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Abstract 

 
Molecular MRI and PET methods for detection of transplanted stem cells 

and cancer 

Christina Lewis Brunnquell, under the supervision of M. Elizabeth Meyerand, 

Ph.D., and Masatoshi Suzuki, Ph.D., D.V.M. 

 
Stem cell therapies hold great potential for treatment of neurodegenerative 

diseases. In this setting, the inability to monitor grafted cell dynamics in the 

central nervous system limits understanding of cell fates underlying therapeutic 

response, making therapy design and optimization significantly more challenging. 

To address this limitation, we aim to design, evaluate, and develop new imaging 

approaches for detection of human stem cells in vivo. Over-expression of the 

manganese transporter protein DMT1 in human neural progenitor cells (hNPC) 

significantly increases intracellular accumulation of the T1-shortening agent Mn2+ 

and the novel positron emitter 52Mn2+. This work addresses three specific 

hypotheses: (1) hNPC over-expressing DMT1 are suitable for in vivo cellular 

imaging, (2) in vivo 52Mn PET and manganese-enhanced MRI are applicable for 

cell tracking in the rat brain, and (3) Mn-based imaging can be used to detect 

grafted stem cells in vivo. In addition, we apply the techniques and knowledge 

developed for stem cell tracking to the characterization and initial in vivo testing 

of a novel cancer-targeted MRI contrast agent, Gd-DO3A-404. The results of this 

work establish both the potential and limitations of this approach for in vivo cell 

tracking. In particular, we find that hNPC transiently over-expressing DMT1 are 
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most suitable for in vivo detection following transplantation. Additionally, the 

methods for quantitative MRI, 52Mn PET, and cancer-targeted contrast-enhanced 

MRI developed in this work contribute more broadly to the fields of molecular 

MRI and multi-modality imaging. 
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Chapter 1: Introduction 
 
 

1.1 Motivation 

Despite the prevalence and devastating consequences of 

neurodegenerative diseases, no available treatments fully halt or reverse disease 

progression. Stem cell therapies have been intensely investigated as novel 

treatment approaches with potential benefits for diseases such as amyotrophic 

lateral sclerosis (ALS), Parkinson’s disease, and Huntington’s disease. In these 

settings, transplanted cells may replace missing cell types, provide supportive 

growth factors, or modulate the immune system [1]. In current preclinical 

research and ongoing clinical trials, stem cell graft survival is essential to 

maximize therapeutic efficacy and accurately interpret functional and clinical 

observations [2]. The inability to monitor the survival and migration of grafted 

cells in the central nervous system (CNS) results in limited understanding of the 

in vivo cell dynamics underlying a subject’s clinical response, making therapy 

design and optimization significantly more challenging. The lack of an adequate 

in vivo transplanted cell imaging approach is therefore a major roadblock to rapid 

therapy development [3, 4]. The objective of the studies described in Chapters 3-

6 is to design, evaluate, and develop new imaging approaches for a method for 

imaging human stem cells in vivo. 

An additional aim of the work described herein is to apply the technology, 

imaging techniques, and knowledge developed from stem cell imaging work to 

cancer imaging. Early diagnosis and targeted treatment of a variety of solid tumor 

types can improve disease-free survival and patient outcomes. Cancer screening 
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and treatment would benefit greatly from broad-spectrum tumor-specific 

theranostic agents for sensitive detection and targeted treatment. In particular, 

the lack of a clinically available cancer-targeted MR contrast agent makes high-

resolution tumor detection and delineation challenging and subject to non-

specific uptake effects. The objective of the study described in Chapter 7 is to 

characterize the relaxation characteristics and cancer-targeting capabilities of a 

novel MR contrast, Gd-DO3A-404, as part of a suite of tumor-specific multi-

modal imaging and therapy agents. 

 
1.2 General hypotheses 

 The objective of Chapters 3-6 of this work is to develop an imaging 

approach to monitor engrafted human neural progenitor cells (hNPC) in the rat 

CNS. To reach this objective, the cells are labeled prior to transplantation by 

inducing both transient and stable over-expression of the divalent metal 

transporter 1 (DMT1), a cell surface transporter protein for manganese (Mn) and 

other divalent metals. Next, protocols for manganese-enhanced magnetic 

resonance imaging (MEMRI) and manganese-based positron emission 

tomography (52Mn PET) specifically designed for cell detection in the rat brain are 

tested and optimized for this application. Using these protocols, the ability of 

MEMRI and 52Mn PET to detect the location and survival of grafted hNPC after 

transplantation into the striatum of wild-type rats is tested. Our overarching 

hypothesis is that viable hNPC over-expressing DMT1 will take up higher levels 

of Mn2+ and 52Mn than controls and thus be selectively enhanced on MRI and 

PET images for in vivo detection. In order to test this general hypothesis, three 
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specific hypotheses are tested herein: (1) hNPC over-expressing DMT1 are 

suitable for in vivo cellular imaging, (2) in vivo 52Mn PET and MEMRI are 

applicable for cell tracking in the rat brain, and (3) Mn-based imaging can be 

used to detect grafted stem cell location and survival in vivo. 

 The objective of Chapter 7 of this work is to characterize a novel MR 

contrast agent, Gd-DO3A-404. This agent has been synthesized as part of a 

library of alkylphosphocholine analogs (APCs) for multi-modal imaging and 

radionuclide therapy. In previous work, 124I-labeled APCs have been shown to 

specifically target a variety of human and rodent cancer cell lines, and successful 

PET imaging of several tumor types and metastases has been performed in 

human subjects [5]. Additionally, APC analogs labeled with 131I for therapy and 

optical agents were successfully delivered to flank and orthotopic xenografts in 

rodents [5]. Due to the analogous structure of Gd-DO3A-404 to other APC 

analogs, along with high tumor specificity and contrast agent uptake levels, we 

expect to observe similar broad-spectrum tumor specificity of this novel MR 

agent. Our hypothesis in testing Gd-DO3A-404 is that it will show favorable 

relaxation characteristics in vitro along with sustained, tumor-specific uptake in 

rodent xenografts of multiple human cancer cell lines. 

 
1.3 Chapters summary 

Chapter 2 provides a background to the work described herein. Previously 

published studies relating to this work are reviewed and essential points are 

summarized. The topics covered include clinical motivation, optimal design of 

cellular imaging approaches, previously developed cellular imaging approaches 
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(largely focused on stem cells), roles of the human DMT1 protein, manganese-

based PET and MRI, and the objectives of this work. 

Chapter 3 describes a proof-of-concept study laying the foundation for this 

imaging technique. In it, hNPC are transfected to transiently over-express DMT1, 

and the suitability of this imaging technique is tested with in vitro cell dynamics 

assays, in vitro imaging, and in vivo imaging of grafted cells. 

In chapter 4, MEMRI and 52Mn PET protocols are developed for the 

specific application of imaging cells transplanted into the rat striatum. Contrast 

agent doses, contrast delivery methods, and imaging time points are tested to 

determine the optimal experimental approach in this specific setting. 

 In chapter 5, a data-driven method to select optimal MR imaging 

parameters is described and evaluated. This approach can be generalized to 

select an optimal approach to quantitative T1 mapping in any setting, and in this 

context is used to maximize reproducibility, accuracy, and precision of in vivo 

MEMRI for cell detection in the rat brain. 

In chapter 6, the knowledge gained and protocols developed in the 

experiments described in chapters 3-5 are combined to test a method for long-

term tracking of transplanted stem cells. A line of hNPC stably over-expressing 

DMT1 is established (hNPCDMT1) and the capabilities and limitations of in vitro 

and in vivo Mn-based imaging of hNPCDMT1 are tested. 

In chapter 7, we further apply the knowledge and tools developed in this 

work to characterize the novel MRI contrast agent Gd-DO3A-404. In it, we 

quantitatively evaluate the relaxation properties of the agent and test whether 
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sustained, tumor-specific uptake of Gd-DO3A-404 is observed in vivo in multiple 

rodent xenografts of human tumor cell lines. 

 Chapter 8 provides a summary of this dissertation and perspectives on the 

future of this work, particularly as it relates other ongoing efforts in the field. 
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Chapter 2: Background 
 
 
2.1 Clinical Motivation 
 
 2.1.1 Stem cell therapy in neurodegenerative disease 
 

The growing field of stem cell therapy is moving toward clinical trials in a 

variety of applications, particularly cardiac and neurological diseases [6-8]. In the 

context of neurodegenerative and neurological diseases, these trials have been 

prompted by preclinical evidence of the efficacy of stem cells to functionally 

replace missing and diseased cell types such as neurons and astrocytes [9-11]. 

Furthermore, they have been shown to exert positive effects as supportive cells 

to play key roles in the health of the cells impacted by disease [1, 12-15].  

Human neural progenitor cells (hNPC) are of particular interest for cell 

therapy in neurodegenerative diseases such as Parkinson’s disease (PD), 

Huntington’s disease (HD), and amyotrophic lateral sclerosis (ALS). These cells 

can be isolated and grown long-term in vitro, have the potency to differentiate 

into neuronal and glial sub-types, and can be modified to stably express 

neuroprotective growth/trophic factors [16, 17]. In these ways, hNPCs can play a 

variety of roles after transplantation and may be able to respond to the diseased 

microenvironment in a patient-specific manner. For example, grafted hNPCs 

have been shown to migrate toward lesions [18, 19], replace cells [9], and 

provide essential support for diseased cell types [13]. Human NPCs have 

previously been shown to exert therapeutic effects in preclinical models of a 

variety of neurodegenerative and neurological diseases [12, 13, 18, 20]. In 
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several current clinical trials, the safety and efficacy of intraspinal hNPC 

transplantation is under investigation for the treatment of ALS [7, 8]. 

 2.1.2 Stem cell imaging 

In recent reports of first-in-human stem cell therapy trials for ALS, variable 

impacts on disease severity and progression have been observed between 

patients [7, 8]. This variability could be due to a variety of factors, including 

patient age, disease state, therapeutic design, and cell survival. To account for 

the observed results, it is essential to understand whether the transplanted cells 

survive and integrate. Entire publications have been devoted to analysis of the 

survival of cell transplants in humans, using histology to detect transplanted cells 

[2]. Evidently, knowledge of transplanted cell fates is essential for meaningful and 

accurate evaluation of these therapeutic approaches. Due to the invasive nature 

of histology for cell detection, timely in vivo analysis of cell survival, and 

accordingly treatment adjustment, is not currently possible. In some cell therapy 

clinical trials, in vivo imaging of the anatomy of interest [6, 8] and of labeled cells 

[21, 22] has been incorporated, but these imaging approaches have yet been 

unable to address whether transplanted cells survive long-term following 

transplantation.  

A similar challenge is faced in preclinical stem cell therapy development. 

In order to thoroughly understand the longitudinal dynamics of transplanted cells 

over the course of disease, multiple study subject groups must be experimented 

on and sacrificed at various time points [23]. This increases research costs and 

the number of animals used for preclinical therapy development. The preclinical 
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study and clinical translation of cell therapies has clearly highlighted the need for 

an in vivo imaging tool to assess the location, survival, and dynamics of 

transplanted cells non-invasively and longitudinally.  

 2.1.3 Manganese-based dual-modality imaging 

Mn2+ is a T1-weighted signal-enhancing MRI contrast agent with a variety 

of potential applications. It has been studied and applied in preclinical animal 

models and human subjects for imaging liver disease, cancer, cardiac viability, 

and brain function and structure [24-27]. To avoid the toxic effects of this metal 

when using the large doses required for MR signal enhancement, only the 

chelated form Mn-DPDP (Magnafodipir, Teslascan®) and an oral MnCl2 agent 

(LumenHance®) have been approved for use in human patients [28]. Because 

unchelated Mn2+ can be transported via calcium (Ca2+) channels, uptake and 

resulting T1 enhancement can indicate function and highlight structure in the 

heart and brain. Therefore, it has been applied in a variety of preclinical 

functional imaging studies, primarily in rodents [29-31]. Mn2+ enhancement in the 

myocardium reflects viability, while uptake in the brain can reflect functional 

activation, connected neuronal tracts, or can be used for general tissue 

enhancement and cytoarchitecture visualization [30, 32].  

Recently, the positron-emitting isotope 52Mn (t1/2 = 5.59 days) has been 

produced for PET imaging by several groups, including our own [33-38]. Two 

factors have played a role in recent development of 52Mn as a PET contrast 

agent: First, the general interest in and investigation of longer-lived radiometals 

for antibody-based PET imaging [39, 40], and second, the development of 
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simultaneous PET/MRI systems [41], with 52Mn2+ having potential as a dual-

modality signal-enhancing contrast agent. Because PET imaging typically 

requires tracer doses, the availability of 52Mn could facilitate the clinical 

investigation and application of Mn2+-based imaging of function and viability that 

have been developed in preclinical models with manganese-enhanced MRI 

(MEMRI). In the context of stem cell imaging, Mn2+ has been shown to be a 

useful MRI contrast agent for detecting cells and their functional effects [27, 42-

44]. The investigation of 52Mn for dual-modality Mn-based imaging of 

transplanted cells could further strengthen this technology and expand its 

potential applications. 

 2.1.4 Targeted MRI for cancer theranostics 

 Along with applications in stem cell imaging and neurodegenerative 

disease, molecular imaging with MRI is of great interest for diagnosis and staging 

of cancer. MRI is often used for early tumor detection, surgical planning, and 

monitoring of therapy response or tumor progression. MRI is uniquely applicable 

in imaging soft tissue lesions, particularly in the brain, where lesions are more 

challenging to detect with other clinical modalities such as computed tomography 

and ultrasound. Dynamic contrast-enhanced MRI is performed with T1-shortening 

Gd-based imaging agents, and is commonly applied to visualize lesions and can 

be used to derive quantitative biomarkers [45]. However, tumor uptake of most 

Gd3+-based MR contrast agents is a result of the enhanced permeability and 

retention (EPR) effect, reflective of vascular permeability, and is not specific to 

molecular signatures of progressive cancer [46]. 
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More commonly, PET and single photon emission computed tomography 

(SPECT) are used to probe molecular characteristics in cancer imaging. In these 

modalities, uptake and binding of radiolabeled biologically active molecules can 

indicate epigenetic, proteomic, and physiological changes [47]. Molecular MRI of 

cancer is more challenging due to reduced sensitivity, which leads to challenges 

in safely delivering sufficient concentrations of MR contrast agents. Nevertheless, 

in recent years researchers have worked to develop novel approaches to 

contrast agent chemistry for targeted MRI of cancer, mostly seeking to address 

the challenges of high contrast agent dose required for in vivo detectability [48-

51]. None of these approaches have yet withstood the challenges of translation 

and FDA approval to make their way into clinical practice.  

 A safe and tumor-specific targeted MR contrast agent could be incredibly 

valuable for clinical oncology, providing the advantages of the spatial resolution 

and soft tissue contrast of MRI with molecular information typically not achievable 

with this modality. In addition, the agent we characterize in this work, Gd-DO3A-

404, is one of a library of tumor-targeting molecules that can labeled with 

positron emitters, gamma emitters, beta emitters, and optical probes for both 

imaging and radionuclide therapy [5]. Therefore, the confirmation of the tumor-

targeting potential of this agent could also contribute to preclinical development 

of simultaneous PET/MR imaging applications and cancer theranostics.  
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2.2 Stem Cell Imaging Techniques 

 2.2.1 Ideal characteristics of stem cell imaging techniques 

 The ideal stem cell imaging technique would have a variety of 

characteristics relating to the effect on cells, the label type, and the imaging 

modality used. At this point in the development of cell tracking techniques, it is 

rare to have all these characteristics met simultaneously. Nevertheless, they 

must be carefully considered in the design and application of a stem cell tracking 

method.  

 The first important characteristic of the ideal cell tracking approach is that 

the labeling and imaging of cells would not perturb cell dynamics or reduce the 

efficacy of the stem cell therapy. Specifically, it would not influence cell viability, 

motility, or output of supportive factors. Furthermore, it would not affect the 

differentiation or proliferation of transplanted cells. Additionally, any contrast 

agent introduced for imaging, whether systemically delivered or used to label the 

cells prior to transplantation, would not negatively affect the cells, the 

surrounding microenvironment, the diseased tissues, or the organism as a whole. 

A potential exception could be made if the cell tracking method does indeed 

affect cell dynamics but this effect is shown to positively impact the efficacy of 

therapy in a safe manner. 

 The second characteristic of the ideal cellular imaging technique is that it 

could provide functional information regarding the cells. In almost all recent 

studies proposing or developing cellular imaging approaches, the technique 

meets the baseline requirement of being useful for detecting cell location. 
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However, the ability to measure migration and death/survival is also essential in 

order to evaluate cell state with in vivo imaging. Finally, a non-essential but 

interesting goal that some researchers are pursuing is to develop cell imaging 

techniques that can be used to monitor gene expression [52]. Depending on the 

design of the approach, this method could be used to reflect proliferation, 

differentiation, tumor formation, or a variety of other functional measures. 

 Third, the ideal imaging technique would use clinically available imaging 

modalities and labeling contrast agents that are applicable in humans and could 

fit efficiently into clinical workflow. For example, the use of a modality with which 

the patient might typically be monitored post-surgery, such as MRI to observe 

tumor progression or anatomical effects of surgery, would be a great strength. 

More specifically, the ideal imaging modality or modalities would provide high 

spatial resolution, soft tissue contrast, and sensitivity along with low cost and the 

potential to provide functional information. Rarely are all of these met by a single 

imaging modality (see section 2.2.3). Furthermore, to fit into clinical workflow, the 

ideal process of labeling cells prior to transplantation would be relatively 

straightforward, scalable, and clinically feasible. 

2.2.2 Labeling techniques 

There are two primary approaches to labeling cells that are often used in 

cell tracking techniques: direct labeling and reporter genes [53]. Direct labels 

typically involve incubating the cells of interest with an imaging contrast agent 

that is readily internalized by cells prior to cell transplantation. Reporter genes 

are genes whose product(s) (often transporters, receptors, enzymes, or storage 
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proteins) interact with an endogenous or systemically delivered contrast agent. 

The expression or over-expression of a reporter gene is typically induced prior to 

transplantation, and then the gene product interacts with a contrast agent in vivo 

to provide cell-specific contrast. 

The direct labeling approach for cell tracking is relatively straightforward, 

clinically applicable, and typically exerts minimal effects on cell dynamics [21, 

54]. Some direct label approaches use probes that are already approved for 

clinical use in other applications [55]. Other direct label approaches incorporate 

more advanced technologies such as contrast sources for multi-modality imaging 

[56, 57]. However, the potential for long-term cell tracking with direct labels can 

be compromised by several factors. If cells proliferate, the label can be diluted 

among cell progeny, reducing the image contrast associated with each individual 

cell. If the cells are tagged with a radiolabeled molecule, radioactive decay limits 

the duration of time after transplantation during which cells can be detected [58, 

59]. However, the recent production of longer-lived isotopes has extended this 

time frame to at least a week [60, 61]. Furthermore, direct labels could leave the 

cell and be taken up by microglia or macrophages following transplantation, 

leading to non-specific contrast and false positives in cell detection efforts [62]. 

Last, most direct labels are not capable of indicating cell state, particularly related 

to survival [63, 64]. For these reasons, direct labels are better suited for short-

term studies to investigate the initial distribution of cells [53]. However, their low 

cost, ease of use, and safety make them quite applicable in the short-term 

clinically. 
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Reporter genes present an alternative approach to stem cell tracking that 

can offer greater depth of functional information regarding cell survival and 

differentiation [19, 65]. Cells can be engineered to stably over-express reporter 

genes, making longitudinal cell monitoring more feasible and meaningful [19, 66]. 

Although reporter gene silencing can cause false negatives, false positives are 

unlikely to occur [53]. In the case of cell death, reduced activity of the reporter 

gene product of that cell (whether it be a transporter, enzyme, receptor, or 

storage protein) typically, but not always, results in a reduction of reporter gene-

associated image contrast accumulation [19]. Reporters also have great 

functional imaging potential because their expression can be engineered for 

specific cell states [52, 65], or inducible systems can be designed [67]. However, 

because they involve genetic manipulation of cells prior to transplantation, there 

are more significant regulatory hurdles associated with incorporating reporter 

gene-based imaging methods into human studies [53]. To maximize the potential 

of regulatory approval, reporter genes that are endogenous, ubiquitous human 

genes are typically the best candidates [53, 68]. The use of more advanced 

genetic manipulation tools, such as CRISPR/Cas9, for engineering of cells can 

also increase the safety of reporter genes by reducing chances of insertional 

mutagenesis [69]. 

