a thin fluid layer existed 

between the tissue and coating. However, because of oxygen diffusion, the experimental 

measurements almost certainly reflect to some degree the oxygen present in the tissue 

surface layer. The oxygenation modulation experiments showed changes concordant with 

systemic physiological alterations expected with, gas modulations, nicotinamide and the 

pharmaceutical agent, NVX-108. 

 

It is worth noting, that the MWC model is compatible with multi-modality imaging and 

would therefore allow comparison and validation of techniques under development for 

tissue oxygenation assessment, including those employing new magnetic resonance 

imaging techniques [17–19]. The phosphorescent coating technique could have 

application in other non-window chamber applications where oxygenation measurements 
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are beneficial. For example, the viability and success of tissue engineering constructs, as 

well as skin grafts, depends on sufficient oxygen delivery [20]. The coating approach 

might be applied to an area of a skin graft to provide insight into viability based on an 

oxygenation measurement. Oxygenation measurements could aid in wound healing 

assessments and the need for further debridement of dead or under perfused tissue from 

wound sites [21]. 

 

The current, commonly accepted methods for measuring pO2 are by no means ideal for 

monitoring oxygenation. Oxygen probes are difficult to position precisely, can be 

unstable, and provide only a point measurement. Nitroimadizoles report a single time 

point and do not provide absolute pO2 readings. The presented phosphorescent lifetime 

coating approach was investigated for its suitability in performing repeated, dynamic 

assessments of absolute pO2 values in a straightforward noninvasive manner. Overall, the 

technique is a viable tool and can be usefully applied to the mammary window chamber 

for studying fluctuations in oxygenation. 
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APPENDIX C: ASSESSING BREATHING GAS IMPACT ON NVX-108 

OXYGENATION EFFECT IN A MAMMARY WINDOW CHAMBER MOUSE 

MODEL 
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Abstract  

Tumor regions under hypoxic or low oxygen conditions respond less effectively to many 

treatment strategies, including radiation therapy. A novel investigational therapeutic, 

NVX-108 (NuvOx Pharma), has been developed to increase delivery of oxygen through 

the use of a nano-emulsion of dodecofluoropentane. By raising pO2 levels prior to 

delivering radiation, treatment efficacy may be improved. To aid in evaluating the novel 

drug, oxygen tension was quantitatively measured, spatially and temporally, to record the 

effect of administrating NVX-108 in an orthotopic mammary window chamber mouse 

model of breast cancer while administering different breathing. The oxygen tension was 

measured through the use of an oxygen-sensitive coating, comprised of phosphorescent 

platinum porphyrin dye embedded in a polystyrene matrix. The coating, applied to the 

surface of the coverslip of the window chamber through spin coating, is placed in contact 
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with the mammary fat pad to record the oxygenation status of the surface tissue layer. 

Prior to implantation of the window chamber, a tumor is grown in the SCID mouse model 

by injection of MCF-7 cells into the mammary fat pad. Two-dimensional spatial 

distributions of the pO2 levels were obtained through conversion of measured maps of 

phosphorescent lifetime. The response under carbogen and oxygen breathing was on 

average greater than that obtained under air breathing. The oxygenation increase was also 

elevated above the effect observed from hyperoxic gas breathing, confirming the drug has 

additional beneficial impact over breathing high oxygen content gases. 

 

Keywords: Window Chamber; Phosphorescent Lifetime; Oxygen Sensing; Cancer 

microenvironment 

 

Introduction 

Hypoxic cancer cells have long been known to be more resistant to radiation therapy than 

well oxygenated cells[63]. Various drugs and approaches have been developed and 

investigated with the intention of increasing tissue oxygenation in order to increase the 

effectiveness of radiation therapy. These methods have included hyperoxic gas breathing, 

as well as administration of pharmaceutics. Hyperoxic gas is higher in oxygen 

concentration than air at approximately 20% oxygen. Pure oxygen as well as carbogen, 

composed of 95% oxygen and 5% carbon dioxide, are examples of a hyperoxic gases. 

While many approaches for pre-radiotherapy oxygenation have been attempted, they 

have had limited clinical success. Contributing to the lack of success is an inability to 

evaluate the dynamic oxygenation changes throughout the tumor as well as potential to 

incorrectly identify subjects with hypoxic tumors. Hypoxia is a dynamic process arising 

from the balance between oxygen consumption and oxygen delivery involving both 

diffusion and perfusion considerations. The diffusion limitation of oxygen from blood 
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vessels results in a long-tern, chronic hypoxic state. Tumor vasculature is notoriously 

abnormal. The perfusion of tumor vessels with erythrocytes is variable, leading to periods 

of insufficient oxygen delivery. Oxygen consumption requirements within a tumor are 

also temporally variable. The combined temporal fluctuations in perfusion of oxygen and 

metabolic demands can result in acute hypoxia. Single time assessments of tumors, as 

well as limited spatial sampling of tumors can erroneously categorize a tumor’s 

oxygenation status. A real-time, repeatable method of measuring oxygen would be 

helpful for identifying which tumors are hypoxic and would benefit from immediate 

modulation prior to treatment. Additionally, the ability to dynamically assess oxygen 

partial pressure in a pre-clinical model during the administration of re-oxygenation 

therapy would aid in more effective clinical testing and translation of pre-therapeutic 

tissue oxygenation strategies.  

 

Window chamber models are ideally suited for using optical imaging to study cancer 

biology over time. We previously established a mammary window chamber model[64] 

and have begun exploring oxygen assessment techniques in the model system. One 

approach for assessing oxygenation levels utilizes the dependence of the phosphorescent 

lifetime of platinum porphyrin compounds to the local oxygen partial pressure (pO2).  