 2.2.3 Imaging modalities 

 There are a variety of pre-clinical and clinical imaging modalities that have 

been used to detect transplanted cells. These include well-established clinical 

modalities such as ultrasound, computed tomography, single-photon emission 
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computed tomography (SPECT), PET, and MRI. They also include modalities 

that are used more often in a preclinical setting, such as fluorescence, 

bioluminescence, photo-acoustic imaging, and magnetic particle imaging. Each 

of these modalities has strengths and weaknesses in terms of spatial resolution, 

soft tissue contrast, limits of contrast detectability, cost, depth penetration, clinical 

applicability, sensitivity, and ability to provide functional information. These 

characteristics are thoroughly described and approximately quantified in Table 

2.1. Of course, given the recent translation of cell therapies into clinical trials, it 

would be most impactful to develop a technique that can be applied in humans. 

Furthermore, if developing a dual-modality cell imaging technique, selecting 

modalities with complementary strengths could maximize the flexibility and 

potential for utility of the designed technique. 

Table 2.1: Comparison of imaging techniques for cell therapies. Reproduced with 
permission from Nguyen et al., Cell Stem Cell 2014 [68]. 
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2.3 Current Stem Cell Imaging Approaches  
 

2.3.1 Direct labeling approaches 
 

In recent years, a variety of in vivo cell tracking methods have been 

developed and applied in animals and humans. The majority of these methods 

have used direct labeling of cells. Although direct labeling approaches have been 

investigated and developed for almost all available clinical imaging modalities 

[70-72], the majority of these efforts have focused on MRI- and PET-based cell 

tracking due to their superior soft tissue contrast and sensitivity, respectively. 

One of the most common labels employed is superparamagentic iron 

oxide (SPIO) nanoparticles for negative T2* contrast with MRI [22, 55]. These 

nanoparticles provide striking signal dropout in the vicinity of labeled cells, and 

the use of MRI provides high spatial resolution and soft tissue contrast for clear 

anatomical context. However, due to the widespread use of this approach, it has 

been carefully scrutinized regarding the potential weaknesses of direct labeling 

approaches. Researchers have observed false positives due to extracellular 

contrast agent, cell death, and non-specific endogenous iron deposition [62-64, 

73]. These results suggest that although SPIO-based cell tracking is useful for 

initial cell localization following transplantation, it is unreliable for assessing long-

term cell location and survival. However, the clinical applicability of SPIO due to 

its approval for other applications has led to it being one of the first cell imaging 

techniques applied in humans [22, 54]. Signal-enhancing MRI contrast agents, 

including manganese (Mn2+) and 19F, have also been investigated as direct 

labels for cell tracking [44, 74]. These methods tend to suffer from a relatively 
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small amount of signal and/or contrast with respect to background tissue [74, 75]. 

However, with a dedicated surface coil and superficial cell transplantation, 

successful detection of 19F-labeled dendritic cells has been demonstrated in 

human patients [21]. 

Several radiolabelled molecules, most notably 111In-oxine for SPECT and 

18F-fluorodeoxyglucose (FDG) for PET, are readily taken up in a variety of cell 

types in vitro. These approaches have been shown to be useful to sensitively 

assess initial biodistribution of transplanted or systemically delivered cells [58, 

59, 76]. Recently, longer-lived radioisotopes, such as 89Zr for PET (t1/2 = 78.4 hr), 

have been produced and investigated for cell tracking. Direct labeling of cells 

with 89Zr-labeled molecules has been shown to extend the period of time over 

which cells can be tracked following transplantation compared to other PET and 

SPECT-based methods [60, 61, 77]. However, reliable detection of cells beyond 

7 days has not been shown, indicating that this approach remains unfeasible for 

long-term assessment of cell location and survival. 

 2.3.2 Reporter gene-based approaches 
 

To increase long-term imaging capabilities and provide greater functional 

information in cell tracking, a variety of reporter genes have been proposed and 

investigated for this purpose. These reporter genes interact with contrast-

providing agents and molecules to make cells detectable with respect to 

background tissue on a variety of preclinical and clinical imaging modalities. The 

most common types of reporter genes are enzymes, transporters, and cell 

surface receptors [68]. 
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In the field of optical imaging, firefly luciferase (fLuc) for bioluminescence 

imaging (BLI) has been extensively studied and has been shown to clearly reflect 

the location and survival of transplanted cells over an extended period of several 

months [19, 78]. Due to this clear association between BLI signal presence and 

gene expression, this reporter has been used to detect the expression of specific 

genes by putting the fLuc gene under a promoter for another gene of interest [52, 

65, 79]. Due to these capabilities and characteristics, BLI is highly useful for 

preclinical therapy development. However, is has relatively poor resolution, lacks 

tomographic anatomical information, and is not widely applicable in humans due 

to depth penetration and contrast agent safety issues. Using another optical 

imaging modality, several groups have applied fluorescent proteins in reporter 

gene-based cell tracking [80-82]. However, due to high background signal in 

fluorescence imaging and the challenge of detecting cells at depth, these 

fluorescent reporters typically serve as a supplement to a reporter gene for 

another modality and are used for ex vivo confirmation of cell location with 

histology. 

In the effort to develop a reporter gene platform for a clinical imaging 

modality, a variety of MRI reporter genes have also been studied for cell tracking. 

Several of these reporters, including ferritin, the transferrin receptor, MagA, and 

Timd2, are designed to increase iron accumulation in the cells of interest, 

causing accelerated T2* relaxation and corresponding hypointense signal on 

T2*-weighted MR images. Most researchers studying these types of reporters 

have had initial success with detecting cells after transplantation and, in some 



 19 

cases, over an extended period of several months [83-87]. However, in our 

recent work, we found that ferritin-induced signal dropout was not reflective of 

long-term cell survival due to persistent iron accumulation in the vicinity of 

transplanted cells after cell death [73].  

To avoid potentially confounding sources of signal drop-out, signal-

enhancing MRI reporter genes have also been investigated. Most notably, 

Bartelle and colleagues have investigated the divalent metal transporter 1 

(DMT1) to increase intracellular Mn2+ concentration following systemic 

manganese delivery and have further developed a Mn2+ binding protein, MntR, to 

induce intracellular Mn accumulation [88, 89]. DMT1 over-expression in tumor 

cells of interest caused striking T1-weighted signal enhancement following 

systemic manganese delivery, even when cells were transplanted in the brain. 

These initial studies into DMT1 did not, however, address whether it was an 

appropriate reporter for stem cell tracking over a long period of time.  

A final category of MRI reporter genes that has recently been under 

development is reporters for chemical exchange saturation transfer (CEST) MRI. 

These reporters provide signal without the use of an exogenous contrast agent 

based on an exchange of magnetization between solute protons (protons 

associated with the reporter gene product) and nearby water protons [90]. Proof-

of-concept of a variety of CEST-based reporters has been established, primarily 

in tumor and bacterial cells [91-94]. However, challenges remain in CEST-based 

cell detection due to the low magnitude of detectable signal change. As of yet, no 

long-term studies or stem cell detection studies have been performed with CEST-
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based reporters. Finally, in reference to all MRI-based reporter genes discussed 

here, it should be noted that MagA, MntR, and most heretofore developed CEST 

reporter genes are synthetic or bacterial genes whose approval for use in 

humans would be much more challenging compared to that of endogenous 

human genes.  

Due to the ability to detect tracer doses of contrast agents with PET and 

SPECT, a variety of reporter genes for these modalities have been developed in 

preclinical models, and some have even been applied in humans. The sodium 

iodide symporter (NIS) transports iodine, its positron-emitting isotopes, and its 

analogs (including 99mTc-labeled sodium pertechnetate) into cells. Therefore, it 

can be used for a reporter for either PET or SPECT, and has been used for 

monitoring cell therapies in several preclinical studies [80, 95]. The herpes virus 

type 1 thymidine kinase, HSV1-tk, phosphorylates intracellular nucleosides, and 

therefore can be used as a reporter gene for cell tracking with radiolabeled 

nucleoside analogs, such as 18F-FEAU [66]. HSV1-tk has even been applied for 

therapeutic T-cell tracking in a human patient [96]. Additional PET reporter genes 

that have been developed for cell therapy include the estrogen receptor ligand 

binding domain, detected with 18F-FES [97], and the dopamine receptor D2R, 

detected with 18F-fallypride [98].  

With the goal of combining the strengths of MRI and SPECT imaging with 

those of reporter gene-based cell labeling, one group has investigated the dual 

MRI/SPECT reporter gene Oatp1 [99]. This reporter has the ability to transport 

small molecules into cells, including the MRI contrast agent Gd-EOB-DTPA and 



 21 

the SPECT agent 111In-EOB-DTPA (developed for this application). However, the 

chelator molecule does not cross the blood-brain barrier, limiting the applicability 

of this reporter in the intact CNS. 

2.3.3 Other approaches 

Direct labels and reporter genes are by far the most commonly 

investigated methods for labeling cells for cell tracking and in vivo detection. 

However, one recently proposed method aims to more directly detect cell death 

with MRI via interaction of the enzymes activated during apoptosis with a cleverly 

designed injectable Gd-based contrast agent [100]. In the vicinity of dying cells, 

the contrast agent is cleaved into molecules with hydrophobic heads (containing 

chelated Gd) and hydrophilic tails. This causes increased MRI signal due to 

aggregation of contrast agent into micelle-like nanoparticles and altered Gd 

relaxation characteristics related to this new structure. In the model tested in this 

initial study, apoptotic cells transplanted into joints could be detected via 

increased T1-weighted signal after direct injection of the imaging probe into the 

cartilage [100]. Although this approach may not be applicable for cell tracking in 

many anatomical settings, including the brain, it provides an example of an 

interesting new approach to cell tracking that does not require pre-transplantation 

alteration of the cells under investigation. 

2.3.4 Current barriers 

Despite the wide variety of cell tracking techniques that have been 

proposed and tested in both preclinical and human trials, no currently available 

technique has been shown to meet all of the previously described criteria for the 
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ideal cell tracking technique. Although direct labels are relatively straightforward 

and their use for establishing initial cell location is well established, they are not 

useful for long-term cell tracking [62, 63]. Although there are challenging 

regulatory hurdles associated with clinical translation of reporter genes, the 

accumulating evidence indicates that reporter genes have great potential to 

convey essential information regarding long-term survival, location, and even 

differentiation dynamics and gene expression. Several PET reporter genes have 

proven effective for long-term monitoring of cell location and survival in preclinical 

models. However, none have been shown to be applicable in the brain if the 

blood-brain barrier is intact.   

For these reasons, and due to the increased flexibility and applicability of 

a dual-modality reporter gene, in this work we investigate DMT1 for long-term 

tracking of stem cell location and survival. We test its capabilities as a dual-

modality reporter gene for PET and MRI-based tracking with 52Mn and Mn, 

respectively. 

 
2.4 DMT1 
 

In this work, we investigate the divalent metal transporter 1 as a reporter 

gene for cell tracking in the central nervous system. DMT1 transports divalent 

metals such as, in order of decreasing metal ion selectivity,  Cd2+, Fe2+, Co2+, 

Mn2+, Ni2+, and Zn2+ [101]. This protein is ubiquitously expressed in humans, rats, 

and a variety of other organisms and is highly conserved across species [29]. In 

mammals, it is expressed in the brain, olfactory epithelium, and gut, with 

relatively lower expression levels in the brain [29]. In the brain, DMT1 has varied 
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expression levels across species, but consistently plays important roles in 

maintaining metal homeostasis. DMT1 expression in the brain has been 

observed in the hippocampus, striatum, substantia nigra, neocortex, and 

subcortical white matter [29]. The causes for and biological impact of specific 

DMT1 localization in different brain regions is not well-established [102].  

There are two predominant theories regarding the conditions under which 

DMT1 transports metals. First, there is evidence that DMT1 is a proton symporter 

stimulated at low pH to increase metal uptake [103]. Second, the commonly 

observed co-localization of DMT1 with the transferrin receptor, TfR, leads to the 

theory that DMT1 transports metals in response to TfR binding status [104]. 

However, the important role of iron in DMT1 function is generally agreed upon 

due to the existence of iron-responsive elements in some DMT1 isoforms, 

resulting in stabilization of the transporter in response to cellular iron levels [105]. 

DMT1 expression levels have also been shown to be regulated by Mn2+ [106].  

As a reporter gene, DMT1 over-expression increases intracellular 

manganese (Mn2+), resulting in selective signal enhancement and detectability in 

T1-weighted MRI [88]. Several groups of researchers have previously 

investigated Mn-based MRI for cellular imaging, both with and without DMT1 

over-expression in the cells of interest [44, 88]. In these studies, cancer cells and 

mononuclear cells internalized sufficient Mn2+ for T1 signal enhancement and in 

vivo detection, indicating that Mn2+ holds promise as a cell imaging contrast 

agent. For imaging most transplanted cell types, we hypothesize that DMT1 over-

expression is necessary for specific in situ labeling of live cells after systemic 



 24 

Mn2+ delivery. Additionally, we hypothesize that DMT1 may also act as a PET 

imaging reporter. 52Mn-based PET of DMT1 over-expressing cells could offer 

increased sensitivity, reduced bulk manganese dose, and provide valuable 

complementary information when paired with manganese-enhanced MRI 

(MEMRI). 

In considering DMT1 as a reporter, it is essential to consider the potential 

effects of over-expression and increased metal transport, particularly on hNPCs. 

Even without DMT1 over-expression, toxic effects of Mn on rodent neural stem 

cells have been shown in cases of extended exposure [107]. The direct link 

between increased intracellular Mn and toxic effects on downstream targets such 

as mitochondria is unknown, though clear evidence exists for Mn-induced 

oxidative stress [102, 107, 108]. It is even more unclear whether cells have 

compensatory Mn export mechanisms after accumulation [102]. DMT1 over-

expression also leads to increased potential for accumulation of other divalent 

metals including Cd, Co, Ni, Zn, and, most importantly, Fe. In general, studies 

investigating the implications of DMT1 upregulation in neuropathogenesis focus 

primarily on the resulting iron accumulation. For example, a study in PD model 

mice showed that iron accumulation corresponding to DMT1 expression resulted 

in oxidative stress and cell death [109]. In any case, it will be essential to study 

the functional effects of DMT1 expression on cells prior to implementing stable 

expression for Mn-based imaging. 
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2.5 Manganese-based PET/MRI 
 

Divalent manganese (Mn2+) is a T1-shortening contrast agent; in regions 

of high Mn2+ concentration, bright signal is observed in T1 weighted images. As a 

result, manganese-enhanced MRI (MEMRI) techniques and applications have 

been developed in rodent studies for over two decades. Rodent neuroimaging 

was an early application of MEMRI, and a large number of studies have been 

published developing and using this method. Neuroimaging applications of 

interest include cytoarchitecture enhancement [110], studies of brain region 

activation [111], neuronal tract tracing [112], tumor detection [26], and evaluation 

of neurodegenerative disease [113]. MEMRI has also been applied to evaluate 

myocardial viability and assess therapeutic efficacy [27]. A chelated form of Mn, 

mangafodipir trisodium (Mn-DPDP), is the only version of this contrast agent to 

have been successfully applied in humans. Mangafodipir has been used to 

image liver disease, where a lack of uptake (lower signal with respect to the rest 

of the liver) can aid in lesion localization [24]. However, the majority of MEMRI 

applications that have been developed and applied in rodents and other animal 

models are not applicable in humans due to the high doses of non-chelated 

metal required.  

Although researchers using MEMRI in rodent studies have found 

techniques to minimize the negative health effects of contrast agent 

administration on subjects, the biological effects of high Mn doses should be 

carefully considered in any new imaging application. Acute toxicity of Mn 

administration primarily arises out of cardiac arrest, likely due to competition of 
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Mn2+ with Ca2+ for myocardial uptake through slow Ca2+ channels [30, 31, 114, 

115]. In the brain, exposure to Mn leads to decreased metabolism, free radical 

production, abnormal dopamine and GABA signaling, neuroinflammation, and 

cell death [102, 116]. In the human brain, chronic Mn exposure results in 

accumulation in the gray matter regions [117]. The resulting progressive damage 

has symptoms similar to Parkinson’s disease, such as headache, insomnia, 

hyper-myotonia, memory loss, emotional instability, tremors, and speech difficulty 

[118]. Toxicity in other organs and bodily systems, such as the heart, liver, and 

reproductive organs, has also been observed [118].  

PET imaging with Mn-based contrast agents has also been investigated, 

but much less thoroughly. Two Mn isotopes, 51Mn (t1/2= 46.2 min) and 52mMn 

(t1/2= 21.1 min), were first produced and used to measure myocardial perfusion 

by Daube and Nickles in the University of Wisconsin-Madison cyclotron group 

[37]. Recently, due to the increased interest in and production capabilities of 

longer-lived radiometals [39, 40], 52Mn (t1/2= 5.591 d, β+= 29.6%, E(β+)max= 0.576 

MeV) has been produced, separated, and investigated by several groups as a 

potential PET imaging tracer [33, 35, 36, 38]. The first paper testing 52Mn for 

PET/CT in rodents showed good imaging resolution with uptake primarily in the 

gastrointestinal tract and bones over several days after administration, but 

observed very low brain uptake [33]. Recent efforts by the cyclotron group at the 

University of Wisconsin-Madison have focused on developing efficient methods 

of 52Mn and 51Mn separation along with chelation studies for targeted antibody-

based PET imaging of cancer [35]. 
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Due to the recent production of 52Mn for PET, the increasing availability of 

PET/MR scanner technology [41], and the variety of previously developed 

MEMRI approaches, the potential for dual-modality Mn-based imaging is high. In 

preclinical studies, the complementary strengths of MRI (soft tissue contrast, high 

spatial resolution) and PET (sensitivity, functional information, low contrast agent 

dose) could be a great advantage (Table 2.1). Additionally, with 52Mn PET, many 

MEMRI applications previously developed in animal models could be safely 

applied in humans using tracer doses of 52Mn (for example, in rodents, <20 ng/kg 

rather than 60 mg/kg). These lower bulk Mn doses would alleviate many of the 

previously discussed concerns regarding the toxicity of this metal. In preclinical 

and clinical PET/MR applications, 52Mn could either be supplemented with or 

substituted in place of natural Mn [33, 111, 112]. Prior to investigating MEMRI 

applications with 52Mn PET, it will be essential to characterize the biodistribution 

and uptake dynamics of 52Mn. 

 
2.6 Targeted MRI for cancer imaging 

 All modalities used for molecular imaging, both for cell tracking and cancer 

detection, have strengths and weaknesses. MRI has relatively high spatial 

resolution and superb soft tissue contrast, which can be advantageous for 

detecting transplanted cells, imaging solid tumors, detecting metastases, and 

delineating tumor boundaries [119]. However, MRI has much lower sensitivity 

than other molecular imaging modalities such as SPECT and PET. Specifically, 

much higher concentrations of MRI contrast agent are required for observable 

changes in signal intensity (µM-mM for MRI compared to pM-nM for PET and 
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SPECT) [47]. This low sensitivity presents a barrier in targeted MR imaging of 

molecular and cellular processes due to the challenge of delivering sufficient 

dose of a contrast agent with molecular specificity.  

Most clinically applicable MRI contrast agents are biologically inert and 

distribute in the extracellular space and vascularized tissues [120]. These agents 

aid in detection, staging, and monitoring of pathologies such as brain tumors, 

vascular abnormalities, soft tissue lesions, and musculoskeletal injury [120-123]. 

A limited number of clinically and commercially available agents are biologically 

active. For example, gadoxetic acid (Promovist®, Eovist®) shows specific 

hepatocyte uptake, making it well-suited for detecting liver lesions and cirrhosis 

[124]. 

 In recent years, a large body of work has emerged from the fields of 

chemistry and materials science aiming to synthesize new MRI contrast agents 

with specific molecular activity [125]. Cancer-targeted MR contrast agents are of 

great interest for high-resolution tumor detection and delineation. Signal-

enhancing contrast agents, such as gadolinium (Gd3+), may be better suited to 

these tasks than iron-based agents, which cause signal dropout attributable to a 

variety of sources [126]. A great number of proposed cancer-targeting MRI 

contrast agents have been produced and characterized in vitro [125, 127-130]. 

However, few of these have been convincingly translated to in vivo animal 

models at reasonable agent doses to produce observable signal enhancement 

[131-136]. 
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 As observed for many of the above-cited novel agents, MR contrast 

agents are often subject to a tradeoff between detectability and patient safety. 

This is due to the low sensitivity of MR and therefore relatively high 

concentrations required for detection [137]. Dissociation of Gd3+ from chelating 

complexes can cause deposition in the dentate nucleus and contributes to the 

development of nephrogenic systemic fibrosis in patients with renal failure [138, 

139]. For this reason, circulation time and in vivo stability of contrast agents are 

important considerations [140, 141]. In general, macrocyclic agents are the most 

stable Gd-based contrast agents with the lowest risk of safety concerns [120, 

140, 141]. This increased stability indicates that macrocyclic agents may be the 

most appropriate for cancer-targeted MR imaging, as greater doses may be 

safely administered for detectable signal enhancement. 

 
2.7 Alkylphosphocholine (APC) analogs 

  In research aimed at developing novel methods for cancer detection and 

treatment, investigators commonly aim to target characteristics of cancer cells 

that differentiate them from normal, healthy tissues. In a variety of cancer cell 

types, phospholipid ethers (PLEs) have been shown to accumulate to a much 

greater degree in neoplastic tissues compared to normal tissue [142-144]. 

Alkylphospholipids, including alkylphosphocholine (APC), are taken up in cellular 

and intracellular membranes and at high doses can interfere with a variety of lipid 

processing pathways [145, 146]. Alkylphospholipid analogs have been shown to 

selectively enter cancer cells via abundant lipid rafts [147]. The cancer-specificity 
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and potential therapeutic effects of APC analogs has led to interest in their 

application for cancer imaging and therapy. 

With the goal of using this tumor-specific characteristic for imaging and/or 

therapy, Pinchuk and colleagues synthesized and tested a variety of PLE 

analogs labeled with 131I for gamma scintigraphy [148]. Tumor avidity, 

pharmacokinetics, and clearance were investigated to find the best agent for 

imaging and radionuclide therapy applications, aiming to maximize tumor uptake 

while minimizing off-target dose. Notably, their results indicated that increasing 

APC analog alkyl chain length, related to agent hydrophobicity, delayed plasma 

clearance through the kidney and liver and increased tumor uptake. Based on 

these studies, the analog NM-404 was selected for further imaging studies. Due 

to observation that longer plasma circulation led to increased tumor uptake, NM-

404/CLR1404 was labeled with 124I (t1/2 = 4.2 days) to allow for PET imaging at 

later time points. 

 The potential for PET imaging, optical imaging, and targeted radionuclide 

therapy with labeled CLR1404 was thoroughly investigated in a 2014 publication 

by Weichert and colleagues [5]. APC analog imaging and therapy agents were 

resoundingly successful, displaying specific targeting for PET/CT imaging of 57 

tumor cell types (spontaneous, transgenic, human, and rodent) and therapeutic 

efficacy in four cancer models in rodents [5]. In addition, proof-of-concept 

imaging of human brain tumors and metastases was established. Related studies 

have shown the utility of fluorescently-labeled CLR1502 for in vivo fluorescence 

imaging and optical surgical navigation [149, 150]. In all, these studies have 
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prompted the clinical investigation of APC analogs for cancer imaging and 

targeted therapy. Multiple clinical trials are currently in progress to investigate 

imaging glioma, non-small cell lung cancer, multiple solid tumor types, and 

glioblastoma multiforme, as well as radionuclide therapy for multiple myeloma 

and multiple solid tumor types. 

 
2.8 Objectives 
 

The work described in this dissertation aims to address current barriers in 

molecular MRI and dual-modality detection of stem cells and cancer. The 

objectives of this work are (1) to investigate and evaluate DMT1 as a dual-

modality reporter gene for long-term in vivo imaging of transplanted hNPC 

location and survival, (2) to develop methods for Mn-based PET and quantitative 

MRI in rodent neurological applications, and (3) to test the tumor-targeting 

capabilities of the APC analog Gd-DO3A-404 for molecular MRI of cancer.  

For objectives (1) and (2) together, with the complementary strengths of 

PET and MRI available, our approach to stem cell tracking may offer increased 

flexibility for in vivo cell tracking compared to other cell tracking approaches. No 

clinically viable imaging technique that communicates long-term information 

about both cell location and survival currently exists. Our rationale for developing 

this technique is that we expect it to provide this important information over the 

course of a cell therapy trial. For this reason, such technology could have a 

significant impact on both preclinical and clinical research in the development of 

cell therapies for neurodegenerative diseases. This work aims to establish a new 

technique for tracking grafted stem cells in the CNS. Our goal is that this method 
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for acquiring functional information about cell fates will advance the field of cell 

therapy development for neurodegenerative disease and CNS injury. The 

accumulating results will also indicate whether this technique could be further 

applied to tracking of non-neural stem cell therapy, immune cell therapy, or 

cancer cells. This in vivo imaging tool could reduce the use of research animals 

and provide invaluable longitudinal information regarding the course of therapy in 

individuals. In the future, this technology may extend to cell tracking in other 

brain diseases as well as in the heart and skeletal muscle. This type of 

technology will become an essential tool in the application of cell therapies in 

humans, as the ability to track cells in ongoing clinical trials would expedite 

researchers’ ability to assess the safety, feasibility, and efficacy of treatment. 

With this work, we aim to bring in vivo progenitor cell imaging markedly closer to 

the gold standard of histological analysis, utilizing currently available and well-

established methods for cell modification and medical imaging [13, 151]. 

For objective (3), the characterization and validation of a tumor-targeting 

Gd-conjugated APC analog could markedly advance multi-modal cancer 

theranostics. Along with existing APC analogs labeled with PET radionuclides 

and therapeutic agents such as 124I and 131I, respectively, Gd-DO3A-404 has 

further applicability in MR imaging and neutron capture therapy. To date, very 

limited numbers of signal-enhancing targeted MRI contrast agents for broad-

spectrum cancer imaging have been reported in the literature. Gd-DO3A-404 

may represent one of the first tumor-targeted MRI agents that can demonstrate 

signal-enhancing uptake and retention in multiple cancer types. This may allow 
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the detection, characterization, and staging of cancer and metastases with high 

spatial resolution. Furthermore, new applications such as simultaneous PET/MRI 

with PET-labeled APC analogs can be investigated using this new agent. In the 

development of this imaging agent, we aim to bridge the current mismatch 

between scanner resolution and detectability of a molecular imaging agent active 

at the subcellular level. In all, the studies described in this dissertation are 

designed to advance the fields of molecular imaging and specific detection of 

stem and cancer cells by exploring new approaches to reporter gene imaging 

and novel PET and MRI contrast agents. 
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Chapter 3: PET/MRI of hNPC transiently over-expressing DMT1 
 
 

3.1 Preface/Abstract 
 
 In this chapter, we investigate the application of divalent metal transporter 

1 (DMT1) as a reporter protein for stem cell tracking in the rat brain. In initial 

investigations of DMT1, we induce transient over-expression of the protein in 

human neural progenitor cells (hNPC) and observe the functional and imaging 

results. In vitro uptake of Mn-based PET and MRI contrast agents (52Mn and 

Mn2+, respectively) was enhanced in DMT1 over-expressing human neural 

progenitor cells (hNPC-DMT1) compared to wild-type control cells (hNPC-WT). 

After cell transplantation in the rat striatum, increased uptake of Mn-based 

contrast agents in grafted hNPC-DMT1 was detected in in vivo manganese-

enhanced MRI (MEMRI) and ex vivo PET and autoradiography. These initial 

studies indicate that this approach holds promise for dual-modality PET and MRI 

tracking of transplanted stem cells in the central nervous system (CNS) and 

prompt further investigation into and development of this technique. The work 

described in this chapter was published in the peer-reviewed journal 

Theranostics in 2015 and reprinted with permission from the publisher [34]. 

 
3.2 Introduction 

 Although the DMT1 protein is well characterized, ubiquitous, and highly 

conserved across species, its potential as an MRI reporter has only recently 

been investigated. In 2012, Bartelle and colleagues published a study describing 

the application of DMT1 for cell detection with MEMRI [88]. In vivo studies 
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showed clear enhancement of DMT1 over-expressing melanoma cells in the 

mouse hindlimb and glioma cells in the mouse brain. Furthermore, after 

introducing a DMT1 expression construct in utero via electroporation, these 

researchers also observed signal enhancement in endogenous tissues over-

expressing DMT1 in the mouse cortex. Based on these studies, we were 

interested in several additional applications of this promising reporter gene.  

 A variety of reporter gene approaches to stem cell tracking in the CNS 

have been previously investigated, as described in Chapter 2 of this work. 

However, there does not yet exist an appropriate reporter gene for stem cell 

tracking in the intact CNS that has the potential for clinical translation. The study 

by Bartelle and colleagues indicated that DMT1 might hold particular potential as 

a reporter gene for CNS applications due to the ability of Mn to cross the blood-

brain-barrier (BBB), unlike many imaging contrast agents. Despite this potential, 

the detection of transplanted hNPCs over-expressing DMT1 could be more 

challenging than that of DMT1-positive glioma cells due to (1) the relatively small 

number of transplanted hNPCs and (2) the reduced disruption of the BBB by a 

stem cell transplant when compared with a large tumor, reducing the ease of Mn 

delivery to the brain parenchyma. 

 Along with the application of DMT1 to hNPC detection with MEMRI, this 

reporter also has potential applications in PET imaging. Imaging of DMT1 over-

expressing cells with the positron-emitting isotope 52Mn could be more sensitive 

and clinically applicable than MEMRI-based imaging, since only a tracer dose of 

Mn would be required. Furthermore, these investigations could facilitate dual-



 36 

modality imaging with newly available PET/MRI systems. The recent production 

of 52Mn at this institution (along with several others) made PET imaging of DMT1 

possible [33, 152]. However, prior to the work described in this chapter, 52Mn had 

not yet been applied either as a direct or chelated tracer in any in vivo studies at 

our institution. 

 Due to our interest in two new applications of DMT1 as a reporter gene, 

we performed a set of proof-of-concept experiments exploring MEMRI and PET 

imaging of hNPC transiently over-expressing DMT1, described in this chapter. To 

achieve transient over-expression of the DMT1 protein, an expression vector was 

introduced into the cytoplasm and nucleus (but not integrated into the genome) of 

hNPC using nucleofection, a combination of electroporation and lipofection. The 

objectives of the experiments described in this chapter were to test the 

hypotheses that hNPC can over-express DMT1 after nucleofection, that this 

expression does not have significant consequences on cell dynamics, and that 

this over-expression facilitates (1) increased uptake of Mn and 52Mn in vitro and 

(2) increased uptake of Mn and 52Mn in transplanted hNPC-DMT1 in vivo, 

providing contrast with respect to surrounding tissues and hNPC-WT.  

Although the studies described in this chapter were essential to lay the 

foundation for the work done in the remainder of this dissertation, they do not 

address the optimal MEMRI and PET methods for detecting transplanted hNPC 

over-expressing DMT1. Furthermore, they do not address whether this cell 

labeling and imaging approach is appropriate for long-term in vivo tracking of cell 
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location and viability. These questions are addressed in detail in chapters 4-6 of 

this dissertation. 

 
3.3 Methods 
 
 3.3.1  Cell preparation 
 

A line of human neural progenitor cells (hNPC; G010) has been 

established from fetal cortical tissue and expanded as previously described [16, 

19]. For these experiments, frozen cell aggregates (passage 18-25) were 

thawed, slowly re-suspended in Dulbecco’s modified Eagle’s medium (DMEM, 

Sigma-Aldrich, St. Louis, MO, USA) and 10% DNase, transferred to cell 

maintenance medium, and maintained for at least two weeks before experiments 

were performed. Cell maintenance medium consisted of DMEM and Ham’s F12 

(Sigma-Aldrich) at a ratio of 7:3, supplemented with 1% 

penicillin/streptomycin/amphotericin (PSA, Life Technologies, Carlsbad, CA, 

USA), 1% N2 (Life Technologies), 100 ng/ml epidermal growth factor (EGF, 

Millipore, Billerica, MA, USA), 20 ng/ml fibroblast growth factor 2 (FGF-2, WiCell, 

Madison, WI, USA), 10 ng/ml leukemia inhibitory factor (LIF, Millipore), and 5 

ng/ml heparin (Sigma-Aldrich) [19]. Approximately one-half of the conditioned cell 

media was removed and replaced with fresh pre-warmed maintenance media 

every 3-4 days. The cells were passaged by chopping every 10-14 days using a 

McIlwain automated tissue chopper (Mickle Laboratory Engineering Co. Ltd., 

Surrey, UK). 

To induce transient expression of DMT1 in hNPC, an expression vector 

encoding the DMT1 protein under the cytomegalovirus promoter (SLC11A2 
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HaloTag Fusion FlexiVector) was acquired from the Promega Kazusa cDNA 

clone library (Promega, Madison, WI, USA) and used for cell transfection. The 

expression vector was introduced into hNPC using the Basic Primary Neurons 

Nucleofection system (Lonza Group, Basel, Switzerland). The nucleofection 

method was selected to deliver large amounts of cDNA while maintaining cell 

viability.  Cells were dissociated in DMEM after a 15-minute TrypLE treatment 

(Life Technologies). For each nucleofection reaction, five million cells were 

resuspended in nucleofection solution containing 4µg of the DMT1 expression 

vector, pulsed in the nucleofector device using program C-30, and returned to 

pre-warmed maintenance media. After transfection, some cells were plated on 

pre-coated cover slips for immunochemical analysis. Coverslips were treated 

with poly-L-ornathine and laminin (both from Sigma-Aldrich) to promote cell 

adherence, and 30,000 cells were plated per cover slip. The remaining cells were 

returned to suspension culture in a 6-well plate coated with poly-2-hydroxyethyl 

methacrylate (polyHEMA) to prevent cell adherence. For cell transplantation 

experiments, hNPC-DMT1 and hNPC-WT were separately collected and 

resuspended at a concentration of 150,000 cells/µl in transplantation media two 

days following transfection. Transplantation media consisted of Leibovitz L15 

medium (Life Technologies) and phosphate-buffered saline (PBS) at a ratio of 

1:1 supplemented with 2% B27 (Life Technologies) and 0.6% glucose [18, 19, 

23]. 

  
 
 
 



 39 

 3.3.2 In vitro assays 
 

Immunocytochemistry was used to examine expression of several proteins 

in hNPC, including human DMT1, human glial fibrillary acidic protein (GFAP), 

and human β-III tubulin. Cover slips were fixed with 4% paraformaldehyde (PFA) 

and washed with PBS before incubation in blocking buffer (PBS, 5% normal 

donkey serum (NDS), 0.2% Triton X-100 (Sigma-Aldrich)) for 30 minutes. The 

appropriate primary antibody was diluted in blocking buffer (detailed antibody 

information noted in Table 3.1). Cells were incubated in primary antibody for 1 

hour at room temperature then washed with PBS. Secondary antibody (donkey 

anti-mouse IgG Alexa Fluor 488; Jackson ImmunoResearch Laboratories, West 

Grove, PA, USA) was diluted 1:1,000 in blocking buffer and then applied to cells 

for 30 minutes. After another PBS wash, coverslips were incubated in Hoescht 

33258 nuclear stain (Sigma-Aldrich) for 3 minutes before mounting coverslips on 

glass slides with Fluoromount (Southern Biotech, Birmingham, AL, USA). Images 

were collected using a Nikon Eclipse fluorescence microscope, a Nikon 

Intensilight camera, and NIS Element D software (Nikon, Tokyo, Japan). ImageJ 

software was used for image processing and cell counting (National Institutes of 

Health, Bethesda, MD, USA). For each expression time point, at least six fields of 

view on each of three coverslips were analyzed for percent of cells over-

expressing DMT1 or expressing GFAP or βIII-tubulin. 

To examine whether DMT1 expression and Mn supplementation result in 

acute toxicity to hNPC, a trypan blue cell viability assay was performed. Cells 

were transfected to express DMT1, and a control group of cells were subject to 
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the transfection procedure without introducing the DMT1 expression vector. Cells 

were then returned to floating culture in maintenance media. One day later, cell 

samples were supplemented with 0, 100, or 1000 µM MnCl2 and incubated for 24 

hours. After collection and dissociation in DMEM, a small amount of the cell 

suspension was diluted in an equal volume of trypan blue (Sigma-Aldrich). Live 

and dead cells in each sample were counted, where dead cells were 

characterized by blue dye infiltration. For each Mn dose and cell type, three 

individual samples were treated and analyzed. An unpaired two-tailed Student’s 

t-test was used to compare the fraction of dead cells between cell types and Mn 

supplementation levels. 

 
Table 3.1: Primary antibodies used for immunocytochemistry (ICC) and 
immunohistochemistry (IHC). 

Antibody 
target 

Antibody 
source 

ICC 
dilution 

IHC 
dilution 

Provider Catalog 
number 

DMT1 Mouse 
monoclonal 

1:500 1:200 Sigma-Aldrich,  
St. Louis, MO 

4891M1 

GFAP Mouse 
monoclonal 

1:500 1:200 StemCells, Inc., 
Caimbridge, UK 

STEM123 

βIII-
tubulin 

Mouse 
monoclonal 

1:500 N/A Sigma-Aldrich T8578 

 

Differentiation of hNPC transiently over-expressing DMT1 was examined 

to probe the potential of DMT1 to alter cell differentiation dynamics. For this 

experiment, cells were transfected to over-express DMT1 then plated, and a 

group of non-transfected dissociated control cells was also plated. Cells were 

grown for two weeks and fed every three to four days with differentiation media, 

consisting of DMEM and Ham’s F12 (Sigma-Aldrich) at a ratio of 7:3, 

supplemented with 1% PSA and 1% B27 supplement (Life Technologies). After 
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fixation, cells were stained for differentiation markers using the 

immunocytochemistry procedure described above. 

 3.3.3 Animal experiments and tissue analyses  
 

All animal studies were performed in accordance with protocols approved 

by the University of Wisconsin Institutional Animal Care and Use Committee. 

Adult wild-type male and female Sprague-Dawley rats (age 80-240 days) were 

used for cell transplantation and imaging experiments. Rats were housed under 

controlled temperature and illumination conditions, with unrestricted access to 

food and water. Cyclosporine (10 mg/kg body weight, Novartis, Basel, 

Switzerland) was administered to rats intraperitoneally (i.p.) beginning one day 

prior to cell transplantation until sacrifice.  

For transplantation procedures, rats were anesthetized with isoflurane and 

secured in a stereotaxic frame. Cells were injected bilaterally in two striatal sites 

(AP +0.5 mm and -0.1 mm; ML ±3.3 mm and ±2.8 mm; DV -4.5 mm) with 2-3 µl 

cells (150,000 cells/µl) per site. A 10 µl Hamilton Syringe with a 30-gauge sharp 

tip needle was secured to the stereotaxic frame before needle insertion and cell 

injection. For each injection site, the needle was slowly lowered into the striatum, 

maintained at that location for 2 minutes, cells were injected at a rate of 1 µl/min, 

and the needle was left for 2 additional minutes and then slowly removed [18, 

19]. Transfected hNPC-DMT1 were transplanted in the right striatum, while 

hNPC-WT were transplanted in the left striatum. 

At the end of imaging studies, rats were anesthetized with 5% isoflurane, 

administered 0.2 mL pentobarbital i.p., and transcardially perfused with chilled 
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0.9% NaCl followed by 4% PFA.  After perfusion, brains were submerged in PFA 

for an additional 24 hours before being switched to 30% sucrose. Thirty-micron 

slices were sectioned with a frozen stage microtome. Immunohistochemistry was 

performed using primaries against GFAP to detect transplanted neural 

progenitors and human DMT1 to observe DMT1 over-expression in transplanted 

cells. Brain sections were washed in PBS (3×5 minutes) then blocked in blocking 

buffer (PBS, 3% NDS, 0.25% Triton X-100) for 1 hour at RT. Sections were then 

transferred to primary antibody diluted 1:200 in blocking buffer and incubated 

overnight at RT. PBS washes (3×5 minutes) were performed before secondary 

antibody incubation (donkey anti-mouse AF488 antibody 1:500 in blocking buffer) 

for one hour. Sections were mounted on glass slides with DAPI mounting 

medium and examined with a Nikon fluorescence microscope. 