 

We have performed preliminary work testing the application of a coating of platinum 

octaethylporphyrin embedded in a polystyrene matrix on the coverslip of the mammary 

window chamber model. The coating allows for repeatable measurements of 

phosphorescent lifetime to track dynamic changes of pO2 levels of the surface tissue in 

contact with the phosphorescent coating[65].  
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The combination of the mammary window chamber model of breast cancer and oxygen 

sensing coating is well suited to assess oxygenation approaches. One reoxygenation 

approach is a nano-emulsion of 2% w/vol dodecofluoropentane, NVX-108 (NuvOx 

Pharma, Tucson, AZ). NVX-108 carries a large amount of oxygen through the 

vasculature, increasing delivery of oxygen to hypoxic regions [52]. The drug is currently 

undergoing clinical trials in the area of treating gliomas, which are commonly hypoxic. 

The trial is administering NVX-108 in combination with carbogen gas breathing. The 

effect of alternative gases, which may be easier for patients to breath, used in 

combination with NVX-108 has not been previously investigated. 

 

Methods 

Animal Model 

Nine CB-17 SCID post-breeder mice were injected with 1-5 x 10
6
 GFP-expressing MCF-

7 human breast cancer cells into the fourth mammary fat pad. The cells were allowed to 

develop for a minimum of one week prior to implanting a plastic mammary window 

chamber structure as previously described[64]. The glass coverslip held in place within 

the window chamber structure has the oxygen-sensitive coating on the surface in contact 

with the tumor and surrounding tissue.  

 

Coating  

The coating is composed of platinum octaethyl porphyrin (Pt-OEP) dye embedded in a 

matrix of polystyrene (PS). A 5 wt % solution of Pt-OEP to PS dissolved in chloroform 

was applied to a clean 8 mm diameter coverslip and spread across the surface using a 

Solitec spin coater. The coverslips were rotated at 2000 rpm for 25 seconds. Coated 

coverslips were placed coating side down into the window chamber structure and held in 

place with a snap ring. The coating was measured to be approximately 1.7 µm thick. 
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Phosphorescent Lifetime Measurements  

A frequency doubled Nd:YAG Q-switched laser with 20 Hz pulse repetition rate and 3 ns 

pulse width produced optical pulses at a wavelength of 532 nm. The fluorescence 

emission from the phosphorescent coating was imaged using an Olympus MVX10 

scientific microscope with a 595 nm dichroic and 645/75 nm emission filter. An interline 

CCD camera (Photonics Research Systems) with 596 x 796 pixels and on-chip 

integration captured time-gated images.  

 

ImageXnano TGI (Photonics Research Systems) software aids in setting the parameters 

and collecting the data set of images. Each data set was comprised of a series of 14 

images with 5 µs gate width and increasing delay times, ranging from 0 to 65 µs in 5 µs 

increments after the end of the laser pulse. A pulse generator receives a signal at the time 

of the laser pulse and then triggers the camera controller to begin the exposure at the 

desired delay. Prior to processing, each 2x2 pixel region was combined into a single 

voxel to increase SNR and decrease data processing time. A mono-exponential decay was 

fit to the measured signal intensities for each voxel to arrive at a phosphorescent lifetime 

value. Lifetime maps were generated as images of the voxel lifetime estimates. 

Corresponding pO2 maps were generated based on the characterization of the relationship 

of the phosphorescent lifetime to pO2. 

 

Previous characterization of films composed of Pt-OEP embedded within polystyrene 

reported a linear response between pO2 and lifetime measurements[49]. For each batch of 

coatings produced, the phosphorescent lifetime was measured during exposure to air 

(pO2=140 mmHg) and to a zero dissolved oxygen solution (Rica Chemical Company, 

Arlington, TX), containing sodium sulfite (pO2=0 mmHg). Average lifetime values of 
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57.4 μs (±2.45 µs) were measured under exposure to the zero dissolved oxygen solution, 

and lifetime values of 16.5 μs (±1.11 µs) were measured under air exposure. The linear 

relationship arising between these two pO2 endpoints and the measured lifetime values 

was employed to convert estimated lifetime values into pO2 values.  

 

The tumor location was identified using wide-field fluorescence imaging coupling a 

xenon source into a MVX Olympus scientific microscope. A GFP filter set being utilized 

consisted of 470/40 nm excitation filter, a 495 nm long pass dichroic and a 525/50 nm 

emission filter. A 0.1 second exposure was captured using the same software that was 

utilized to acquire the phosphorescent lifetime imaging.  The animal and window 

chamber were not moved between the phosphorescent lifetime data sets acquisition and 

the GFP tumor signal acquisition allowing for straightforward correlation of images. 

Verification of proper correlation was assessed through comparing the alignment of the 

window chamber structure in the images.  

 

Experimental Protocol 

For an imaging experiment, the animal is first anesthetized using 2% isoflurane and 1 

L/min of the breathing gas. The isoflurane percentage is adjusted during the course of the 

experiment to maintain a steady respiration rate. An IV tail vein catheter is placed prior to 

positioning the animal on the microscope. A series of five baseline measurements are 

acquired prior to injecting the drug (or control vehicle) into the tail vein. Serial 

measurements are recorded approximately every 5 minutes for a 60 to 90 minute duration 

following the injection. The animal’s core temperature is measured with a rectal probe 

and recorded at the time of each data set. Appropriate changes to the heating level of an 

electric heating pad, located beneath the animal holder, are made to maintain core body 

temperature at 36.5 ± 1 °C. The respiratory rate of the animal is measured at the time of 
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every measurement, and minor modifications in the anesthesia level of isoflurane are 

made to maintain it at approximate 60 to 80 breaths/minute. 