3.3.4 MR imaging 
 
In preparation for in vitro MRI, hNPC-DMT1 and hNPC-WT were 

supplemented with 0-400 µM MnCl2 for one hour. Cell samples were then 

collected, allowed to settle, and rinsed several times to remove extracellular 

Mn2+. They were then transferred to 0.25 ml microcentrifuge tubes and spun 

down to form cell pellets. Samples were stabilized in 1.5 ml microcentrifuge tubes 

filled with 4% agar gel. MR imaging was performed on a 4.7 T preclinical MRI 

scanner (Agilent Technologies, Santa Clara, CA, USA). To observe the T1 

shortening effects of Mn2+, T1 mapping was performed using a 3D variable flip 

angle spoiled gradient echo (VFA SPGR) sequence [153]. Pulse sequence 

parameters were: TR=8.4ms, TE=3.48ms, flip angles (in degrees) = 5, 10, 15, 
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20, 30, 45, with gradient and RF spoiling. T1 times were approximated with 

nonlinear least squares fitting of the signal data as a function of flip angle, and R1 

maps were calculated (R1 = 1/T1). This in vitro cell imaging procedure was 

subsequently repeated to confirm the results. 

Three animals underwent MR imaging after transplantation of hNPC-

DMT1 and hNPC-WT. One day following surgeries, animals were injected with 

50 mg/kg of MnCl2 (dissolved in 100mM bicine buffer to a concentration of 100 

mM). Fourty-eight and 72 hours later, the animals were anesthetized with 

isoflurane and scanned with the same 3D VFA SPGR scan for T1 mapping as 

was used for in vitro imaging. T1 mapping was performed and R1 maps were 

calculated as described above. 

 3.3.5 Gamma counting, PET, and autoradiography 
 

To observe 52Mn uptake in hNPC, cells were supplemented with 0-0.8 µCi 

(0-2.3 µCi/µL) of 52Mn in DMEM for one hour. In each cell sample, approximately 

equal numbers of either hNPC-DMT1 or hNPC-WT were used. After one hour, 

cells were spun down at 1000 rpm (62 g) for 4 minutes, and the supernatant was 

removed and replaced. This spin-down and removal step was repeated 3 times. 

52Mn uptake was measured by automatic gamma counting on a PerkinElmer 

Wizard 2480 (Waltham, MA, USA). Counts were measured for 300 seconds with 

gating centered on the 744 keV gamma peak. During the gamma counting 

procedure, remaining cell samples were re-counted using trypan blue to verify 

viable cell numbers and to correct results based on respective cell numbers per 

sample. The final activity uptake in each sample was corrected by a known 52Mn 
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calibration factor (units activity per count rate), by a no-activity control, and based 

on number of cells per sample. The uncertainty of the Poisson-distributed 

counting data was propagated through each of these correction calculations. To 

confirm results, this experiment was repeated in a separate trial. 

Two animals underwent PET/CT imaging after cell transplantation. One 

day following cell transplantation, animals were systemically injected with 

approximately 0.85 mCi 52Mn. One of these subjects (subject 1) received no-

carrier-added 52Mn in saline, while the other (subject 2) received 52Mn in 100mM 

MnCl2 in bicine to mimic the contrast agent delivered for MR imaging. Twenty-

four hours after contrast administration, animals were anesthetized with 

isoflurane and scanned on a Siemens Inveon microPET/CT (Siemens Medical 

Solutions, Erlangen, Germany). PET images were reconstructed as a single 

static segment using scatter-corrected OSEM reconstruction. The brain of 

subject 2 was resected for ex vivo brain PET/CT. Sections of 1 mm thickness 

were cut with a razor and a rat brain matrix slicer, and autoradiographs of these 

brain sections were collected. 

 
3.4 Results 
 
 3.4.1  Cell preparation 
 

In order to use Mn-based contrast agents for cell tracking applications, we 

first induced over-expression of DMT1 in hNPC to increase the uptake of Mn2+ in 

these cells. The Lonza Nucleofection system was used for this purpose. This is a 

relatively straightforward and efficient method to induce transient protein 

expression, which we have previously used for initial investigations of cell 
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tracking methods [19, 73]. To identify altered protein expression, transfected and 

wild-type cells (hNPC-DMT1 and hNPC-WT) were plated immediately after 

transfection, fixed over the course of 10 days after plating, and stained with an 

antibody against human DMT1. Reporter gene expression was detected in the 

transfected cell population, with up to 42% of cells over-expressing DMT1 one 

day following transfection (Figure 3.1A). Over the course of 10 days after plating, 

the percentage of cells over-expressing DMT1 decreased steadily (Figure 3.1B). 

All further experiments were carried out using unsorted hNPC-DMT1 as soon 

after nucleofection as possible to maximize the portion of hNPC over-expressing 

the reporter. 

 

 
Figure 3.1: Transient DMT1 over-expression following transfection. (A) 
Immunocytochemistry of hNPC one day following transfection shows that transfected 
cells express high levels of the DMT1 protein when compared to wild-type cells. (B) 
After plating transfected and wild-type cells and fixing each day for 10 days, counts of 
DMT1 over-expressing cells reveal that DMT1 expression decreases toward 
background (wild-type) levels over the course of 10 days. Scale bar = 50 µm. 
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 3.4.2 In vitro assays 

 The potential toxic effects of Mn2+ on both research subjects and neural 

progenitor cells must be understood before application of this imaging technique 

in preclinical cell therapy experiments [107, 154]. An in vitro toxicity assay was 

performed to determine whether DMT1-expressing cells exhibit increased 

sensitivity and cell death in response to manganese exposure. Cells were 

supplemented with MnCl2 at concentrations of 0, 100, or 1000 µM for 24 hours. 

The concentration of 100 µM was selected to reflect the approximate expected 

Mn2+ concentration in the rat brain after a systemic injection of MnCl2 at typical 

doses used for MEMRI [155], whereas the concentration of 1000 µM was used 

as a positive control. The results of the trypan blue cell viability assay are shown 

in Figure 3.2. Approximately 20% of cells were found to be unviable even in 

samples not supplemented with Mn2+ due to the detrimental effects of the 

nucleofection solution and transfection procedure on hNPC. For this reason, 

hNPC-WT subjected to the nucleofection procedure without the introduction of 

the DMT1 expression plasmid were used as a control in this study. After 100 µM 

MnCl2 supplementation, neither hNPC-DMT1 nor hNPC-WT showed significantly 

decreased cell viability, and they did not differ significantly from one another. 

However, at a Mn2+ concentration of 1000 µM, these differences became 

significant. This concentration is far greater than that required for imaging 

experiments, either in vitro or in vivo. This study confirmed that the Mn2+ 

concentration use for this imaging approach would not be a significant contributor 
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to acute cell toxicity in this application and prompted further in vitro and in vivo 

imaging experiments. 

 

 Not only is it essential that a cellular imaging method not reduce the 

viability of the cells of interest, but it must not have significant effects on cell 

dynamics such as differentiation or proliferation, particularly if these dynamics 

play a role in the efficacy of therapy. In order to study the effects of transient 

DMT1 over-expression on hNPC differentiation, transfected cells were plated and 

grown in differentiation media for two weeks. After differentiation, fixed cells were 

 
Figure 3.2: Cell viability following DMT1 transfection. Trypan blue cell exclusion 
assay results reveal no significant increase in hNPC death after 24 hour exposure to 
100 µM MnCl2, a concentration on the order of that expected in the brain after 
systemic MnCl2 delivery. At this concentration, consistent results are observed for 
hNPC-WT and hNPC-DMT1. Cell death is observed at 0 µM due to the potentially 
toxic effects of the transfection solution and procedure on cells. The positive control 
dose of 1000 µM resulted in a significant increase in cell death for both cell types as 
well as a significant increase of hNPC-DMT1 death compared to hNPC-WT. #: 
p<0.05 compared to corresponding cell type supplemented with 0 µM MnCl2; *: 
p<0.05 compared to hNPC-WT supplemented with same dose. N=3 samples per 
treatment. Error bars represent standard deviation between samples. 
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immunostained with primary antibodies against human GFAP, to reflect astrocyte 

differentiation, and human βIII-tubulin, to reflect neuronal differentiation. It was 

found that both hNPC-DMT1 and hNPC-WT differentiated largely into GFAP-

expressing astrocytes, with a small percentage of cells differentiating into βIII-

tubulin-expressing neurons (Figure 3.3A). These differentiation dynamics are in 

agreement with previous studies regarding differentiation of late-passage hNPC. 

We also observed that DMT1 over-expressing hNPC samples had a slightly but 

significantly reduced percentage of cells expressing βIII-tubulin (Figure 3.3B). 

However, after two weeks of differentiation, a negligible number of transfected 

hNPCs still over-expressed DMT1, so the specific differentiation characteristics 

of this subset of cells could not be studied in this experiment.  

 
3.4.3 MR imaging 

 
To investigate whether DMT1 over-expressing cells internalize sufficient 

Mn2+ for T1-weighted MRI contrast, Mn2+ uptake was compared in hNPC-DMT1 

and hNPC-WT. Cells were supplemented with 0-400 µM MnCl2 for one hour. The 

cells were rinsed, spun down into pellets, and imaged with a 3D VFA SPGR 

sequence for T1 mapping. The R1 relaxation rate, which is the inverse of T1 

relaxation time, was calculated from T1 maps. The resulting R1 maps of hNPC-

WT and hNPC-DMT1 are shown in Figure 3.4. At all MnCl2 concentrations, clear 

contrast was observed between hNPC-DMT1 and hNPC-WT. Importantly, this 

difference was easily discernable at biologically relevant concentrations of 50-

100 µM. A slight increase in R1 of hNPC-DMT1 is observed even without MnCl2 
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(0 µM). This may be due to low levels of iron in the cell maintenance media, 

which is transported by DMT1 and is a weak T1-shortening agent. 

 

For proof of concept in vivo cell detection with MRI, three rats were 

transplanted with hNPC-DMT1 in the right striatum and hNPC-WT in the left. Two 

days later, MnCl2 was delivered systemically in preparation for MR imaging. At 

  

  

Figure 3.3: (A) Immunocytochemistry of 
hNPC following transfection and 
differentiation shows that both WT and 
DMT1 transfected hNPC differentiate into 
GFAP-expressing astrocytes and βIII-
tubulin-expressing neurons. Scale bar = 
50 µm. (B) Counting of GFAP- and βIII-
tubulin-stained cells reveals that 
although both cell types follow typical 
differentiation patterns for this cell line, 
there is a significant decrease in βIII-
tubulin-marked neuronal differentiation in 
cells transiently transfected with DMT1. 
*p < 0.05. N=3 coverslips per sample; 
Error bars represent standard deviation.  
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48 and 72 hours later, the animals were imaged with a T1 mapping sequence to 

observe the T1 shortening effects of Mn2+. After imaging and perfusion, 

histological evaluation was performed to verify cell survival through the 

transplantation and imaging procedure. In two of the three MRI subjects, a region 

of increased R1 was observed in the right striatum (Figure 3.5). This contrast 

corresponds to the location of transplanted hNPC-DMT1, detected histologically 

with antibodies against human GFAP (used to detect human cells) and human 

DMT1 (Figure 3.6). Wild-type cells transplanted on the contralateral side were 

also detected histologically, ruling out the possibility that hNPC-WT were 

undetectable in MRI simply due to cell death. These preliminary in vivo results, 

along with the Mn2+ uptake measured in vitro, support our hypothesis that high 

levels of manganese are taken up in DMT1 over-expressing hNPC, permitting in 

vivo visualization with MRI.  

 

 
Figure 3.4: Mn2+ uptake in hNPC-DMT1 and hNPC-WT with MRI. Representative R1 
relaxation rate maps of hNPC-DMT1 (top row) and hNPC-WT (bottom row) after 1-
hour supplementation with MnCl2 at a range of concentrations. Clear contrast is 
observed between hNPC-WT and hNPC-DMT1 at all MnCl2 concentrations tested. 
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However, in one of the three subjects, a decrease in R1 was observed in 

the vicinity of hNPC-DMT1 (Figure 3.5C). In this same region, T2-weighted 

imaging showed a hypointense region corresponding to cell location (Figure 

3.7A). This is likely due to surgery-induced hemorrhage in the brain, which we 

have found to be a challenging confounding factor in MRI of transplanted hNPC 

[73]. Iron accumulation was detected with Prussian blue staining and could wipe 

out MR signal, making T1 calculation impossible (Figure 3.7B).  

 

 
Figure 3.5: In vivo manganese-enhanced MRI of rats after hNPC-DMT1 
transplantation. (A and B) In two of three subjects, hNPC-DMT1 were detectable on 
R1 maps (white arrowheads). (C) In one subject, T1 mapping failed in the vicinity of 
hNPC-DMT1, possibly due to hemorrhage-related iron accumulation (black 
arrowhead). 

 
 
 

 

Figure 3.6: Confirmation of 
cell survival and protein 
expression following trans-
plantation. Immunofluor-
escence against human 
GFAP confirmed that both 
hNPC-WT (A) and hNPC-
DMT1 (B) survived after 
transplantation and imaging. 
(C) Transfected cells con-
tinued to over-express the 
human DMT1 protein after 
transplantation. hNPC-WT 
staining for hDMT1 is 
negative (data not shown). 
Scale bar = 100 µm. 
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3.5.4 Gamma counting, PET, and autoradiography 
 

Using 52Mn, we could both directly measure Mn uptake in hNPC-DMT1 

and further assess whether enhanced uptake compared to hNPC-WT was 

achieved. The cell preparation procedure outlined above for in vitro MRI was 

mirrored for gamma counting of cellular 52Mn uptake. After a 1-hour incubation 

with 0-0.8 µCi of no-carrier-added 52Mn, cells were spun down and rinsed to 

remove extracellular manganese. Gamma counting was used to compare the 

relative uptake of 52Mn in hNPC-DMT1 and hNPC-WT. Manganese uptake 

increased linearly with supplemented activity for both cell types, and hNPC-

DMT1 showed strikingly increased retained activity when compared with hNPC-

WT (Figure 3.8). In a parallel study, cells were supplemented with 0-0.8 µCi of 

52Mn in 50 µM MnCl2, and identical gamma counting results were obtained (data 

not shown). These results demonstrate that DMT1 over-expressing cells show 

increased uptake of manganese-based contrast agents, even at tracer levels of 

supplemented 52Mn. These in vitro results prompted studies of cell detectability 

with in vivo PET. 

Figure 3.7: Iron accumulation 
near cells leads to MR signal 
dropout. (A) The solitary subject 
that showed no increase in R1 
relaxation rate in the vicinity of 
hNPC-DMT1 showed 
hypointense contrast in a T2-
weighted image (black  

arrowhead). (B) This contrast corresponds to positive Prussian Blue staining, 
indicating that the signal drop-out could be due to hemorrhage-induced iron 
accumulation in the vicinity of the cell transplant. Scale bar = 100 µm.
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 For initial observation of 52Mn uptake in the brain and in transplanted 

hNPC, PET/CT (combined PET and computed tomography) imaging was 

performed in two rats. Rats were systemically delivered 0.85mCi 52Mn two days 

after cell transplantation and imaged 24 hours later. One rat received 52Mn in 

saline, while another received 52Mn supplemented with 100µM MnCl2 in bicine to 

mimic the MRI contrast administration and bulk manganese dynamics. 52Mn was 

taken up in the gastrointestinal system, bone, and areas of inflammation, but low  

 

brain uptake was detected in vivo in both subjects (Figure 3.9A). Ex vivo 

PET/CT showed low levels of brain uptake, with slightly increased 52Mn levels in 

the right striatum, corresponding to the location of hNPC-DMT1 (Figure 3.9B). 

Autoradiographs also indicated low but detectable levels of 52Mn in the brain, with 

increased activity in the vicinity of transplanted hNPC-DMT1 (Figure 3.9C). 

 

 

Figure 3.8: In vitro 
uptake of 52Mn in 
hNPC. hNPC-
DMT1 show 
increased 52Mn 
uptake compared 
to hNPC-WT after 
a one-hour 
incubation as 
measured by 
gamma counting 
(representative 
results from one 
trial shown). Error 
bars represent 
propagated error 
from Poisson-
distributed 
counting data. 
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These initial results indicate that although 52Mn-based PET imaging in the brain 

does not directly mirror MEMRI results, DMT1 shows potential for 52Mn PET-

based cell detection in the brain.  

 

 
3.5 Discussion 
 

In the work presented in this chapter, we have performed preliminary in 

vitro and in vivo imaging studies to lay the foundation for a new dual-modality 

approach for stem cell imaging in the central nervous system. To investigate the 

potential of DMT1 as a reporter gene for in vivo stem cell tracking with 

manganese-based PET and MRI, we induced transient over-expression of DMT1 

in hNPC. In vitro supplementation of 52MnCl2 and natMnCl2 was used to compare 

manganese uptake in hNPC-DMT1 and hNPC-WT with gamma counting and T1 

relaxation measurements, and we observed enhanced Mn uptake in hNPC-

DMT1. Finally, in proof-of-concept studies for in vivo cell tracking, hNPC-DMT1 

 
Figure 3.9: PET/CT and autoradiography of transplanted hNPC-DMT1. (A) Very low 
brain uptake is observed in 52Mn-based PET/CT imaging in vivo. (B) When the brain 
is excised and imaged ex vivo, low levels of brain uptake are detectable. Both ex vivo 
imaging and autoradiography indicated that increased levels of 52Mn are retained in 
the vicinity of hNPC-DMT1 (white arrowhead, B and C). 
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were transplanted into the striatum of adult wild-type rats. Contrast due to 

increased Mn uptake in transplanted hNPC-DMT1 was detected with in vivo 

MEMRI and ex vivo PET and autoradiography. 

In vitro assays were used to confirm DMT1 expression by transfected cells 

and to test the potential toxicity of combined DMT1 expression and manganese 

supplementation. The observation of slowly decreasing DMT1 over-expression is 

acceptable for these proof-of-concept studies and has been previously observed 

following nucleofection in our other reporter gene studies [19]. However, a line of 

cells stably expressing DMT1 needs to be developed for long-term cell tracking, 

detecting cell graft rejection, and more thoroughly characterizing the effect of this 

imaging technique on hNPC dynamics. The cell viability study showed that 

transient DMT1 over-expression and Mn supplementation did not have significant 

effects on cell viability at relevant concentrations for in vivo MRI, in agreement 

with previous studies investigating combined DMT1 expression and Mn 

supplementation on cells [88]. However, investigations of the effects of Mn on 

hNPC by other researchers show more significant toxicity and indicate that 

trypan blue may not be a sufficiently sensitive method for detecting effects on cell 

viability [107]. The cell viability study further showed that extremely high 

concentrations of Mn have significant detrimental effects on cells. This result 

supports the goal of minimizing the supplemented Mn concentration, which a 

52Mn PET tracer may help accomplish. The toxicity at high concentrations also 

indicates that combined DMT1 expression and Mn supplementation does indeed 
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harm cells and prompts future studies into the variety of mechanisms by which 

viability is affected.  

Our studies into the effect of transient DMT1 over-expression showed that 

although both hNPC-WT and hNPC-DMT1 showed typical differentiation 

dynamics for the G010 line at this late-passage stage, there was a significant 

difference in neuronal differentiation between the two cell types. Due to the 

transient nature of DMT1 over-expression in these experiments, the specific 

differentiation dynamics in the sub-population of cells over-expressing DMT1 

cannot be easily elucidated. Furthermore, because the control cell population did 

not go through the nucleofection process, which further introduces stress and 

toxins to cells, the source of the difference in differentiation is not entirely clear. 

In further work, a line of stably expressing hNPCDMT1 will allow more flexibility and 

longevity in studies of toxicity and cell dynamics. Studies with stable DMT1 over-

expressing cells, presented in chapter 6 of this dissertation, will more thoroughly 

investigate the effects of DMT1 expression and manganese supplementation on 

cell differentiation, proliferation, and viability over a longer period of time. 

However, for the purposes of this proof of concept work, the lack of significant 

toxicity at imaging-relevant concentrations encouraged the initiation of imaging 

studies. 

Both in vitro MRI and 52Mn gamma-counting experiments confirmed our 

hypothesis that hNPC-DMT1 take up higher levels of manganese than their wild-

type counterparts. These studies indicated that this technique may be sufficiently 

sensitive for in vivo applications, and were in agreement with a previous study of 
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DMT1 as an MEMRI reporter gene [88]. Indeed, in vivo MEMRI of hNPC-DMT1 

confirmed that in the absence of confounding signal dropout, manganese uptake 

was sufficient to increase the R1 relaxation rate. This permitted visualization of 

hNPC-DMT1, but not hNPC-WT, on R1 maps. Histological confirmation of 

survival of both cell types confirmed that T1 contrast specific to DMT1-expressing 

cells is observed. However, one subject did not show R1 increase, likely because 

of iron deposition as a result of the surgery procedure. Iron is a potent T2*-

shortening contrast agent and can cause regions of signal dropout. It is also 

possible that the manganese concentration was high enough to significantly 

reduce T2 relaxation time, muting signal from the region of high Mn2+ uptake. 

Other researchers have observed similar effects when mononuclear cells were 

pre-labeled with Mn before transplantation and MRI [44].   

On the other hand, in vivo 52Mn PET studies revealed very low brain Mn 

uptake. This was a surprising result, because notable brain uptake of Mn over 

the course of 24 hours has been observed in a variety of MEMRI studies [155]. 

Upon further investigation with ex vivo PET and autoradiography, low levels of 

activity in the brain were detected, on the order of 0.1 %ID/g with higher activity 

in the vicinity of hNPC-DMT1. Though encouraging, these results prompt further 

investigations into the biodistribution and temporal dynamics of 52Mn after 

systemic delivery, which will be essential to establish the applicability of this 

imaging technique in the brain. These results also indicate that careful 

examination of the cellular and brain uptake of natural Mn and 52Mn both in the 

presence and absence of one another is essential. 
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The work in this chapter demonstrates several of the potential strengths of 

DMT1, particularly in comparison with other reporter genes previously 

investigated in our lab, such as ferritin and luciferase [19, 73]. Firstly, the MR 

signal enhancement (positive contrast) resulting from increased Mn2+ uptake in 

DMT1 over-expressing cells allows more specific detection of cell location. This 

is clearly demonstrated in Figures 3.5 and 3.7, in which iron deposition could be 

easily distinguished from enhanced signal due to Mn2+ accumulation. In 

comparison with iron-dependent cell labeling techniques such as ferritin or SPIO 

nanoparticles, the DMT1/Mn2+ approach limits the confounding factors in 

identifying cell-specific contrast [62, 64, 73]. Second, the increased uptake of 

Mn2+ contrast agents for two imaging modalities in hNPC-DMT1 indicates that 

this method has potential for dual-modality cell tracking with both MRI and PET. 

If the PET detectability of transplanted cells can be improved by further 

development of 52Mn imaging protocols, this approach could offer a variety of 

complementary strengths of two clinical imaging modalities. In comparison, most 

previously developed reporter gene approaches are limited to one imaging 

modality [73, 79, 80, 83, 94, 97]. 

The results of this work indicate several avenues of future investigation, 

several of which are addressed in the following chapters of this work. Most 

importantly, a stable DMT1-expressing cell line will open doors for a variety of 

future studies. These studies will probe the long-term potential of this cell 

tracking technique, the ability to detect cell death or differentiation, and the long-

term effects of DMT1 expression and manganese supplementation on cell 
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dynamics. Furthermore, this approach could also be explored for direct labeling 

of cells. Cells transiently or stably over-expressing DMT1 could be incubated with 

Mn-based contrast agents prior to cell transplantation. PET and MRI could then 

be performed for an estimated 2-3 weeks after surgery to detect cell location and 

graft integrity. Although this approach would suffer the same weaknesses as 

other direct labeling methods, it could be used for dual-modality cell detection 

and would eliminate the need for systemic manganese delivery. Last, it is 

essential to study and establish the baseline dynamics of Mn uptake and efflux 

into and out of the rat brain at systemic dose levels relevant to both PET and 

MRI, so that changes from baseline can be detected more faithfully.  

 
3.6 Conclusion 

In conclusion, in this chapter we have established proof-of-concept for a 

novel dual-modality imaging approach. 52Mn2+ PET and MEMRI were used to 

establish the potential of DMT1 as a reporter gene for neural stem cell tracking in 

the rat brain. We have confirmed that DMT1 is a compelling reporter gene 

candidate for stem cell detection with both MRI and PET. This work supports our 

further investigations into the potential of DMT1 for providing functional 

information regarding cell fates, which will be discussed in Chapter 6. It further 

indicates that prior to these studies, it is essential to develop, test, and optimize 

quantitative MEMRI and 52Mn PET brain imaging protocols to maximize the 

likelihood of cell detection and the potential for translation of this cell tracking 

approach. 
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Chapter 4: Uptake and retention of manganese contrast agents for 
PET/MRI in neurological applications 

 
 
4.1 Preface/Abstract 
 

In this chapter, we investigate and develop protocols for manganese-

enhanced MRI (MEMRI) and 52Mn2+ PET for neuroimaging and stem cell 

detection in the brain. MEMRI is an established neuroimaging method for signal 

enhancement, tract tracing, and functional studies in rodents [25, 32, 156]. Along 

with the increasing availability of simultaneous PET/MRI scanners, the recent 

development of the positron-emitting isotope 52Mn has prompted interest in the 

use of Mn2+ as a dual-modality contrast agent. In this work, we characterize and 

compare the uptake of systemically delivered Mn2+ and radioactive 52Mn2+ in the 

rat brain for MRI and PET, respectively. Additionally, we examine the 

biodistribution of two formulations of 52Mn2+ in the rat. In MRI, maximum uptake 

was observed one day following delivery of the highest MnCl2 dose tested (60 

mg/kg), with some brain regions showing delayed maximum enhancement 2-4 

days following delivery. In PET, we observed low brain uptake after systemic 

delivery, with a maximum of approximately 0.2 %ID/g. We also studied the effect 

of final formulation vehicle (saline compared to MnCl2) on 52Mn2+ organ 

biodistribution and brain uptake. We observed that the addition of bulk Mn2+ 

carrier to 52Mn2+ in solution resulted in significantly reduced 52Mn2+ uptake in the 

majority of organs, including the brain. These results lay the groundwork for 

further development of 52Mn PET or dual Mn-enhanced PET/MR neuroimaging in 
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rodents and indicate several possibly valuable applications of 52Mn PET in other 

organs and systems. 

4.2 Introduction 

 In initial proof-of-concept studies, we observed promising results using 

DMT1 as a PET/MRI reporter for stem cell tracking (described in Chapter 3). 

However, we encountered several challenges due to our lack of prior experience 

with in vivo Mn-based imaging. In MRI studies, we observed great variability in 

both brain Mn2+ uptake and in the effects of MnCl2 administration on rat health 

and behavior. Additionally, we observed low brain uptake of 52Mn with PET/CT, 

ex vivo imaging, and autoradiography. Before proceeding with hNPCDMT1 tracking 

studies, more thorough evaluation and development of MEMRI and 52Mn PET 

imaging protocols were essential. 

In the setting of neuroimaging, methods for MEMRI in the rodent have been 

developed for a variety of applications, including generalized cytoarchitecture 

enhancement, activation studies, and neuronal tract tracing [25, 32]. Along with 

determining the best way to deliver Mn2+ for appropriate contrast uptake and 

enhancement, several methods have already been proposed to minimize toxicity 

while delivering the maximum dose for sufficient imaging contrast [32, 157]. For 

instance, intrathecal injection and osmotic pumps provide intriguing alternative 

methods for Mn2+ administration [158, 159]. Several other works also assert that 

slow systemic delivery via tail vein infusion can sufficiently reduce toxicity without 

the need for more specialized delivery techniques [155, 160]. Specifically, one 

such study examined the effect of varying the time between contrast 
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administration and imaging, and confirmed a correlation between R1 relaxation 

rate (R1=1/T1) and ex vivo elemental analysis of Mn2+ uptake [155]. This work 

showed maximum T1 change at one day following contrast administration, but did 

not address slightly later time points between 2-4 days, which are of interest to 

further reduce the potential combined effects of Mn2+ and isoflurane anesthesia 

on animal health. An additional motivation in this work is to observe the uptake of 

Mn2+ in specific brain regions where stem cells are grafted for therapy, such as 

the striatum [34]. MnCl2 biodistribution studies in rats have also indicated high 

uptake of Mn2+ in a variety of other organs and glands including the liver, kidney, 

salivary glands, and pancreas [161]. 

 Compared to MEMRI, 52Mn PET has been much less thoroughly 

investigated in terms of contrast agent delivery, 52Mn biodistribution, PET image 

acquisition, and image reconstruction and analysis techniques. Few published 

studies address 52Mn PET, with the majority of these works focusing on 

production and separation of the isotope rather than in vivo imaging applications 

[33, 36, 37]. As demonstrated by Topping and colleagues [33] and confirmed in 

our work in Chapter 3, relatively low brain uptake of 52Mn2+ (less than 1% ID/g) is 

observed in vivo. To improve brain uptake, 52Mn2+ supplementation with bulk 

MnCl2 may potentially increase circulation time and therefore allow more 52Mn2+ 

to be transported or diffuse into the brain, both of which are mechanisms of brain 

Mn2+ uptake [33, 162-165]. The supplementation of 52Mn2+ with MnCl2 could also 

be of interest for simultaneous PET/MRI studies, further prompting more 

thorough investigation of this contrast agent preparation.  
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 In this chapter, we characterize and compare the uptake of 52Mn2+ and 

non-radioactive Mn2+ in the rat brain using MRI and PET imaging, using similar 

contrast delivery and image time course protocols for both modalities. With these 

experiments, we aim to provide new knowledge regarding the contrast agent 

composition, dose, delivery method, and imaging time point to maximize contrast 

enhancement and 52Mn uptake for future detection of transplanted stem cells in 

the rat brain. By testing the uptake characteristics of both no-carrier-added (NCA) 

and carrier-added (CA) 52Mn2+, we further hope to elucidate whether Mn2+ could 

be used as a dual-modality signal-enhancing contrast agent for PET/MR. For our 

further pursuit of manganese-based imaging of transplanted stem cells described 

in Chapter 3, the goal of these studies is to select the best contrast agent dose, 

formulation, delivery method, and imaging time point to facilitate sufficient Mn2+ 

supplementation for uptake and detection of cells over-expressing DMT1, a 

manganese transporter protein. 

 
4.3 Methods 

 4.3.1 Animal experimentation 

 All animal experimentation was performed following NIH guidelines and in 

accordance with protocols approved by the University of Wisconsin Institutional 

Animal Care and Use Committee. Adult female Sprague Dawley rats were used 

for experiments. Rats were housed under controlled temperature and light 

conditions and had free access to food and water. Upon completion of 

experimentation, rats were euthanized by slowly introducing CO2 to the rat in an 

enclosed chamber.  
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4.3.2  Systemic delivery of Mn 

 In preparation for imaging, rats were delivered Mn2+ in the form of MnCl2 

solution and/or 52Mn2+. Animals were anesthetized with light isoflurane (0.5-2% in 

oxygen) and placed on a warming pad to maintain body temperature. Contrast 

agent, prepared as described below, was delivered via tail vein with an infusion 

pump at a rate of 2 mL/hr. Following infusion, the infusion line was flushed with 

heparinized saline and animals were delivered 5 mL pre-warmed saline 

subcutaneously.  

Prior to MRI, doses of 30, 45, and 60 mg/kg MnCl2 at a concentration of 

66.7 mM in bicine-buffered saline were delivered to 9 animals (N=3 per group). 

52Mn was prepared as described previously, with an average specific activity of 

0.8 GBq/µmol [35]. No-carrier-added (NCA) 52Mn2+ was prepared by diluting 

52Mn2+ in saline to 1.5 mCi/mL (55.5 MBq/mL) then delivered at a dose of 2 

mCi/kg (74 MBq/kg, N=6 for ex vivo gamma counting and N=4 for in vivo 

PET/CT). Alternatively, 52Mn2+ was diluted in 66.7 mM buffered MnCl2 solution at 

a concentration of 0.37 mCi/mL (13.7 MBq/mL). In this preparation, animals were 

delivered 2 mCi/kg (74 MBq/kg) 52Mn2+ in approximately 45 mg/kg MnCl2, which 

corresponds to the average dose used for MEMRI studies (N=6 for ex vivo 

gamma counting and N=1 for in vivo PET/CT). This contrast agent preparation is 

herein referred to as carrier-added (CA) 52Mn2+. 

 4.3.3 MEMRI 

 To observe brain manganese uptake with MRI, in vivo R1 mapping was 

performed using a 4.7 T preclinical MRI scanner (Agilent Technologies, Santa 
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Clara, CA, USA). At each imaging time point, a series of 3D SPGR images were 

acquired using the following pulse sequence parameters: TR = 5.96 ms; TE = 

2.25 ms; flip angles (in degrees) = 3, 7, 12, 18, 25; matrix size = 64×128×128; 

field of view = 35×35×35 mm3; scan time = 4:54 min:sec per flip angle. 

Additionally, an actual flip-angle imaging (AFI) SPGR scan was acquired for flip 

angle mapping using the following parameters: TR1/TR2 = 5.9/29.5 ms; TE = 

2.22 ms; flip angle = 55°; matrix size = 64×64×64; field of view = 35×35×35 mm3 

[166]. R1 times were estimated using weighted linear least squares estimation 

with flip angle correction [167]. Images were acquired and R1 maps were 

calculated pre-contrast and at days 1, 2, 4, 7, and 14 following MnCl2 

administration in order to analyze the in vivo dynamics of Mn2+ uptake and efflux.  

To measure and quantify Mn2+ uptake in the whole brain and individual 

brain regions, brains were manually segmented from surrounding tissue at all 

imaging time points. Using FMRIB’s Linear Image Registration Tool, FLIRT, 

manually segmented images were registered to a Waxholm Space atlas of the 

Sprague Dawley rat brain [168-172]. Following registration, the atlas was used to 

segment the following sub-regions for further quantification and analysis: 

striatum, neocortex, olfactory bulb, corpus callosum, basal forebrain, globus 

pallidus, thalamus, hippocampus, hypothalamus, brain stem, cerebellum, and 

trigeminal tract. T1 mapping, segmentation, registration, and image processing 

were performed in Matlab R2014b (The MathWorks, Natick, MA). 
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 4.3.4  52Mn gamma counting of brain uptake 

 To observe the whole brain uptake of 52Mn2+ following administration of 

NCA and CA 52Mn2+, subjects were sacrificed either 24 hours (N=3 per contrast 

agent group) or 48 hours (N=3 per contrast agent group) following intravenous 

infusion of 52Mn2+. The brain was immediately excised and rinsed once in distilled 

water, the olfactory bulb (and trigeminal nerves, if still intact) were removed, and 

the brain mass was measured. Brain-average 52Mn2+ uptake was measured by 

gamma counting using the average of three 2-minute counts with gating centered 

on the 744 keV gamma peak. Counting data was corrected for gamma counter 

efficiency and decay-corrected to injection time to calculate the percent injected 

dose per gram (%ID/g) of brain tissue. A two-tailed Student’s t-test was used to 

compare the brain uptake of 52Mn2+ based on contrast agent form and 

measurement time point. 

 4.3.5 52Mn PET 

 In vivo 52Mn PET/CT was performed in five subjects (N=4 with NCA 

52Mn2+, N=1 with CA 52Mn2+) on a Siemens Inveon microPET/CT (Siemens 

Medical Solutions, Erlangen, Germany). PET acquisition time points varied 

between subjects, as an essential aspect of this experiment was to guide the 

design of a consistent 52Mn PET imaging protocol. In the first PET/CT 

experiment, two subjects were administered 2 mCi/kg 52Mn2+ (one CA, one NCA) 

and 30-60 minute full-body PET/CT scans were acquired 1, 2, 4, and 7 days later 

with a single static time frame. Additionally, the subject delivered NCA 52Mn2+ in 

this experiment was scanned 2 hours following delivery. This scan time point was 
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not feasible for the other subject due to the negative combined effects of 

isoflurane and bulk MnCl2 immediately after delivery. In a second experiment, 

three subjects delivered 2 mCi/kg NCA 52Mn2+ were scanned for 30-60 minutes 

at 0.5, 1.5, 3.5, 7.5, 24, 48, and 72 hours following contrast delivery. Two of 

these subjects were additionally scanned at 7 days following delivery. For all full-

body PET scans, continuous bed motion with 5 passes was used for PET 

acquisition due to the relative size of the rat compared to the PET scanner field 

of view. 

 For PET/CT reconstruction, attenuation maps were calculated using 

manual registration of full-body PET and CT images. Attenuation-corrected PET 

images were then reconstructed using a vendor-provided 2-dimensional ordered 

subset expectation maximization (OSEM) reconstruction algorithm. Scatter 

correction was not applied during reconstruction due to the tendency of this 

correction to reduce detectable signal in low-count brain imaging protocols, as 

has been observed in 15O[H2O] brain activation studies and was expected in this 

setting [173]. For each subject and time point, the brain-average %ID/g was 

calculated by comparing the uptake in the manually delineated whole brain to the 

total delivered activity and normalizing by the mass of the brain, assuming tissue 

density equal to that of water. 

 4.3.6 52Mn biodistribution 

 Biodistribution of 52Mn2+ was measured with ex vivo organ gamma 

counting in order to examine the uptake of both NCA and CA 52Mn2+ in major 

organs of the rat. 52Mn2+ was prepared either at a concentration of 0.33 mCi/mL 
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(12.2 MBq/mL) in saline (NCA) or at an activity concentration of 0.37 mCi/mL 

(13.7 MBq/mL) in 66.7 mM MnCl2. A target injection dose of 100 uCi was 

delivered to rats (N = 3 per time point and per contrast agent formulation) via tail 

vein infusion at a rate of 2 mL/hr for an average of 8-10 minutes. For CA 52Mn2+, 

the added carrier dose corresponded to approximately 4.5 mg/kg MnCl2. Animals 

were sacrificed and organs were harvested at 4 or 48 hours initiation of contrast 

delivery. For each organ, the sample was weighed and activity was measured by 

gamma counting with a PerkinElmer Wizard 2480 (Waltham, MA, USA) to 

calculate %ID/g. For statistical analysis, a two-tailed Student’s t-test was used to 

compare the uptake of 52Mn2+ at 4 and 48 hours and for the two contrast agent 

formulations. 

 
4.4 Results 
 
 4.4.1 Systemic delivery of Mn 

 The bulk doses of Mn2+ systemically delivered for MEMRI in the rodent 

brain have been known to cause somnolence and side effects in the liver, heart, 

and brain [116, 118]. Different methods of manganese delivery have been 

proposed and tested to minimize these harmful effects while providing sufficient 

Mn2+ for brain signal enhancement [32, 158-160]. In this study, we employed a 

contrast delivery protocol using a 15-45 minute intravenous (i.v.) infusion based 

on suggestions by other researchers to determine whether this approach 

sufficiently reduced harmful effects for in vivo imaging [110, 155]. We observed 

that by delivering manganese via slow i.v. infusion, while additionally keeping the 

subject warm and hydrated, we were able to reduce somnolence and eliminate 
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observable toxicity. In the subjects that received larger bulk doses of MnCl2, we 

observed a qualitative correlation between total dose and both intensity and 

duration of somnolence. However, even in the subjects delivered the highest 

dose tested (60 mg MnCl2 per kg body weight), the rats recovered to normal 

demeanor and activity levels within 24 hours. 

4.4.2 Brain uptake and efflux measured by MEMRI 

To observe the effect of MnCl2 dose and imaging time point on signal 

enhancement in the brain, we administered three doses of MnCl2 to rats (30, 45, 

and 60 mg/kg, N=3 per dose group) using slow i.v. infusion as described above. 

We then performed T1 mapping with MRI over the course of two weeks following 

Mn administration. R1 relaxation rate (R1 = 1/T1) in the whole brain and in specific 

brain sub-regions was estimated from a set of variable flip angle spoiled gradient 

echo (SPGR) acquisitions at each time point. 

 After T1 mapping and manual segmentation, whole-brain R1 enhancement 

was measured at all time points and doses. Representative R1 maps in a single 

subject for each dose group over the course of 2 weeks are shown in Figure 4.1. 

General T1 shortening was observed in the whole brain, with greatest 

enhancement near the ventricles and diffusing throughout the whole brain over 

time. The greatest whole-brain R1 enhancement was observed one day following 

contrast administration for all doses tested (Figure 4.2A). Due to a high level of 

inter-subject variability of uptake, significant differences were not observed 

between dose groups, although there was a clear trend toward increased signal 
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enhancement in the rats from the higher dose groups compared to the 30 mg/kg 

dose group (Figures 4.1 and 4.2A).  