 

Between two and four different experimental protocols were performed on each animal. 

Some animals did not receive all four experimental variations due to difficulty placing 

tail vein catheter, tail damage, early window chamber failure or the animal dying during 

the course of an experiment before 60 minutes of data was acquired. The few cases of 

animal deaths happening during the course of experiments occurred a minimum of 40 

minutes after the administration of the injection. Due to the delayed occurrence relative to 

the injection time, the deaths are not thought to be a direct result of the drug. Each 

experiment performed in a given animal is separated temporally by at least one day to 

ensure clearance and minimization of any residual altered oxygen status from a previous 

experiment. Additionally, the order of experimental protocols was randomized for each 

animal. Two dosages levels of NVX-108 were investigated in this study. In five of the 

animals, a lower dosage of 0.28 ml/kg of NVX-108 was administered. In the remaining 

four animals, a higher 0.9 mL/kg dosage of NVX-108 was administered. The four 

experimental protocols which were desired to be completed in each animal included three 

groups where a dose of NVX-108 is administered IV while the animal is breathing one of 

the gas mixtures and a control group where the same total volume of fluid is injected IV 

while the animal is breathing oxygen or air. The three breathing gases for the NVX-108 

experimental protocols include air, oxygen, and carbogen (95% O2, 5% CO2). Additional 

controls without an injection under both oxygen breathing and carbogen breathing were 

performed in two and one cases, respectively. 

 

Results  
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The measured starting partial pressure of oxygen in tissue was observed to be variable. 

The variability likely stems from the experiments being acquired on different days as 

well as in different animals. For the majority of the animals, the starting oxygenation 

level of each data set depended on the gas being delivered to the animal. The air 

breathing condition tended to have a lower starting oxygenation level than the oxygen or 

carbogen cases as would be expected.  In general, the second set of animals receiving the 

higher dosage and larger volumes of saline had lower starting tissue oxygenation levels 

across the entire course of experiments performed. 

 

To quantify the differences in the oxygenation change under the three gas conditions and 

controls, the following analysis procedure was utilized. For each data set under a 

particular condition, two regions of interest were selected. One region of interest was 

chosen from within the tumor and a second region of interest was selected from outside 

of the main tumor signal. The general location of the selected regions of interest were 

maintained for all experimental conditions performed in a given animal and were 

identical in location and size for a given data set. The tumor location was determined by 

the presence of GFP signal in fluorescent images acquired of the each window chamber 

animal. For each given region of interest, the baseline pO2 was determined as the average 

of three to five baseline measurements acquired immediately prior to the injection. The 

difference between the measurements acquired between 40 and 60 minutes after the 

injection and the baseline average were calculated. The average and standard deviation of 

the difference for the experimental measurements in each animal under a particular 

condition (e.g. NVX-108 with oxygen) were recorded. The mean of the average 

differences and the standard deviations of the measured differences for all animals in a 

particular experimental group were calculated. A summary of the results is presented in 

the bar graph of Figure 1. 
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Figure C.1. Average pO2 change over 40 to 60 minutes after injection compared to 

baseline pO2 level. Results presented for three gas conditions (carbogen, oxygen and 

air) at two dosage levels (0.28 mL/kg and 0.9 mL/kg NVX-108) as well as control 
conditions (no injection and injections of 0.13mL and 0.17 mL of sterile saline). 

 

The experiment in which NVX-108 is administered with the animal breathing air shows a 

small oxygenation drift on the order of the variability observed between data sets. Both 

carbogen and oxygen breathing without an injection resulted in a greater increase in pO2 

over time. Breathing a hyperoxic gas has been pursued as a method for raising 

oxygenation levels and thus this result is expected. The control administering the smaller 

0.13 mL volume of saline under oxygen breathing is roughly equivalent to the 10 to 15 

mmHg change observed due to hyperoxic gas breathing. Therefore, it is reasonable to 

conclude the lower 0.13 mL volume does not have a measureable effect on the 

oxygenation status. The saline control under oxygen breathing at the higher volume of 

0.17 mL had a larger effect than the hyperoxic gas breathing. While there were only two 

experiments performed for the higher volume saline control, the result cannot be 

completely dismissed. It is possible the introduction of this larger volume into the 
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vascular system of a mouse could be increasing blood pressure and subsequently 

influencing the delivery of oxygen to the tissue.  

 

In both the high and low dose NVX-108 cases, the average change under air breathing 

due to NVX-108 was lower than  the change induced under oxygen or carbogen 

breathing. The pO2 change for the administration of the lower 0.28 mL/kg dose of NVX-

108 under oxygen and carbogen are comparable in magnitude at approximately 16 

mmHg.  More separation is present between the increase under oxygen and carbogen 

breathing for the higher 0.9 mL/kg NVX-108 dose. The average increase is 

approximately 29 mmHg for carbogen breathing and 24 mmHg for oxygen breathing at 

the higher NVX-108 dose. In all cases the higher dose of NVX-108 resulted in a greater 

increase in oxygenation as would be expected. However, the dose escalation of 

approximately a factor of 3 did not result in a equivalent (factor of 3) change in the 

oxygenation increase. It is possible there is an underlying limit on the oxygenation 

change that can be induced due to increased circulation and delivery of oxygen through 

this method.  

 

Conclusions  

Overall, the results show a similar response to the drug under oxygen and carbogen gas. 

The use of air with the drug does not appear to be as effective in increasing tissue 

oxygenation. A larger sample size in all groups should aid in reducing the large 

variability seen in the observed change. In the process of reducing the variability, more 

confidence in the resulting average change will be gained and the potential for validating 

these initial findings that carbogen and oxygen breathing are both suitable options for the 

desired goals of utilizing NVX-108. 
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APPENDIX D: SOLIDWORK FILE LOCATIONS  

The SolidWorks files needed to produce the components of the mammary window 

chamber model and associated imaging holders are located on the RACHELPC-i7 

desktop. They are located in the folder: ‘C:\Users\confocal\Documents\Mammary WC 

Project\Solidworks Files\RSchafer_MWC files’. 

 

The description of each component and their respective filenames are listed below. The 

same filename is used for the SolidWorks part file (.sldprt) and stereolithography file 

(.stl) required for submitting to the rapid prototyping printer. 

 

Final MWC chamber design: ‘ModifiedWCDesign’ 

Snap ring: ‘snap-ring’ 

Optical imaging, flat bottom holder: ‘MouseHolder-Sept13’ 

MRI round bottom holder: ‘MouseHolder-MRI_April2013’ 

MRI surface coil attachment: ‘rf mount v1’ 

MRI, short-width WC two-piece bars: ‘holder_right_volumeCoil’ and 

‘holder_left_volumeCoil’ 

MRI, short-width WC single-piece bar: ‘holder_volumeCoil’  

Optical imaging, flat WC bar: ‘wheel-slide-bar’  
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APPENDIX E: MATLAB CODE  

7 MR Data Processing 

7.1 Reading in Multiple Image Data Sets 

File: “ReadMultiMRData.m” 

function [MRData] = ReadMultiMRData(NSeq, Nframes, 

matrixDim, type) 

% Read in MR Data - multiple images from one sequence: 

Specify number of files to be opened then the number of 

frames in each MR file(Nframes), and the matrix dimension 

for an image(128 or 256). 

%Type: 'int16', 'int32' or 'float32' etc. 

  

[f1,f2]=uigetfile('C:\Users\confocal\Documents\Mammary WC 

Project\2014\','','MultiSelect', 'off'); 

fid = fopen([f2 f1], 'r','l'); 

for n=1:Nframes  

    MRData(:,:,n) = fread(fid,[matrixDim,matrixDim],type);  

    MRData(:,:,n) = MRData(:,:,n)'; %Transpose to orient 

correctly 

end 

  

for N=2:NSeq 

    [f1,f2]=uigetfile('C:\Users\confocal\Documents\Mammary 

WC Project\2014\','','MultiSelect', 'off'); 

    fid = fopen([f2 f1], 'r','l'); 

    for n=((N-1)*Nframes)+1:N*Nframes  

        MRData(:,:,n) = 

fread(fid,[matrixDim,matrixDim],type);  

        MRData(:,:,n) = MRData(:,:,n)'; %Transpose to 

orient correctly 

    end 

end 

 

7.2 T2 Fitting 

File: “T2fitting.m” 

clear AvgPixelData; clear TEValues; clear DataFile; 

 

frames=16; %5 values for Rare_VTR; 16 values for 

MSMET2_16echoes 

x2=128; y2=128; 

avgpix=1; 

DataFile=ReadMultiMRData(1, frames, 128, 'int16');  

figure; imagesc(DataFile(:,:,1)); colormap(gray); 

  

for k=0:avgpix:127 % (x-axis) 
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    for m=0:avgpix:127 % (y-axis) 

        x=[k k+avgpix k+avgpix k k]; 

        y=[m m m+avgpix m+avgpix m]; 

        mask = poly2mask(x,y,128,128); 

        for i=1:frames     

            %If calculating for each pixel: 

            AvgPixelData(i,1)=DataFile(m+1,k+1,i);  

%To calculate over averaged pixels (avgpix>1) 

use: 

%AvgPixelData(i,1)=sum(sum(immultiply(mask,DataFi

le(:,:,i)),1),2)/(avgpix^2);  

        end 

        %Parameters from Rare_VTR sequence: 

        %TEValues=[11:22:22*(frames)-11]; 

        %Parameters from MSMET2_16echoes sequence: 

        TEValues=[10:10:10*(frames)];  

         

        %Thresholding to remove speckled background  

        if AvgPixelData(1,1)>5000 %Alternatively 800 

          

 [avgT2,quality]=fit(TEValues',AvgPixelData,'exp1'); 

%fitoptions 

           stat=quality; 

          

FitValue((m+avgpix)/avgpix,(k+avgpix)/avgpix)=sta

t.rsquare; 

           Coeffval=coeffvalues(avgT2); 

             

t2inversevalue((m+avgpix)/avgpix,(k+avgpix)/avgpi

x)=Coeffval(1,2); 

          

Intercept((m+avgpix)/avgpix,(k+avgpix)/avgpix)=Co

effval(1,1);     

        else %If below threshold, sets values to 0  

          FitValue((m+avgpix)/avgpix,(k+avgpix)/avgpix)=0; 

          

t2inversevalue((m+avgpix)/avgpix,(k+avgpix)/avgpix)=0; 

          Intercept((m+avgpix)/avgpix,(k+avgpix)/avgpix)=0; 

        end 

    end 

end 

T2Value=(-1./t2inversevalue); 

figure(); imagesc(T2Value); colormap(gray); title('T2 Map 

from 0779-L2'); caxis([0 100]); 

T2Value_DSF0779L2_27Oct2014=T2Value; 

figure(); imagesc(FitValue); title('Goodness of Fit for T2 

Map'); 

 

7.3 MOXI Processing 

7.3.1 Generating Diffusion Maps  
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File: “Diffusion_IVIM_Maps.m” 

% Prior to running Diffusion_IVIM_Maps.m, the diffusion 

data must be read into Matlab and stored into separate 

variables based on direction of b-gradients. 