Quantification of R1 relaxation rate in specific brain regions was performed 

via manual segmentation of the brain prior to registration to a Sprague Dawley 

rat brain atlas for regional delineation. We then determined R1 enhancement in 

the striatum, relevant for stem cell tracking, along with a variety of other brain  

 

regions of interest. Median R1 rates were determined in the striatum, neocortex, 

olfactory bulb, corpus callosum, basal forebrain, globus pallidus, thalamus, 

hippocampus, hypothalamus, brain stem, cerebellum, and trigeminal tract. The 

maximum R1 relaxation rate measured in each region for each dose level is 

shown in Table 4.1. Some regions, such as the neocortex, corpus callosum, 

basal forebrain, hippocampus, hypothalamus, and cerebellum, consistently 

reached maximum signal one day following contrast administration (Table 4.1 

 
Figure 4.1: Representative coronal R1 maps of three subjects delivered different 
doses of MnCl2 (30, 45, and 60 mg/kg). Imaging was performed and R1 maps were 
calculated prior to contrast administration and at five imaging time points over two 
weeks following administration. Higher contrast dose increases signal enhancement, 
particularly near the ventricles. Two weeks following contrast administration, signal 
enhancement remains, particularly in the vicinity of the striatum and globus pallidus. 
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and Figure 4.2). Other regions, in particular the striatum, globus pallidus, 

thalamus, and brain stem, reached their maximum signal level at either 1, 2, or 4 

days following contrast administration, depending on dose delivered. Together, 

these results indicate that up to 60 mg/kg MnCl2 can be safely delivered for brain 

imaging between 1-4 days following contrast administration, depending on the 

enhancement level and brain structure(s) of interest.  

 MnCl2 
Dose Striatum Neocortex Olfactory bulb 

Corpus 
callosum 

Basal 
forebrain 

Globus 
pallidus 

30 mg/kg 0.711 41% 0.611 33% 0.685 54% 0.698 42% 0.697 40% 0.743 39% 

45 mg/kg 0.825 70% 0.656 43% 0.736 76% 0.766 58% 0.851 65% 0.904 72% 

60 mg/kg 0.899 84% 0.713 52% 0.815 121% 0.878 77% 0.939 85% 0.987 92% 

  Thalamus Hippocampus Hypothalamus  Brain stem Cerebellum 
Trigeminal 

tract 

30 mg/kg 0.747 37% 0.702 49% 0.814 48% 0.800 41% 0.635 37% 0.659 48% 

45 mg/kg 0.871 67% 0.768 65% 0.990 91% 0.911 59% 0.693 51% 0.732 53% 

60 mg/kg 0.956 82% 0.830 74% 1.049 120% 1.088 85% 0.809 78% 0.929 90% 
 

Table 4.1: Maximum R1 relaxation rate (s-1) reached by brain region and MnCl2 dose 
delivered, along with corresponding percent increase in R1 with respect to the pre-
contrast measurement. Entries are color-coded by the imaging time point at which the 
maximum signal was reached; red = 24 hours, blue = 48 hours, green = 96 hours (4 
days). No regions reached their maximum after the 96 hour imaging time point. 
 

4.4.3  Brain uptake of 52Mn measured by gamma counting 

 To observe brain uptake of no-carrier-added (NCA, formulated in saline) 

and carrier-added (CA, formulated in 66.7 mM MnCl2 in saline) 52Mn2+, gamma 

counting was performed on resected rat brains at 24 and 48 hours following 

contrast agent administration (N=3 per group, Figure 4.3B). Significant increases 

in 52Mn2+ brain uptake were observed in subjects delivered NCA 52Mn2+ 

compared to those delivered CA 52Mn2+, by a factor of greater than 2.5 at both 

time points evaluated (Figure 4.3A and B, p<0.01). Additionally, a trend toward 
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approximately 30% increased uptake at 48 hours compared to 24 hours was 

observed for both contrast agent forms. The results of gamma counting indicate 

that significantly higher brain uptake of 52Mn2+ is observed when administered in 

no-carrier-added form. 

 

4.4.4 In vivo brain uptake of 52Mn 

 In vivo full-body PET/CT was performed in five rats at various time points 

following administration of CA 52Mn2+ (N=1) and NCA 52Mn2+ (N=4). In order to 

examine brain uptake dynamics of the two formulations of 52Mn2+, ROI-based 

analysis on full-body PET images was used to compare brain uptake between 

two subjects delivered CA and NCA 52Mn2+, respectively, at multiple time points 

up to 7 days following administration. PET acquisition times ranged from 30-60 

minutes due to the relatively long half-life of 52Mn (t1/2=5.59 days). In the subject  

 
Figure 4.2: Uptake of Mn2+ in the whole brain and various brain regions measured 
with quantitative MRI. (A) Whole-brain average R1 relaxation rate reached a 
maximum 24 hours following contrast administration regardless of contrast dose 
ranging from 30-60 mg/kg MnCl2. Efflux from the brain was slow, with some 
enhancement remaining at the 14 day imaging time point. (B) Regional analysis of 
uptake of 60 mg/kg MnCl2 based on registration and segmentation of brain volumes 
to a rat brain atlas. Some brain regions (neocortex, corpus callosum, basal forebrain, 
hippocampus, hypothalamus, and cerebellum) reached maximum enhancement one 
day following contrast administration, while others (striatum, globus pallidus, 
thalamus, and brain stem) in some cases reached maximum at two or four days post-
contrast. 
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delivered CA 52Mn2+, brain uptake between 0.08-0.10 %ID/g was observed, with 

maximum uptake measured at the earliest time point (24 hours) post injection 

(Figure 4.3C). As expected, in the subject delivered NCA 52Mn2+, higher brain 

uptake of 0.10-0.16 %ID/g was observed. Surprisingly, the maximum brain 

uptake was measured at 2 hours following contrast administration, rather than at 

48 hours, as gamma-counting results would suggest. Notably, we observed 

several regions of high 52Mn2+ uptake in the head and neck, including the 

pituitary and the submandibular gland (Figure 4.4A). 

After observing maximum uptake of NCA 52Mn2+ at the 2 hour imaging 

time point, we further investigated the uptake dynamics of NCA 52Mn2+ in four 

additional subjects (Figure 4.4). PET/CT images were acquired at multiple time 

points over the course of 8 hours and at 24, 48, and 72 hours (N=3 at 72 hour 

 

Figure 4.3: Comparison of brain uptake 
of no-carrier-added (NCA) and carrier-
added (CA) 52Mn with ex vivo gamma 
counting and in vivo PET/CT. We 
observed higher activity uptake of NCA 
52Mn in both ex vivo gamma counting 
measurements of the excised brain at 24 
and 48 hours (A, B) as well as in vivo with  
 PET/CT for up to 7 days following contrast delivery (C). Ex vivo measurements are 

the average of 3 subjects per contrast agent formulation and time point, while in vivo 
PET/CT was performed on one subject per contrast agent formulation in this initial 
comparative imaging study. 
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time point) following contrast administration. In these subjects, ROI-based time 

activity curves measurements indicated uptake of 52Mn2+ in the first hour followed 

by a steady, slow decrease in retention over the course of 3 days (Figure 4.4A 

and B). In order to understand the source of the discrepancy between brain 

uptake dynamics with gamma counting and PET/CT imaging, ROI-based 

analysis of submandibular gland and pituitary uptake was also performed on all 

subjects. Due to high uptake in these regions, signal spillover could affect 

quantification of adjacent brain uptake measurements (Figure 4.4A). The 

submandibular gland exhibited an uptake over the course of 4 hours, reaching 

maximum uptake of 0.869 %ID/g at 4 hours following contrast administration and 

followed by a slow decrease over the next 72 hours (Figure 4.4C). Similarly, the 

pituitary showed maximum uptake at 4 hours, reaching 0.512 %ID/g. These 

signal levels corresponded to 5.3 and 3.1 times the whole-brain average uptake 

at that time point, respectively. Together, these results indicate that although 

maximum brain uptake of 52Mn is measured in PET/CT 1-4 hours following 

administration, measurements may be skewed to higher than ground truth due to 

spillover effects from nearby high signal regions. 

 4.4.5 52Mn full-body biodistribution 

 Ex vivo measurements of NCA and CA 52Mn2+ uptake in major organs 

were made at 4 and 48 hours following contrast delivery (Figure 4.5A). At four 

hours following 52Mn delivery, the highest uptake of NCA 52Mn2+ was observed in 

the kidney (3.02 %ID/g), liver (2.75 %ID/g), pancreas (1.74 %ID/g), stomach 

(1.50 %ID/g), and submandibular gland (1.36 %ID/g). Interestingly, unlike in  
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other organs, high pancreas and submandibular gland uptake was maintained at 

the 48-hour time point (2.49 and 1.24 %ID/g, respectively). Intestine uptake also 

remained relatively consistent from 4 to 48 hours following delivery (1.00 and 

0.75 %ID/g, respectively). After CA 52Mn2+ delivery, the highest uptake was 

observed in the pancreas (1.94 %ID/g), which had approximately 2.5 times 

higher uptake than the next highest uptake observed in the submandibular gland 

(0.79 %ID/g). The uptake of CA 52Mn2+ was significantly reduced compared to 

the uptake of NCA 52Mn2+ at both time points in all organs tested with the 

 
Figure 4.4: In vivo PET/CT of brain uptake of NCA 52Mn in the rat. (A) Axial, coronal, 
and sagittal views of the brain (left to right, respectively) from in vivo PET/CT of a rat 
four hours following administration of no-carrier-added (NCA) 52Mn. Submandibular 
gland = white arrow, pituitary = white arrowhead. (B) In four subjects, average brain 
uptake reached a maximum at four hours following contrast administration, after 
which a slow decrease in brain signal was observed. (C) High 52Mn uptake in the 
submandibular glands and pituitary, up to 0.869 and 0.512 %ID/g respectively, were 
measured at all imaging time points. 
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exception of the bone, tail blood, pancreas (significant difference at 4 hour time 

point only), and intestine (significant difference at 48 hour time point only) 

(p<0.05). 

Qualitative observations of CA and NCA 52Mn2+ biodistribution with in vivo 

PET/CT generally agreed with ex vivo biodistribution studies (Figure 4.5B). At 24 

hours following NCA 52Mn2+ delivery, high uptake was observed in the liver, 

kidneys, submandibular gland, gastrointestinal tract, pancreas, and spleen. At 

the same time point following CA 52Mn2+ delivery, uptake was primarily observed 

in the contents of the intestinal tract and cecum as well as in the vicinity of 

intervertebral and synovial joints (Figure 4.5C). Signal persisted in the 

gastrointestinal tract (NCA) and joints (CA) at later imaging time points (data not 

shown). Increased uptake of CA 52Mn2+ compared to NCA 52Mn2+ was observed 

in synovial and intervertebral joints at all in vivo imaging time points. In all 

subjects imaged with full-body PET/CT, we observed activity pooling in the tail at 

the injection site to varying degrees. This was possibly caused by movement of 

the injection needle during the slow infusion, which lasted between 15-45 

minutes depending on bulk MnCl2 dose, and could be a contributor to the inter-

subject variability of uptake measurements observed in vivo.  

 
4.5 Discussion 

In this chapter, we investigated the effects of contrast agent vehicle, dose, 

and acquisition time point on brain uptake and retention of Mn-based contrast 

agents for MRI and PET. The over-arching goal was to determine the ideal 

protocols for detecting hNPCDMT1 in the rat striatum with MEMRI and 52Mn PET.  
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Figure 4.5: Biodistribution of no-carrier-added (NCA) and carrier-added (CA) 52Mn in 
the rat. (A) Ex vivo biodistribution of NCA and CA 52Mn in the rat at 4 and 48 hours 
following administration; N=3 per contrast agent preparation and time point. A 
significant increase in uptake of NCA 52Mn compared to CA 52Mn was observed at 
both time points in the majority of organs tested (**p<0.05). In the pancreas and 
intestine, this increase was only significant at one time point (*p<0.05 at four hours, 
#p<0.05 at 48 hours). No significant differences were observed in the blood, bone, or 
tail. (B-C) Representative PET/CT overlay MIPs of full-body 52Mn uptake at 24 hours 
following contrast delivery from one subject per contrast agent formulation. (B) In the 
NCA subject, uptake is observed in the submandibular glands, nasal cavities, liver, 
kidneys, intestine, pancreas, and spleen. (C) In the CA subject, the majority of uptake 
is observed in the contents of the intestine and in the vicinity of the intervertebral and 
synovial joints. 
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By using a bulk MnCl2 delivery protocol that utilized slow infusion while 

maintaining body temperature and hydration, we observed minimal behavior and  

health side effects, even at the highest dose tested (60 mg/kg). This result 

supports the methods used by other labs in rats, in which even higher total doses 

of 110-175 mg/kg MnCl2 were delivered [110, 155]. In all measurements of Mn2+ 

uptake in this work, inter-subject variability was observed. With whole-body 

PET/CT, we noted activity pooled in the tail, most likely caused by the needle 

moving slightly during the slow 15-45 minute infusion of contrast agent. This 

likely occurred in all subjects to some extent, not just those imaged with PET/CT, 

and therefore could be one source of inter-subject variability (along with normal 

biological and physiological variations). For gamma counting and PET/CT studies 

that require trace amounts of 52Mn2+, rather than large doses of bulk MnCl2, a 

faster infusion of NCA 52Mn2+ would likely be advisable. We hypothesize that this 

would minimize errors with needle placement, reducing the Mn2+ delivered to the 

tail rather than the blood pool and minimizing variability between subjects. 

In MRI studies, we observed that greater MnCl2 dose resulted in increased 

R1 enhancement, in the whole brain and in a variety of individually analyzed brain 

regions. This maximum enhancement occurred at one day following contrast 

administration for the whole brain on average as well as for a majority of brain 

regions. The delayed maximum enhancement observed in some regions, most 

notably the striatum, thalamus, globus pallidus, and brain stem, may be a result 

of more prolonged uptake over greater than 24 hours and/or slower Mn2+ efflux 

from these brain regions. This indicates that neuroimaging studies focused on 
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these regions may perform favorably at these later time points due to both 

increased enhancement and reduced combined negative effects of bulk MnCl2 

administration and isoflurane anesthesia for imaging on study subjects.  

The spatial pattern of R1 enhancement observed was characterized by a 

small amount of generalized enhancement with increased enhancement near the 

ventricles. This pattern agreed with other studies that show saturable active 

transport of Mn2+ to the brain parenchyma across the BBB with additional uptake 

via diffusion through the blood-CSF barrier, linearly correlated with the blood 

concentration of Mn2+ [118, 162-165]. Furthermore, we observed slow reduction 

of Mn2+ in the brain, consistent with previous studies establishing diffusion as the 

primary efflux mechanism [118, 174].  

 In gamma counting studies we observed that supplementing 52Mn2+ with 

bulk MnCl2 (CA 52Mn2+) resulted in reduced brain uptake by an average factor 

greater than two. This could be due to the fact that cold Mn2+ competed with 

52Mn2+ for Mn2+ transporters into the brain [118, 163]. In PET and full-body 

biodistribution studies, we further observed that the preparation of 52Mn2+ in 

MnCl2 solution caused reduced uptake in the majority of organs and kidney and 

liver excretion of much of the injected activity over the course of 4-48 hours 

following administration. At both 4 and 48 hours following contrast delivery, ex 

vivo biodistribution studies showed low plasma activity (<0.025 %ID/g) 

independent of contrast agent dose. These biodistribution results indicate that, at 

the contrast doses and measurement times used for biodistribution studies in this 

work, adding bulk MnCl2 to 52Mn2+ prior to delivery does not significantly increase 
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52Mn2+ circulation time, which was previously hypothesized as a potential method 

to increase overall 52Mn brain uptake [33]. Interestingly, full-body PET/CT after 

administration of CA 52Mn2+ showed increased uptake in intervertebral and 

synovial joints. Although this work does not focus on musculoskeletal 

applications of 52Mn PET, this uptake pattern may be of interest to other 

researchers and warrants further investigation. 

 Regarding the timing window of maximum 52Mn2+ uptake in the brain, 

there was a disagreement between ex vivo gamma counting and in vivo PET 

imaging. Gamma counting experiments of the excised brain indicated a non-

significant increase in brain activity from 24 to 48 hours, while ROI-based 

analysis of in vivo PET/CT indicated maximum brain uptake within the first eight 

hours. Based on imaging studies in four subjects, observed maximum brain 

uptake 1-4 hours following NCA 52Mn2+ administration. However, the ROI-based 

brain uptake measurements may be artificially high due to spillover from nearby 

high-signal regions such as the submandibular gland and pituitary. An additional 

source of timing discrepancy may be the inter-subject variability of 52Mn delivery, 

which could affect the dynamics of 52Mn brain uptake through saturable 

transporters or the blood-CSF barrier. Nevertheless, this maximum uptake of 

approximately 0.2% ID/g may be too low for many 52Mn2+ neuroimaging 

applications, and alternate delivery methods such as blood-brain-barrier 

disruption or direct CSF delivery of 52Mn2+ may be worthy of future investigation. 

However, in studies in which an accumulation of 52Mn2+ is expected in a specific 

brain region of interest, such as in transplanted stem cells in the striatum, 
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systemic delivery may prove sufficient when the appropriate formulation and 

imaging time point are utilized [34]. 

  
4.6 Conclusion 

 MEMRI has been established as a useful preclinical neuroimaging method 

for observing brain tissue enhancement, neuron tract tracing, functional imaging, 

and stem cell detection. However, the doses required for T1-weighted signal 

enhancement are prohibitive for translation of these applications. 52Mn PET 

imaging may provide a complementary imaging method with reduced bulk Mn2+ 

dose, novel imaging characteristics, and potential applications in PET/MR. In 

these studies we have investigated several methods for preparation, delivery, 

and detection of Mn-based contrast agents with quantitative MEMRI and 52Mn 

PET. We observed that while the whole brain and many brain regions reach 

maximum R1 in MEMRI at 24 hours following MnCl2 delivery, several specific 

sub-regions show maximum enhancement at later time points. Additionally, with 

PET/CT and ex vivo gamma counting, we observed that the supplementation of 

tracer doses of 52Mn2+ with MnCl2 reduced activity uptake in the brain and nearly 

all other organs, indicating that NCA 52Mn2+ is the preferred vehicle for many 

imaging applications. These studies highlight several interesting areas of further 

study of 52Mn PET, including investigating specific 52Mn2+ uptake in the 

submandibular gland, pancreas, and joints as well as development of methods to 

increase 52Mn2+ uptake in the brain. In all, these studies provide a solid 

foundation of knowledge regarding MEMRI and 52Mn2+ PET neuroimaging 

protocols to aid in our effort to detect DMT1-expressing hNPC in vivo. 
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Chapter 5: Optimized flip angle selection for T1 estimation from VFA 
SPGR acquisitions 

 
 
5.1 Preface/Abstract 

 This chapter investigates and applies a method to determine optimal flip 

angle sets for T1 estimation. In it, we select optimal flip angles for spoiled 

gradient echo (SPGR)-based T1 mapping by minimizing propagated error in the 

T1 estimate weighted by the joint density of M0 and T1 in an initial acquisition. The 

effect of optimized flip angle selection on T1 estimate error was measured using 

simulations and experimental data in the human and rat brain. We found that for 

2-point acquisitions, optimized angle sets were similar to those proposed by 

other groups, and therefore performed similarly. For multi-point acquisitions, 

optimal angle sets for T1 mapping in the brain consisted of a repetition of two 

angles. In simulations, implementation of optimal angles reduced T1 estimate 

error by up to 40% compared to a multi-point acquisition using a range of angles. 

Experimental data confirmed a reduction of inter-scan variance by 30%. This 

work shows that repetition of two carefully selected SPGR flip angles notably 

improves the precision of resulting T1 estimates compared with acquisitions using 

a range of flip angles. This work provides a flexible and widely applicable 

optimization method of particular use for those who repetitively perform T1 

estimation. Therefore, for our future quantitative imaging studies in cell tracking 

and cancer imaging, this approach will be used for selection of optimal angles for 

T1 mapping. The work described in this chapter was published in the peer-
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reviewed journal Magnetic Resonance in Medicine in 2015 and reprinted with 

permission from the publisher [175]. 

 
5.2  Introduction 

In the contexts of stem cell tracking and cancer imaging, along with a 

variety of other applications, quantitative imaging techniques are essential to 

maximize reproducibility and facilitate comparison between results from different 

subjects, experiments, and institutions. PET imaging directly measures the 

activity uptake in a given region, making it inherently quantitative. However, MRI 

contrast can vary between subjects, scanners, and on a day-to-day basis. T1 

estimation is a quantitative MRI tool with a variety of applications, including 

monitoring myelin-related disease, diagnosing Parkinson’s disease, and studying 

tissue perfusion [176-178]. For stem cell tracking, T1 mapping is particularly 

valuable in order to improve researchers’ capabilities to detect and quantify small 

populations of viable cells in a small number of voxels. For targeted MR imaging 

of cancer, T1 mapping can help to discern potentially small changes in tumor 

contrast due to the administration of a molecular targeted agent. 