Oct27Diffusion=ReadMultiMRData(1,30,128,'float32'); 

Oct27DiffusionDir1=Oct27Diffusion(:,:,1:10); 

Oct27DiffusionDir2=Oct27Diffusion(:,:,11:20); 

Oct27DiffusionDir3=Oct27Diffusion(:,:,21:30); 

 
clear ROI; clear ROI_normal; clear IVIMDataSequence; 

% This sequence analyzes MR diffusion data. A regular ADC 

fit to the data is calculated using a monoexponential. 

Alternatively, IVIM fit looks to account for the blood 

perfusion fraction by fitting a bi-exponential and looking 

for a fast initial decay. The code calculates & maps the 

ADC value, Perfusion fraction, True Diffusion Value and 

Pseudodiffusion Value. The calculation is done for each 

diffusion direction as well as the sum. 

% Bi-exponential fit performed by fitting mono-exponential 

to long values, subtracting off the value of the fit and 

fitting another mono-exponential to the residual values. 

% Code for 128 x 128 matrix of data takes approx. 64 mins 

to run. 

  

% Diffusion Data renamed as common IVIM variable to avoid 

changing instances of variable name throughout for each 

data set. 

IVIMDataSequence1=Oct27DiffusionDir1; 

IVIMDataSequence2=Oct27DiffusionDir2; 

IVIMDataSequence3=Oct27DiffusionDir3; 

IVIMDataSequence4=IVIMDataSequence1+IVIMDataSequence2... 

+IVIMDataSequence3; 

 

frames=10; %Number of b-directions or frames in each 

direction 

  

%% Effective B-Values must be checked for each data set 

(located within Bruker Methods file under PVM_DwEffBval) 

allbvalues=[1.647, 13.724, 24.585, 45.802, 87.522, 169.956, 

333.397, 658.264, 981.999, 1628.921]; %b-values differ for 

dir. 3 

allbvalues3=[1.647, 13.769, 24.647, 45.890, 87.647, 

170.133, 333.647, 658.618, 982.432, 1628.48]; %b-values 

differ for dir. 3 

shortbvalues=[1.647, 13.724, 24.585, 45.802, 87.522, 

169.956]; 

shortbvalues3=[1.647, 13.769, 24.647, 45.890, 87.647, 

170.133]; 

bvalues=[333.397, 658.264, 981.999, 1628.921]; %b-values 

from allbvalues greater than 200 
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bvalues3=[333.647, 658.618, 982.432, 1628.48]; %b-values 

from allbvalues3 greater than 200 

  

yaxismax=1650; 

x2=128; 

y2=128; 

  

%%Finding Maps for Sum of 3 Diffusion Directions 

IVIMDataSequence=IVIMDataSequence4; 

 

%% Fit Complete Set of B values for Mono & bi-exponential 

Fits 

for V=1:128 % column 

    for L=1:128 % row 

        for i=1:frames 

            ROI(i,1)=IVIMDataSequence(V,L,i); 

        end 

 %Store B=0 ROI signal intensity for normalization 

        ROI_0=ROI(1,1);         

  allROI_normal=ROI./ROI_0; 

        ROI_normal=allROI_normal(7:frames); 

  

 %Mono-exponential Fit (Fit Long B-Values) 

  MonoExpFit=fit(bvalues',ROI_normal,'exp1'); 

  DualCoeffval=coeffvalues(MonoExpFit); 

        TrueDiffusionExp(V,L)=DualCoeffval(1,2); 

        InterceptM1=DualCoeffval(1,1); 

        y = 

InterceptM1*exp(TrueDiffusionExp(L,V)*allbvalues); 

  

        residualROI_normal=allROI_normal-y'; 

         

%Mono-exponential Fit to residual short B-Values 

FastMonoExpFit=fit(shortbvalues',residualROI_normal(1:6),'e

xp1');  

        FastDualCoeffval=coeffvalues(FastMonoExpFit); 

        PseudoDiffusionExp(V,L)=FastDualCoeffval(1,2); 

        BloodVolFrac(V,L)=FastDualCoeffval(1,1); 

        %yFast = 

InterceptFast*exp(ExpValueFast*allbvalues); 

         

%yCombined=InterceptFast*exp(ExpValueFast*allbvalues)+Inter

ceptM1*exp(ExpValueM1*allbvalues); 

   

%Mono-exponential Fit to all B-Values (ADC) 

        ADCFit=fit(allbvalues',allROI_normal,'exp1');  

        ADCDualCoeffval=coeffvalues(ADCFit); 

        ADCValue(V,L)=ADCDualCoeffval(1,2); 

        ADCIntercept=ADCDualCoeffval(1,1); 

        %yADC = ADCIntercept*exp(ADCValue*allbvalues); 

    end 

end 
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figure; imagesc(ADCValue); title('ADC Map - Sum of 3 

directions'); axis equal; 

figure; imagesc(BloodVolFrac); title('Blood Volume Fraction 

Map - Sum of 3 directions'); caxis([-.01 .02]); axis equal; 

figure; imagesc(TrueDiffusionExp); title('True Diffusion 

Value Map - Sum of 3 directions'); axis equal; 

ADCValue_3Directions_Oct27=ADCValue; 

BloodVolFrac_3Directions_Oct27=BloodVolFrac; 

TrueDiffusionExp_3Directions_Oct27=TrueDiffusionExp; 

PseudoDiffusionExp_3Directions_Oct27=PseudoDiffusionExp; 

  

clear ADCValue; clear BloodVolFrac; clear TrueDiffusionExp; 

clear PseudoDiffusionExp; 

  

IVIMDataSequence=IVIMDataSequence1; 

%% Process is repeated for each of diffusion directions;  

%% Remainder of code is not shown for sake of space 

 

7.3.2 MOXI Algorithm  

File: “MOXI_IVIM_v2.m” 

%%% File intended for implementation of MOXI algorithm 

(Zhang et al 2013) 

%%% Requires: IVIM Maps from Diffusion_IVIM_Maps; T2 Map 

from T2fitting; T1 map (code included below to read in & 

scale image appropriately) 

%%% Code still under development for T2 bi-exponential 

fitting. 

  

%% Specify or Load Data: read in T1 Map; specify variables 

for Diffusion Maps and T2 Map and T2 Data 

 

%Read in T1 map from processing of RareVTR sequence (Bruker 

processing) 

T1mapData=ReadMultiMRData(1,5,128,'int32');  

T1map=T1mapData(:,:,3); 

scaling=3.814697265625e-06; %Find factor in the visu_pars 

file 

T1map=T1map.*scaling;  

figure; imagesc(T1map); colormap(gray); %Plot to ensure 

looks correct 

  

%From fitting (T2fitting.m) of CPMG sequence: MSME with 16 

Echoes 

T2map=T2Value_DSF0779L2_27Oct2014; 

%Alternatively read in from RareVTR (Bruker) processing: 

% T2mapData=ReadMultiMRData(1,5,128,'int32'); 

% T2map=T2mapData(:,:,3); 

% scaling=1.19209289550781e-07; %Find factor in the 

visu_pars file 
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% T2map=T2map.*scaling;  

 

%Specifying variables: 

T2DataSeq=T2Data_0779L2_27Oct2014; 

IVIMDataSeq=IVIMDataSequenceOct27SumDir; 

IVIMBloodVolFrac=BloodVolFrac_3Directions_Oct27; 

IVIMPseudoDiff=PseudoDiffusionExp_3Directions_Oct27; 

IVIMTrueDiff=TrueDiffusionExp_3Directions_Oct27; 

 

%From the MSME16Echoes, T2 acquisition used to acquire the 

T2 data & map 

TE=[10;20;30;40;50;60;70;80;90;100;110;120;130;140;150;160]

; 

TE=TE./1000; 

  

bvalues=[1.77, 13.848, 24.708, 45.925, 87.645, 170.0789, 

333.520, 658.387, 982.122, 1628.044]; 

bvalues3=[1.77, 14.069, 25.020, 46.367, 88.270, 170.963, 

334.77, 660.155, 984.287, 1630.839]; 

 

T1blood=2450;   % in vivo at 7T - 2.45 s; Rane 2013 

T2blood=47.9;   % 1/20.9 sec = 47.9 ms; Gardener 2010 

TR=300;     %From IVIM sequence details 

TE=27;      %From IVIM sequence details 

 

%To select a specific location, set row or vertical (V) and 

column or horizontal (H) 

V=42; H=42; 

%Otherwise, specify data range of H & V values (be aware 

some will produce errors and prevent fitting from 

finishing) 

for H=30:65 

for V=35:70 

if V==43 && H==46    %Example of points bypassed 

    G(V,H)=0; Y(V,H)=0; 

elseif V==65 && H==52   

    G(V,H)=0; Y(V,H)=0; 

 elseif T2map(V,H)<=0 

            G(V,H)=0; 

            Y(V,H)=0; 

            R2ex(V,H)=0; 

      else 

 

%% Variables for Diffusion fitting 

T1tissue=T1map(V,H); %Pull in from T1 map for particular 

spot 

T2tissue=T2map(V,H); %Pull in from T2 map for particular 

spot 

A=-TR/T1tissue; 

B=-TE/T2tissue; 
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C=-TR/T1blood; 

D=-TE/T2blood; 

  

IVIMfit=fittype('((1-f).*(1-exp(A))*exp((B)-x.*T)+f.*(1-

exp(C))*exp(D-x.*P))./((1-f).*(1-exp(A))*exp(B)+f.*(1-

exp(C))*exp(D))','independent','x','problem',{'A','B','C','

D'}); 

  

%% Diffusion Fit for particular ROI on 256x256 dimension 

for i=1:10 

       ROI(i,1)= IVIMDataSequenceOct27SumDir(V,H,i); 

end 

ROI_0=ROI(1,1); %Store B=0 ROI signal intensity for 

normalization 

ROI=ROI./ROI_0; %Normalization 

 

% Using the calculated BloodVolFrac and true diffusion and 

psuedo diffusion from IVIM fitting as initial starting 

point for this fit. 