The gold standard for T1 estimation is an inversion recovery sequence 

with multiple inversion times [179]. However, inversion recovery scans require 

repetition times (TRs) much longer than the longest T1 of interest, rendering them 

impractical for use in clinical scans or in vivo research settings. For this reason, a 

multiple flip angle spoiled gradient echo (SPGR) approach is commonly 

employed to reduce scan time for T1 mapping [180]. More recently, several 

researchers have proposed supplemental methods to correct for common 
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sources of error in resulting SPGR-based T1 estimates, such as incomplete 

spoiling and imperfect RF pulses [166, 181, 182]. 

For SPGR-based T1 mapping, a minimum number of flip angles must be 

carefully selected to maximize the accuracy and precision of the T1 estimate and 

minimize scan time. Several works addressing angle selection criteria settle on 

the same optimal flip angles in a 2-point acquisition despite differences in 

selection approach. These approaches include variance minimization [183], 

definition of an efficiency function related to both the T1 estimate variance and 

the scan time [184], and maximizing the product of the regression line dynamic 

range and the fractional signal with respect to the Ernst angle [153]. Another 

approach uses criteria of T1-to-noise ratio maximization to select larger flip angle 

sets [185]. However, these approaches address T1 estimation in the simplified 

setting of a single or average T1 value. Tissues and pathologies of interest 

contain a continuous distribution of T1 values, which can complicate the task of 

selecting optimal flip angles. Furthermore, most of these approaches address the 

optimized selection of just two flip angles and therefore do not develop 

approaches that can be generalized to the selection of larger angle sets.  

The selection of flip angles for more realistic imaging tasks has also been 

addressed in several studies. Cheng and Wright propose selection of 3-point 

angle sets based on the minimum and maximum of the range of T1 values to be 

estimated [186]. T1 variance minimization has also been used to select 2-point 

sets for several different ranges of T1 values to be estimated [187]. In another 

study, researchers selected 3-point angle sets to maximize T1 mapping efficiency 
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over a realistic range of T1 values [188].  Although useful, these approaches lack 

flexibility to select any number of flip angles, and they do not take into account 

the full shape and range of the T1 and M0 distributions of the anatomy being 

imaged. 

In this study, we aim to address these missing components of flip angle 

selection schemes with the goal of providing a robust flip angle selection method 

that can be applied in almost any setting. To achieve this goal, we develop a 

data-driven approach based on T1 variance minimization to determine the 

optimal set of any number of flip angles for T1 estimation. The T1 distribution in 

the imaging subject of interest is taken into account using an initial acquisition. 

We describe and apply a novel set of flip angle selection criteria, based on 

minimization of the variance in the T1 estimates weighted by the joint density of 

M0 and T1. Using experimental data and simulations, we evaluate the effects of 

this optimized acquisition design on the precision and accuracy of T1 estimates. 

The concepts behind the proposed method were previously described in abstract 

form [189]. 

 
5.3 Theory 

 In the general setting of nonlinear least squares-based (NLS) 

parameter estimation, as is used for T1 and M0 estimation in this work, the 

objective function can be represented by  

𝑓!"# 𝛾 =
1
2 𝑟! 𝛾 !

!

!!!

 [1] 
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where γ is the parameter vector to be estimated and ri(γ) are the error terms or 

the residual terms if ri are evaluated at the NLS estimate. Defining r = [r1 r2 … 

rn]T, the gradient vector and the Hessian matrix of fNLS(γ) can be expressed 

respectively as  

∇!𝑓!"# 𝛾 = 𝑱!!(𝒓) ∙ 𝒓 [2] 

and 

∇!!𝑓!"# 𝛾 = 𝑱!! 𝒓 ∙ 𝑱!(𝒓)+ 𝑟!𝑻𝒊

!

!!!

 [3] 

where 𝑻! !" = 𝜕!𝑟! 𝜕𝛾!𝜕𝛾! is the second order derivative of the residual term, 

and the Jacobian matrix is defined as 𝑱!(𝒓) !"
≡ 𝜕𝑟! 𝜕𝛾! . According to the 

framework of error propagation [190], the covariance matrix of the estimated 

parameter can be written as  

𝚺! = 𝜎! ∇!!𝑓!"#(𝛾)
!! [4] 

where σ2 is the unknown noise variance. However, in a computational 

experimental design setting, the covariance matrix takes a much simpler form: 

𝚺! = 𝜎! 𝑱!!(𝒓)𝑱!(𝒓)
!! [5] 

because the residual terms are assumed to be zero on the average. This 

assumption is based on that of Gaussian-distributed noise contributing to 

residuals that average to zero and are independent of the parameters of interest. 

In the setting of T1 estimation, the appropriate term of this covariance 

matrix can be used to define an objective function for minimization of variance in 

the NLS-based T1 estimate. The NLS objective function for T1 estimation from 

variable flip angle SPGR acquisitions can be written as 
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𝑓!"# 𝛾 =
1
2 𝑠! −𝑀!sin  (𝛼!)

1− 𝑒
!!"

!!

1− cos  (𝛼!)𝑒
!!"

!!

!!

!!!

 [6] 

where si are the observed signals, αi are the flip angles, M0 is the unknown 

equilibrium longitudinal magnetization, TR is the repetition time, and T1 is the 

unknown longitudinal relaxation time. Therefore, γ=[M0 T1]T. We note here that 

repetition time is held constant and held close to the minimum allowable by the 

MR system, echo time (TE) is similarly held close to the practical minimum, and 

therefore differences in T2* decay are assumed negligible for this specific setting. 

 Taking the derivative of the error with respect to both M0 and T1, we arrive 

at the expressions for the terms in the Jacobian matrix: 

𝜕𝑟!
𝜕𝛾!

≡
𝜕𝑟!
𝜕𝑀!

= − sin 𝛼!
1− 𝑒

!!"
!!

1− cos 𝛼! 𝑒
!!"

!!
 [7] 

and 

𝜕𝑟!
𝜕𝛾!

≡
𝜕𝑟!
𝜕𝑇!

=
𝑀!𝑇𝑅
𝑇!!

1− cos 𝛼! sin  (𝛼!)𝑒
!!"

!!

(1− cos 𝛼! 𝑒
!!"

!!)!
 [8] 

With some algebraic manipulation, as shown in Appendix 2, the determinant of 

JγT(r)Jγ(r) and the components of the covariance matrix Σγ can be expressed as 

det 𝑱!! 𝒓 𝑱! 𝒓 =
𝐸!(𝐸 − 1)!𝑇𝑅!𝑀!

!

𝑇!!
𝐴!"

!

!!!

!

!!!

 [9] 

𝚺! !!
=

𝜎!

(𝐸 − 1)!

sin!(𝛼!)(1− cos 𝛼! )!
(𝐸 − cos 𝛼! )!

!
!!!

𝐴!"!
!!!

!
!!!

 [10] 
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𝚺! !!
=

𝜎!𝑇!!

𝐸!(𝐸 − 1)𝑇𝑅!𝑀!
!

sin!(𝛼!)
(𝐸 − cos 𝛼! )!

!
!!!

𝐴!"!
!!!

!
!!!

 [11] 

𝚺! !"
= 𝚺! !"

=
𝜎!𝑇!!

𝐸(𝐸 − 1)!𝑇𝑅𝑀!

sin!(𝛼!)(1− cos 𝛼! )
(𝐸 − cos 𝛼! )!

!
!!!

𝐴!"!
!!!

!
!!!

 [12] 

where 𝐴!" =
!"#!(!!) !"#!(!!)(!!!"# !! )(!"# !! !!"# !! )

(!!!"# !! )!(!!!"# !! )!
 and 𝐸 = exp  (𝑇𝑅 𝑇!). Note that 

[Σγ]11, [Σγ]22, and [Σγ]21 are the variance of M0, the variance of T1, and the 

covariance of M0 and T1, respectively. A similar derivation for the T1 estimate 

variance, along with the analytical result for the two-angle T1 estimate, has 

previously been published by Wood [191]. 

 
5.4 Methods 

 5.4.1 Study design 

 In order to test the described T1 variance minimization criteria for SPGR 

flip angle selection, we pursued following approach. First, an objective function 

for flip angle selection was defined based on minimizing T1 variance in the 

imaging volume of interest. Second, optimal flip angle sets and control flip angle 

sets were defined based on T1 and M0 maps calculated from an open-source IR 

data set in the human brain. Using these T1 and M0 maps as ground truth, 

simulations were performed to compare the relative performance of several flip 

angle sets for SPGR-based T1 estimation. Third, the proposed flip angle 

selection technique was tested in the ex vivo rat brain both with simulations and 

experimentally. Using an initial IR acquisition and resulting T1 and M0 maps, 

optimal flip angle sets and alternate flip angle sets were defined. To compare the 
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performance of these flip angle sets, simulations were performed using IR-based 

T1 and M0 maps as ground truth. Last, experimental data was again acquired in 

the ex vivo rat brain using data-driven flip angle sets in order to compare the 

inter-scan variance when different angle sets were used. 

5.4.2 Flip angle selection 

In an NLS fitting problem, the covariance matrix of the parameters for 

estimation (in this case, M0 and T1) is given by the inverse of the Hessian matrix 

multiplied by the unknown noise variance, as described above. Therefore, 

assuming a constant noise variance 𝜎!  in the voxels of interest (i.e., those 

representing the tissue in which T1 will be estimated), a single term from the 

inverse of the Hessian can be used to estimate the variance in the T1 estimate at 

each voxel, given by 𝜎!!
! ∝ 𝚺! !!

. 

 The selection of the two optimal flip angles for T1 estimation was guided 

by the goal to minimize the variance in the T1 estimate. Therefore, an objective 

function for flip angle selection, Ω, was defined according to the equation 

Ω = 𝜎!!
! 𝑃(𝑀!,𝑇!)

!""  !!,!!

 [13] 

where P(M0, T1) is the smoothed joint probability density estimate of M0 and T1 

over the imaging volume or region of interest. To select optimal flip angles for 

any imaging setting, this objective function was minimized using the user inputs 

of TR, number of desired flip angles (Nα), and P(M0, T1). While TR and Nα can be 

selected based on the constraints of the imaging setting and time available, 

P(M0, T1) is more complicated to provide. In this work, we pursue a data-driven 

approach in which P(M0, T1) is estimated from an initial set of T1 and M0 maps 
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based on a non-optimized SPGR acquisition. For all optimized flip angle sets in 

this work, P(M0, T1) was specified using the subset of image voxels in the brain 

tissue. 

 5.4.3 T1 estimation  

In both simulations and analysis of experimental data, an estimate for T1 

and M0 in each voxel was obtained using the Levenberg-Marquardt approach for 

non-linear least squares fitting [192] with the goal of minimizing the objective 

function in Eq. 6. It should be noted that the above nonlinear least squares fitting 

problem can also be reformulated as a simple iterative linear fitting problem 

[167]. For experimental data, a calculated B1 map was taken into account in the 

parameter estimation procedure [166]. This correction was used due to the 

variability of the relationship between nominal and actual flip angle and the 

potentially significant effect thereof on T1 estimation. Iterations were continued 

until the step size between successive estimates was extremely small (<10-15), 

the objective function was appropriately small (<10-6), or after 500 iterations. All 

image processing, simulations, and computational work was performed in Matlab 

R2014b (The MathWorks, Natick, MA).  

5.4.4 Simulations 

 Simulations were performed to evaluate the precision and accuracy of T1 

mapping with the flip angles selected as described above. They were also used 

to compare these results with those obtained using previously proposed flip 

angle sets and selection techniques [153, 185]. Using inversion recovery data 

from the Quantitative MRI Analysis Package (QMAP, 
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http://www.medphysics.wisc.edu/~samsonov/qmap/), FSL’s Brain Extraction Tool 

[193], and FMRIB’s Linear Image Registration Tool [168, 169], T1 and M0 maps in 

the human brain were calculated and used as ground truth. From these maps, 

optimal flip angles were determined as described above. For comparison of the 

2-point angle set, flip angle sets were selected using Deoni and colleague’s 2-

point selection criteria based on the mean T1 in the segmented human brain 

[153]. For comparison of the 10-point angle set, two other flip angle sets were 

selected. One of these sets was based on repetition of the 2-point set described 

above (referred to as “10-point repeat”). The other set of angles, referred to as 

“10-point range,” is based on a previously proposed optimal 10-angle set for T1 

mapping in the human brain that covers a range of angles, which is a common 

approach to T1 mapping with VFA SPGR [185, 194, 195]. The “10-point range” 

set was selected in order to determine the impact of using a repetition of two 

carefully selected flip angles compared to a range of flip angles. The flip angle 

sets used in simulations are shown in Table 5.1. 

Table 5.1  
Flip angle sets used in simulations and experiments of SPGR-based T1 estimation 
Optimal angle set Human Simulation Rat Simulation Rat Experimental 

Nα = 2 4.7°, 27.2° 3.6°, 21.7° Not tested 
Nα = 10 5×4.7°, 5×27.2° 5×3.6°, 5×21.7° 5×3.2°, 5×18.6° 

Control angle set    
Nα = 2 5.1°, 30.0° 4.8°, 27.1° Not tested 

Nα = 10 repeat 5×5.1°, 5×30.0° 5×4.8°, 5×27.1° 5×3.5°, 5×19.8° 

Nα = 10 range 
2°, 3°, 4°, 5°, 7°, 9°, 
12°, 14°, 16°, 18° 

2°, 3°, 4°, 5°, 7°, 9°, 
12°, 14°, 16°, 18° 

2°, 3°, 4°, 5°, 7°, 9°, 
12°, 14°, 16°, 18° 

 
 In simulations of SPGR acquisition, the signal in each voxel was 

calculated according to the SPGR signal equation included in Eq. 6. Noisy MR 

signals were modeled to follow a Rician distribution. Noise was added according 
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to the model 𝑆! = (𝑆 + 𝜀!)! + 𝜀!!, where S is the signal magnitude and ε1 and 

ε2 are random values from a normal distribution of mean zero and standard 

deviation dependent upon S and user-defined signal-to-noise ratio (SNR). Noisy 

signals were calculated in 500 realizations, and T1 and M0 were estimated as 

described above. Results were used to calculate the bias and variance of the 

SPGR-based T1 estimates. The relative performance of optimal flip angles 

compared to other flip angle sets was measuring at 6 SNR values ranging from 5 

to 40. Simulations were similarly performed using IR-based T1 and M0 maps in 

the ex vivo rat brain as the ground truth, using the flip angle sets shown in Table 

5.1. 

 5.4.5 MR imaging 

Imaging experiments were performed on a 4.7T small animal scanner 

(MRBR 4.7T/310, Agilent Technologies, Santa Clara, CA) with a quadrature 

volume RF coil for signal transmission and reception. An ex vivo rat brain was 

scanned because it has a continuous distribution of T1 and M0 values, as would 

be expected in a human subject. A 3D SPGR pulse sequence was performed 

using three individual flip angle sets, shown in Table 5.1. Each flip angle set was 

repeated three times to measure experimental variance in T1 estimates. To 

minimize scan time and maximize the MR signal collected, the TR and TE were 

minimized and had values of 9.08 ms and 3.81 ms, respectively. Other scan 

parameters were as follows: matrix size = 128 × 128 × 128, slab size = 30 mm × 

20 mm × 20 mm, total scan time = 2 min 31 s per FA. (For clarity, in experiments 

with more than one acquisition at each FA, each acquisition is referred to as an 
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individual FA rather than an additional average.) A flip angle map was acquired 

using an actual flip-angle imaging SPGR scan with scan parameters as follows: 

TR1/TR2 = 5.9/29.5 ms, TE = 2.22 ms, 𝛼 = 55°, matrix size = 64 × 64 × 64 [166].   

To calculate a T1 map in the ex vivo rat brain for simulations, an IR 

acquisition was used. A set of 2D spin-echo scans was acquired at a range of 8 

inversion times between 8 and 4000 ms. Other scan parameters were held 

constant and were as follows: TR = 6 s, TE = 13.82 ms, NEX = 4, matrix size = 

128 × 128, in-plane FOV = 20 × 20 mm, with 50 slices of 0.5 mm thickness. 

 
5.5 Results 

 5.5.1 Selection of optimal flip angles 

 It was found that the optimal flip angles for minimizing T1 variance were, 

as expected, dependent upon the joint T1 and M0 distribution in the region of 

interest. Using the proposed flip angle selection approach, any number of optimal 

flip angles specific to reducing T1 variance in the ROI used to define P(M0, T1) 

could be determined. A representative set of parameter maps used for input to 

the flip angle selection algorithm is shown in Figure 5.1A-B. The resulting 

smoothed joint density function of T1 and M0 in the human brain is shown in 

Figure 5.1C. Finally, the objective function for selection of two flip angles is 

plotted in Figure 5.1D, and agrees well with the expected shape shown in 

previous works addressing selection of 2-angle sets [153, 183, 184, 187]. In the 

limit of a single T1 value in the region used to define P(M0, T1), the proposed flip 

angle selection approach resulted in the same two recommended angles as the 

approach proposed by Deoni and colleagues [153]. 
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 For even-numbered flip angle sets greater than two, it was found that the 

optimal flip angle sets were repetitions of the pair of two optimal flip angles. For 

odd-numbered flip angle sets greater than two, it was found that the optimal flip 

angle sets were repetitions of two angles. Interestingly, the specific angles varied 

based on the number of flip angles. Table 5.2 shows the specific flip angle sets 

selected for different set sizes using the human brain to define the smoothed joint 

density of T1 and M0 as algorithm input. It is important to note that, particularly for 

selection of an odd number of flip angles, local minima were present in the 

objective function landscape. In these cases, optimal angles were selected 

based on inputting several different initial points for the minimum search and 

selecting optimal angles that corresponded to the minimum of the objective 

function that was found. For odd-numbered angle sets, two local minima with the 

same objective function values were found (see Table 5.2). Generally, the angle 

selection algorithm selected erroneous local minima in the case of an 

unreasonable search input. 

 
Figure 5.1: Representative input to flip angle selection algorithm. Initial estimates of 
(A) T1 map and (B) M0 map in the human brain based on IR acquisition. (C) Joint 
density distribution of T1 and M0 based on the maps in (A) and (B). (D) Flip angle 
minimization objective function, shown here for 2 flip angle selection for the purposes 
of visualization. 
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Table 5.2  
Representative optimal flip angle sets with varying flip angle set sizes. From this list, 
even-numbered sets were used in human simulations. Odd-numbered sets are included 
to illustrate typical results of the flip angle selection algorithm. 
Flip angle 
set size 

α
1
 α

2
 α

3
 α

4
 α

5
 α

6
 α

7
 α

8
 α

9
 α

10
 

2 4.7° 27.2°         
3 4.9° 28.9° 28.9°        
3 4.0° 4.0° 24.1°        
4 4.7° 4.7° 27.2° 27.2°       
5 4.7° 4.7° 27.7° 27.7° 27.7°      
5 4.2° 4.2° 4.2° 24.9° 24.0°      
6 4.7° 4.7° 4.7° 27.2° 27.2° 27.2°     
8 4.7° 4.7° 4.7° 4.7° 27.2° 27.2° 27.2° 27.2°   

10 4.7° 4.7° 4.7° 4.7° 4.7° 27.2° 27.2° 27.2° 27.2° 27.2° 
 
 5.5.2  Simulations 

To test the effect of using the proposed angle sets on the variance and 

bias in T1 estimates, simulations were performed using IR-based T1 and M0 maps 

of a human brain and an ex vivo rat brain as digital phantoms. These parameter 

maps were also used as input to the angle selection algorithm for definition of 

P(M0, T1). Simulation results were used to calculate the bias, variance, and root 

mean squared error (RMSE) of the SPGR-based T1 estimate. 

In human simulations using 2-angle estimates, it was found that optimized 

angles had very slightly improved performance compared to Deoni angles and 

greatly improved performance compared to arbitrarily selected angles. The 

improvement in performance at all SNR values, with the exception of SNR = 30, 

was measured by a root mean squared error (RMSE) reduction of 0.40 – 3.10%. 

The percent reduction in RMSE was greater at lower SNR values, indicating that 

the proposed method resulted in improved performance particularly for low SNR 

settings. In simulations using 10-angle acquisitions for T1 estimation, it was found 
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that optimized angles had improved performance compared to the 10-point range 

set (Figure 5.2). This improvement was measured by a reduction in T1 estimate 

RMSE of 42% at all SNR values. However, optimal angles had similar 

performance to the 10-point repeat set, again with relative performance 

independent of SNR. The RMSE in human brain T1 estimates calculated for all 

SNR values and angle sets are shown in Table 5.3. 