  

options=fitoptions('Method','NonlinearLeastSquares','Algori

thm','Levenberg-

Marquardt','StartPoint',[IVIMPseudoDiff(V,H),IVIMTrueDiff(V

,H),IVIMBloodVolFrac(V,H)]); 

 

[fDiffusion,stat,exitflag]=fit(bvalues',ROI,IVIMfit,'proble

m',{A,B,C,D},options); 

DiffusionCoeffval=coeffvalues(fDiffusion); 

PseudoDiff=DiffusionCoeffval(1,1); 

TrueDiff=DiffusionCoeffval(1,2); 

BloodVolFrac=DiffusionCoeffval(1,3); 

 

%% Plot fit to data & compare to fit obtained with IVIM 

fitting 

%(obtained previously through Diffusion_IVIM_Maps.m) 

FitBVol=((1-BloodVolFrac).*(1-exp(A)).*exp(B-

bvalues.*TrueDiff)+BloodVolFrac.*(1-exp(C)).*exp(D-

bvalues.*PseudoDiff))./((1-BloodVolFrac).*(1-

exp(A))*exp(B)+BloodVolFrac.*(1-exp(C))*exp(D)); 

%figure; plot(bvalues,ROI,'r*',bvalues,FitBVol,':b'); 

title('Diffusion fitting by MOXI, (blue=T2 dependence 

fit)'); 

FitIVIM=IVIMBloodVolFrac(V,H).*exp(IVIMPseudoDiff(V,H).*bva

lues)+(1-

IVIMBloodVolFrac(V,H)).*exp(IVIMTrueDiff(V,H).*bvalues); 

%figure; 

plot(bvalues,ROI,'r*',bvalues,FitBVol,':b',bvalues,FitIVIM,

':g'); title('Diffusion fitting comparison, (blue=T2 

dependence fit, green=residual exponential approach)'); 

 

%% Calculation of R20, the relaxation rate of blood without 

exchange, for 7T & Mouse - constant value 
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R2plasma=6.8; %Gardener et al 2010 

OriginalHct=0.5; %Variable with mouse strain; Percent of 

volume of blood is RBCs 

VascularFactor=0.85; %Account for vessel size; human study 

but applied to rats in original MOXI paper 

Hct=OriginalHct.*BloodVolFrac.*VascularFactor; 

Rerythro=20.9; %Gardener et al 2010 

R20=R2plasma+Hct.*(Rerythro); %R20 is blood relaxation in 

the absence of exchange 

  

%% Solve for R2ex, the enhanced exchange or diffusion 

contribution to the measured relaxation rate in the T2 data 

% GOAL to fit T2 data to following eqn to find Nonblood & 

Exchange components: NormalizedT2=BloodVolFrac*exp(-

TE*(R20+R2ex))+(1-BloodVolFrac)*exp(-TE*(R2nonblood)) 

 

%Average background signal for region outside tissue or 

animal       

background=mean2(T2Data_0779L2_27Oct2014(110:120,110:120,1)

); 

for i=1:16 

%Reading in the 16 TE images for specific V,H voxel: 

T2Seq(1,i)=T2Data_0779L2_27Oct2014(V,H,i)-background;  

end 

%Normalization by the highest intensity values (lowest TE 

decay) 

T2_normalized=T2Seq./T2Seq(1,1);  

T2_normalized=T2_normalized'; 

 

g = fittype( @(a, c, Scale, Blood, x) Scale*(Blood*exp(-

x*a)+(1-Blood)*exp(-x*c)), 'problem', 'Blood');        

options=fitoptions('Method','NonlinearLeastSquares','Algori

thm','Levenberg-Marquardt','StartPoint',[R20,0,1]);  

% a=EXCHANGE; c=NonBlood 

% Set the minimum value of "Exchange" to be the value of 

R20; could set minimum of NonBlood to 0 

 

[fT2,stat,exitflag]=fit(TE,T2_normalized,g,'problem',IVIMBl

oodVolFrac(V,H), options);        

fitMonoT2=fit(TE,T2_normalized,'exp1'); 

T2MonoCoeffval=coeffvalues(fitMonoT2); 

scale1=T2MonoCoeffval(1,1);  

coeff1=T2MonoCoeffval(1,2); 

T2Monofit=scale1*exp(TE.*coeff1); 

T2Coeffval=coeffvalues(fT2); 

Exchange=T2Coeffval(1,1);  

NonBlood=T2Coeffval(1,2); 

Scale=T2Coeffval(1,3); 

T2fit=Scale*(BloodVolFrac*exp(-TE.*Exchange)+(1-

BloodVolFrac)*exp(-TE.*NonBlood)); 
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%figure; 

plot(TE,T2fit,':b',TE,T2_normalized,'*r',TE,T2Monofit,'--

g'); title('Evaluation of T2 fit to data'); %% run line for 

particular (V,H) 

R2ex(V,H)=Exchange-R20; 

 

%% Solve for G_0, relating to the magnitude of the field 

inhomogenieties and hence the concentration of deoxy Hb in 

the blood 

gamma=2.67502*10^8; %units=[rad/s/T] 

Diffusion=2; %units=[micron^2/ms] 

Vol=45; %Volume of erythrocyte for a mouse, units=cubic 

microns 

radius=((Vol*3/4)/pi)^(1/3);  

charLength=0.91*radius;  

G(V,H)=10^(3)*R2ex(V,H).*(2*Diffusion)/(gamma^2*charLength^

2); %Note removed F(2*D*tau/charLength^2); function is 

approximated to be 1 when inside parameter >>1 

 

B0=7; %B_0, main magnetic field in T 

SusceptDiff=0.264*10^(-6); %Suspectibility Difference btwn 

fully oxygenated & deoxygenated blood in ppm;  

if G(V,H)<=0 

    Y(V,H)=0; 

else %Above condition to avoid complex numbers 

    Y(V,H)=1-

sqrt((G(V,H).*45/64)/(pi^2*B0^2*OriginalHct))*(1/SusceptDif

f);  

% This gives complex data with zero imaginary part 

    Y(V,H)=abs(Y(V,H)); 

end 

 

%% Using the Hill Equation of Dissociation to go from Y 

(fraction of oxygenated Hb in the capillary) to pO2 

p50=37.3; %units=[mmHg]; for mice, Biolo 2009 

HillCoefficient=2.59; %some uncertainty 

PPOxy=(Y(V,H).*p50.^(HillCoefficient))./((1-

Y(V,H)).^(1/HillCoefficient)); 

end %if conditions to bypass calculations 

end %‘V’ for loop 

end %‘H’ for loop 

 

8 Phosphorescent Lifetime Processing 

File: “coating_lifetime.m” 

function [Lifetime, FitValue] = coating_lifetime(filename); 

clear AvgPixelData, clear Intensities, clear Int, clear f;  

folder='C:\Users\confocal\Documents\Mammary WC 

Project\2015\NVX-108 Study February 2015\'; 
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% x-axis range of 0 to 780 (actually 796 with noise strip) 

k1=0; % minimum of 0; 

k2=780; % maximum of 780 before noise strip on right 

% y-axis range of 0 to 590 (actually 596 with noise strip) 

m1=0; % minimum of 0; 

m2=590; % maximum of 590 before noise strip on bottom 

  

avgpix=2; %Normally 2 

frames=14; %Normally 14 for out to 65 sec delay 

  

%define variables for R^2 calculation before first use 

TotalLogPixelData=0;  

  

back=imread([folder,filename,'\background.tif']); 

 

for n=1:frames  

    file= [folder,filename,'\gated_',num2str((5*n)-

5),'.tif']; 

    Intensities(:,:,n)= (imread(file)-back);  

end 

  

%To remove strips of noise at top and left side of all 

images,  

%eliminate first 10 rows and first 28 columns 

for indexY=11:m2 

    for indexX=29:k2 

        for n=1:frames 

            Int(indexY-10,indexX-28,n)= 

Intensities(indexY,indexX,n); 

        end 

    end 

end 

%Reduce max dimensions by number of elements removed 

msize=m2-10;  

ksize=k2-28; 

m2=msize; 

k2=ksize; 

 

%% To do averaging of N pixel by N pixel voxels and fit 

exponential curve to get lifetime for each voxel 

for k=k1:avgpix:k2 %0 to 780 whole range (x-axis) 

    for m=m1:avgpix:m2 %0 to 580 whole range (y-axis) 

x=[k k+avgpix k+avgpix k k]; 

y=[m m m+avgpix m+avgpix m]; 

mask = poly2mask(x,y,msize,ksize); %Before 596,796 

stop=0; 

i=1;      

while stop==0   

%Conditions: Minimum of 3 frames used for calculation; 

Minimum signal intensity of 100;                
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AvgPixelData(i,1)=sum(sum(immultiply(mask,Int(:,:,i)),

1),2)/(avgpix^2); 

if AvgPixelData(i,1)<=100 && i>3 

if i<frames % add one more point after below 100 if 

possible 

   i=i+1; 

AvgPixelData(i,1)=sum(sum(immultiply(mask,Int(:,:

,i)),1),2)/(avgpix^2); 

   stop=1; 

else 

   stop=1; 

end 

elseif i==frames %stop if reach max. number of frames 

      stop=1; 

else 

      i=i+1; 

end 

 

end 

 

% Discard first data point if it is lower than the 

second data point        

if AvgPixelData(1,1)<=AvgPixelData(2,1)  

for WrongFrame=1:i-1                

AvgPixelData1(WrongFrame,1)=AvgPixelData(WrongFra

me+1,1); 

   end 

i=i-1; 

clear AvgPixelData; %in order to eliminate the extra 

value & reduce the size by one due to removing first 

data point 

AvgPixelData=AvgPixelData1; 

end 

 

numFrames=i; 

DelayFit=[0:5:5*(numFrames-1)];  

[avgLife,stat]=fit(DelayFit',AvgPixelData,'exp1'); 

        

FitValue((m+avgpix)/avgpix,(k+avgpix)/avgpix)=stat.rsq

uare; 

Coeffval=coeffvalues(avgLife); 

Bval=Coeffval(1,2); 

Intcpt=Coeffval(1,1); 

        

Bvalue((m+avgpix)/avgpix,(k+avgpix)/avgpix)=Coeffval(1

,2);      

Intercept((m+avgpix)/avgpix,(k+avgpix)/avgpix)=Coeffva

l(1,1); 

         

      clear DelayFit, clear AvgPixelData; clear 

AvgPixelData1; 

    end 
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end 

  

Lifetime=(-1./Bvalue); 

figure(); imagesc(Lifetime); caxis([0 60]); axis off; axis 

equal; 

title(['Lifetime Values for ',filename]); 

figure(); imagesc(FitValue); 

title(['Goodness of fit, R^{2}, for ',filename]); 

 

File: “ConvertLifetimeToPO2.m” 

function pO2Vals=ConvertLifetimeToPO2(LifetimeVals); 

[r,c]=size(LifetimeVals); 

for i=1:r 

    for j=1:c 

        pO2Vals(i,j)=(-3.42.*LifetimeVals(i,j)+196.39); 

    end 

end 

 

Other files for processing regions of interest and generating temporal variation plots are 

located in: C:\Users\confocal\Documents\MATLAB\PO2_Processing 
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