 

 Simulations were also used to compare the relative performance of 2-, 4-, 

6-, 8-, and 10-point acquisitions for T1 estimation (angle sets listed in Table 2). As 

shown in Figure 5.3, increasing the number of flip angles used for acquisition 

 

Figure 5.2: T1 bias (A, D, G), 
standard deviation (B, E, H), and 
RMSE (C, F, I) maps based on 
simulations of T1 mapping in the 
human brain using 10-angle 
acquisitions at SNR = 20. A-C 
correspond to simulation results 
using the 10 angles selected with 
our proposed method; D-F 
correspond to results using the 
10-point range angle set; G-I 
correspond to results using a the 
10-point repeat set. All 
measurements are in units of ms. 
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reduces the RMSE in the T1 estimate primarily by reducing variance. It should be 

noted that this is equivalent to increasing the number of averages at 2 optimal flip  

angles. Variance was the primary contributor to RMSE, as evidenced by estimate 

standard deviation ranging from 20-50 times greater than estimate bias at the 

range of SNR used in these simulations (Table 5.4). 

Table 5.3 
Results of simulations in the human brain. The RMSE in T1 estimates (units of s) are 
given for each angle set and SNR. RMSE % change is in comparison to optimal angle 
set for that same number of flip angles. 

 Nα = 2 Nα = 10 

SNR 

Optimal 
angle set 

Control angle set 
Optimal 

angle set 
10-point repeat 10-point range 

RMSE RMSE 
% 

change 
RMSE RMSE 

% 
change 

RMSE 
% 

change 
5 5.94E-1 6.13E-1 +3.20 2.15E-1 2.17E-1 +0.93 3.74E-1 +74.0 

10 2.50E-1 2.51E-1 +0.40 1.07E-1 1.07E-1 --  1.87E-1 +74.8 
15 1.62E-1 1.63E-1 +0.62 7.13E-2 7.13E-2 --  1.24E-1 +73.9 
20 1.21E-1 1.21E-1 -- 5.36E-2 5.36E-2 -- 9.33E-2 +74.1 
30 8.02E-2 8.00E-2 -0.25 3.57E-2 3.57E-2 --  6.21E-2 +73.9 
40 6.00E-2 6.00E-2 -- 2.68E-2 2.68E-2 --  4.66E-2 +73.9 

 
Table 5.4 
Effect of number of flip angles on bias, standard deviation, and RMSE of resulting T1 
estimates (all measures in units of s). Results are based on simulations in the human 
brain with an SNR of 20 and using flip angle sets listed in Table 2. Percent change in 
RMSE is compared to that of the Nα = 2 estimate. 

 Nα = 2 Nα = 4 Nα = 6 Nα = 8 Nα = 10 
Bias 5.77E-3 2.75E-3 1.92E-3 1.39E-3 1.13E-3 

Standard 
Deviation 

1.21E-1 8.52E-2 6.92E-2 5.98E-2 5.36E-2 

RMSE 1.21E-1 8.52E-2 6.92E-2 5.98E-2 5.36E-2 
RMSE % 
change 

 -29.4 -42.7 -50.5 -55.6 
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 In 2-point ex vivo rat brain simulations, it was found that optimized angles 

only slightly improved performance (RMSE reduction of 2.37%) at the lowest 

SNR value. At higher SNR values, Deoni angles out-performed optimized angles, 

with an RMSE reduction of 2.22 – 3.05%. These results confirm results in human 

simulations that our angle selection method performs most strongly in low-SNR 

scenarios. For 10-angle estimates, it was found that optimized angles had 

improved performance compared to the 10-point range angle set, reflected in an 

RMSE reduction of approximately 38% at all SNR values. Compared to the 10-

point repeat angle set, optimized angles had slightly worse performance, 

independent of SNR. Ex vivo rat brain simulation results are shown in Table 5.5. 

 5.5.3 Experimental T1 mapping 

To test the impact of implementing optimal angles in an experimental scanning 

scenario, an ex vivo rat brain was scanned first using the 10-point range angle 

set. The resulting estimated T1 and M0 maps were used to define P(M0, T1) in the 

 
Figure 5.3: (A-E) RMSE in T1 estimates from simulations of 2, 4, 6, 8, and 10-angle 
SPGR acquisitions, respectively. (F) Bias, standard deviation, and RMSE in T1 
estimates plotted versus number of acquisition flip angles. The estimate variance is 
the primary contributor to T1 estimate error. All measurements are in units of ms. 
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rat brain, and from this, optimal angle sets and control angle sets were selected 

(Table 5.1). The rat brain was then scanned again using these data-driven angle 

sets. To observe the effect of acquisition flip angles on the variance of T1 

estimates, scan protocols for T1 mapping were repeated three times in order to 

calculate the experimental variance in the T1 estimate. T1 standard deviation 

maps for the three angle sets used (10-point range, optimal 10-point, and 10-

point repeat) are shown in Figure 5.4A-C.   

Table 5.5 
Results of simulations in the rat brain. The RMSE in T1 estimates (units of s) are given 
for each angle set and SNR. RMSE % change is in comparison to optimal angle set for 
that same number of flip angles. 

 Nα = 2 Nα = 10 

SNR 

Optimal 
angle set 

Control angle set 
Optimal 

angle set 
10-point repeat 10-point range 

RMSE RMSE 
% 

change 
RMSE RMSE 

% 
change 

RMSE 
% 

change 
5 1.93E-1 1.98E-1 +2.59 7.31E-2 7.16E-2 -2.05 1.20E-1 +64.2 

10 8.47E-2 8.29E-2 -2.13 3.66E-2 3.56E-2 -2.73 5.94E-2 +62.3 
15 5.54E-2 5.40E-2 -2.53 2.44E-2 2.37E-2 -2.87 3.96E-2 +62.3 
20 4.13E-2 4.01E-2 -2.91 1.83E-2 1.77E-2 -3.28 2.97E-2 +62.3 
30 2.74E-2 2.66E-2 -2.92 1.22E-2 1.18E-2 -3.28 1.99E-2 +63.1 
40 2.05E-2 1.99E-2 -2.93 9.14E-3 8.87E-3 -2.95 1.49E-2 +63.0 

 
The mean inter-scan standard deviation in the T1 estimate was measured 

to be 73.3 ms when data were acquired using the 10-point range angle set. This 

standard deviation decreased to 61.2 ms when using the optimal flip angle set 

(Nα = 10). Interestingly, a slight additional decrease in inter-scan standard 

deviation, to 59.0 ms, was observed when data were acquired with the 10-point 

repeat angle set based on Deoni and colleagues’ criteria for selection of two flip 

angles [153]. Therefore, use of flip angle sets in which two carefully selected flip 

angles were each repeated 5 times reduced inter-scan T1 estimate standard 
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deviation in the rat brain by 16-20% when compared with the 10-point range 

angle set (variance reduction of 30-35%). Notably, the angle sets composed of a 

repeat of two angles selected using Deoni and colleagues’ criteria out-performed 

those selected using our variance minimization objective function in terms of 

inter-scan variance reduction. 

 
 

 
Figure 5.4: Effect of optimal flip angle selection in experimental T1 mapping. Maps of 
inter-scan standard deviation in T1 show reduced variation when the 10-point optimal 
angle set (b) or 10-point repeat angle set (c) is used compared to the 10-point range 
angle set (a). See Table 1 for specific angle sets used for acquisition. T1 maps of the 
rat brain (c) prior to flip angle optimization and (d) after flip angle optimization (10-
point optimal angle set) show an increase in the average T1 estimate in the rat brain 
by 15.8 ms, more easily observable in (e) the T1 difference map (difference = optimal 
– 10-point range). Smoothed joint density functions of T1 and M0 (f) prior to and (g) 
following flip angle optimization also show this slight shift, along with the elimination 
of a small population of voxels with high initial T1 estimates (T1 > 1.5 s, white arrows). 
(T1 map, difference map, and P(T1, M0) are not shown for the 10-point repeat angle 
set because results are nearly identical to those for the 10-point optimal angle set 
under visual inspection.) 
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T1 mapping results showed that T1 estimates in the rat brain were, on 

average, 15.8 ms higher when estimated using the optimized flip angles rather 

than the range of flip angles, as shown in Figure 5.4D-F (P < 0.0001). When 

estimated using the 10-angle repeat set, T1 estimates were, on average, 24.3 ms 

higher than the range of flip angles (P < 0.0001). The difference of 8.5 ms 

between the 10 optimal angles and 10 angle repeat set was also found to be 

significant (P < 0.0001). Estimation of the smoothed joint density function of T1 

and M0 from pre- and post-optimization acquisitions (Figure 5.4G-H) also 

showed a slight shift of the mean T1 estimate in the rat brain toward higher T1 

values when optimized angles were used. Elimination of a small population of 

voxels with high, outlying T1 estimates (T1 > 1.5 s) was also observed. 

 
5.6 Discussion 

 In this work, we have proposed and evaluated a new data-driven method 

for selection of SPGR flip angles for T1 estimation. In the proposed angle 

selection method, we aimed to provide increased flexibility compared to 

previously developed approaches. This flexibility is particularly beneficial (1) to 

select any number of acquisition flip angles based on available scan time and (2) 

to select flip angles when the T1 distribution of interest is non-Gaussian and is 

therefore not well-described by the mean of the distribution.  

In selecting multi-point optimal flip angle sets in two settings, the human 

brain and the rat brain, we found that the optimal flip angle set consisted of the 

repetition of two optimal angles. This is in disagreement with the common 

practice of acquiring data at a range of flip angles to cover a wide range of the 
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SPGR signal curve [185, 194, 195]. Instead, it more strongly agrees with Deoni 

and colleagues’ 2-point angle selection method, which maximizes the product of 

the dynamic range and the fractional signal of the acquired data [153, 191]. It is 

also in agreement with a previous study confirming improved T1 mapping 

performance when using a small set of carefully selected flip angles over a larger 

set covering a range of angles [186].  

Simulations testing these optimized angle sets showed very similar RMSE 

performance when comparing two optimized angles to two angles selected with 

Deoni and colleagues’ criteria. For greater than two angles, simulations also 

show that a repetition of two carefully selected flip angles has significantly 

improved performance compared to using a range of angles. However, our 

simulations assumed perfect RF coil performance in which nominal and actual 

flip angle match exactly. In a true scanning scenario, the relationship between of 

nominal and actual flip angle can vary greatly, and system-specific RF 

performance should be considered when optimizing scan protocol [186]. This 

could be achieved by scaling the optimal flip angles according to the expected 

RF performance or by adjusting flip angle sets to cover a small range close to the 

optimal angles within the expected range of flip angle variation. 

Simulations further elucidated the relative performance of different flip 

angle sets with respect to both bias and variance. As shown in Figure 3f, 

variance contributed relatively much more (20-50×) than bias to the RMSE of the 

T1 estimate. This supports the work in our group and others in which flip angle 

selection is guided by an objective of T1 variance minimization. When studying 
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the effect of using optimal flip angles experimentally, we indeed found that T1 

variance was reduced by 30% when compared to T1 estimated from SPGR 

acquisitions at a range of angles. These simulations also agreed with previous 

work showing that T1 estimates from VFA SPGR acquisitions tend to have 

positive bias when compared with the gold standard IR-based estimation 

approach [179]. 

Experimental measurement of inter-scan variance using three different 10-

point acquisition angle sets showed that the use of a repetition of two thoughtfully 

selected flip angles indeed reduced estimate variability when compared to an 

acquisition using a more broad range of angles. The out-performance of our 

proposed optimal flip angle set by the 10-point repeat angle set could be due to 

imperfect RF performance, which in our scans caused actual flip angles to be 

approximately 80% of the nominal prescribed flip angles. This reduction would 

cause the two angles in the 10-point repeat set to be closer in magnitude to the 

intended optimal angles. The effects of this imperfect RF performance on the 

variability in T1 estimates further emphasizes that it is an important consideration 

in the design of SPGR-based T1 mapping experiments.  

Based on these simulation and experimental results, the application of this 

flip angle selection technique to T1 mapping in research and clinical settings 

could notably reduce variance in T1 estimates if used in place of a set consisting 

of a range of flip angles. However, in many situations, the implementation of such 

an algorithm may be excessively complicated to incorporate into experimental 

design. In the imaging settings similar to those presented in this paper, in which 
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T1 distributions approach a Gaussian shape, we suggest that it would be as 

effective and much simpler to use Deoni and colleagues’ criteria for selection of 

two flip angles based on the mean T1 in the volume of interest. If time allows for 

additional data collection or increased SNR is desired, these two angles should 

be repeated (multiple averages collected at each flip angle) as necessary. It 

should be noted, however, that the use of just two repeated flip angles might not 

be appropriate in some scenarios. When more than one T1 component is present 

in a voxel, deviation from the SPGR signal equation cannot be identified unless a 

flip angle set containing more than two unique points is used. Researchers 

interested in detecting the presence of multiple T1 times in individual voxels may 

find it useful and necessary to incorporate additional acquisition angles in 

addition to the two optimal angles for T1 variance minimization. 

Future extensions of this work will evaluate the performance of our 

proposed angle selection in situations with more distinctly non-Gaussian T1 

distributions. In this way, we hope to determine whether there are situations in 

which this more simplified angle selection approach using Deoni and colleagues’ 

set of criteria is not appropriate. Furthermore, more specific definition of P(M0, T1) 

based on the tissue of interest may be appropriate in some research and clinical 

settings. For example, specific flip angles could be selected for T1 mapping in the 

white matter in the study of myelin-related disease by using only segmented 

white matter voxels to define P(M0, T1). 
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6.7 Conclusion 

In conclusion, this work demonstrates that the precision of T1 estimates 

from SPGR acquisitions can be improved by using flip angles selected based on 

minimization of the T1 variance weighted by the smoothed joint density of T1 and 

M0. Specifically, our proposed approach significantly out-performed T1 estimation 

using a range of flip angles when the same total number of flip angles were used. 

Interestingly, when comparing the proposed angle selection method with 

previously proposed selection criteria, we found that Deoni and colleagues’ 2-

angle selection criteria can also be effectively used to determine the two angles 

to be repeated for a multi-point acquisition with nearly identically improved 

performance [153]. The proposed flip angle selection approach resulted in either 

equivalent or up to 42% reduced RMSE compared to other flip angle selection 

criteria in simulations. Experimentally, implementation of optimal angles reduced 

inter-scan variability in T1 estimates by 30%. The application of this data-driven 

technique for optimal flip angle selection has applications in clinical and research 

settings where scans are performed repeatedly in the same anatomical region 

(e.g., the human brain) or on the same equipment (consistent scanner and coil). 

Within the work presented in this dissertation, this flip angle selection approach 

will be used for experimental design in future stem cell tracking and cancer 

imaging experiments (Chapters 6 and 7). In this way, we hope to minimize the 

variance of T1 estimates and maximize the likelihood of detection of small 

changes in T1 times reflective of contrast accumulation in transplanted cells of 

interest.  
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Chapter 6: PET and MRI of hNPC stably over-expressing DMT1 
 
 

6.1 Preface/Abstract 

 In this chapter, the methods developed in Chapters 4 and 5 are combined 

with the approach initially investigated in Chapter 3. Here, we test whether 

human neural progenitor cells (hNPC) stably over-expressing divalent metal 

transporter 1 (DMT1) can take up sufficient Mn2+ and 52Mn2+ for specific 

detectability with quantitative MEMRI and PET. To test this, two lines of hNPC 

stably over-expressing DMT1 (hNPCDMT1) were established and tested in vitro for 

Mn2+ uptake, measured with MRI and gamma counting. We observed that 

although hNPCDMT1 showed higher Mn2+ uptake than wild-type hNPC (hNPCWT), 

the increase in uptake was much less dramatic and required higher Mn2+ 

supplementation doses than in hNPC transiently over-expressing DMT1, as 

tested in Chapter 3. Following in vitro imaging, hNPCDMT1 and hNPCWT were 

transplanted into the right and left rat striatum, respectively, for in vivo MEMRI 

and 52Mn PET. Despite transplanted cell survival and continued DMT1 over-

expression in hNPCDMT1, the Mn2+ and 52Mn uptake in hNPCDMT1 was insufficient 

for MRI or PET contrast with respect to background tissue. These results indicate 

that stable DMT1 over-expression may not be a suitable reporter gene approach 

for imaging of transplanted hNPC, although other variants of this cell imaging 

design hold promise. 
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6.2 Introduction 

 Long-term, in vivo imaging of transplanted cells is essential for the efficient 

translation of stem cell therapies and the interpretation of ongoing clinical trial 

results. An ideal technique for long-term imaging of transplanted hNPC would be 

safe for the subject/patient, would not perturb the cells, would be applicable over 

an extended period of time, would be quantitative for comparison within and 

amongst subjects, and would reflect the histological ground truth [53]. In previous 

imaging experiments with cells transiently over-expressing DMT1, we have 

established that this reporter has potential as a good candidate for in vivo 

imaging [34]. However, without a line of hNPC stably over-expressing DMT1 

(hNPCDMT1), this method for cell tracking is unlikely to be successful in a realistic 

therapeutic scenario. Stable expression of a reporter gene may allow monitoring 

of cell location, survival, and proliferation over the course of weeks or months, 

which is essential to match the time course of typical cell therapy 

experimentation or evaluation. Along with the methods for T1 mapping and Mn-

based MRI and PET neuroimaging developed in Chapters 4 and 5, the 

establishment of a line of cells stably over-expressing DMT1 is essential for 

evaluation of this technique. A line of hNPCDMT1 would allow us to determine 

whether this technique can be used over a long period of time. Additionally, if 

effective for imaging, this tool would permit investigation of the effect of this 

imaging approach, which involved altered protein expression and manganese 

supplementation, on cell dynamics. 
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 Lentiviruses (LVs) are useful for gene delivery to cells as they can infect 

non-dividing cells, such as our slow-growing hNPC, and introduce viral RNA 

directly into the cell DNA [17]. Due to the DNA insertion of viral RNA, all infected 

cells and their progeny would contain viral RNA, permitting sustained over-

expression of the DMT1 reporter protein. Our lab has successfully used LVs for 

infection of several cell lines, including hNPC and mesenchymal stem cells [13-

15, 19, 73]. After LV infection of multiple cell types with multiple expression 

vectors, we have observed significant and sustained over-expression of a variety 

of proteins for imaging and therapeutic delivery of trophic factors. Due to our past 

success using the LV expression vector design shown in Figure 6.1, in this work 

we apply this system to establish a line of hNPCDMT1 for long-term in vivo 

imaging. 

 The objective of the work in this chapter is to prepare a line of cells stably 

over-expressing DMT1 and evaluate its efficacy for in vivo imaging of 

transplanted cells. To prepare this cell line, we aim to clone the DMT1 gene into 

a shuttle vector for packaging into a lentivirus. In addition, we test a cell line 

established using an alternate lentivirus design. After establishment of these two 

cell lines and verification of DMT1 over-expression, we test their ability to 

internalized Mn2+ for detectability with MRI and 52Mn2+ for detectability with PET 

in vitro and in vivo.  
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6.3 Methods 

6.3.1 Cloning and lentivirus preparation 

In order to establish a line of cells stably over-expressing DMT1, the first 

step was preparation of a lentivirus (LV). This preparation required the cloning of 

the DMT1 sequence into a shuttle vector (SV) for packaging into a LV. We 

performed cloning in our lab, while a collaborating lab at Cedars-Sinai Medical 

Center prepared the virus. In this work, this prepared virus is referred to as LV-

DMT1-CS. The cloning approach is described in the following paragraphs and 

illustrated in Figure 6.1A.  

First, using PCR, the DMT1 insert was amplified from the Promega 

expression vector used in Chapter 3 (SLC11A2 FlexiVector, Kazusa cDNA clone 

library, Promega, Madison, WI, USA). The amplification was performed in order 

to add restriction enzyme digestion sites to the end of the gene insert for ligation 

with the shuttle vector. The primers used for amplification were: forward, 5’-T-

AAC-TGA-TCA-ATG-GTG-CTG-GGT-CCT-GAA-CA-3’; reverse, 5’-A-TGT-CTC-

GAG-TTA-AAC-TTT-AAC-GTA-GCC-A-3’ (corresponds to BclI restriction site, 

XhoI restriction site, DMT1 sequence). For amplification, the DMT1 cDNA 

template and forward and reverse primers were combined with Promega PCR 

Master Mix to a final concentration of 1.6 ng primer per µL (Promega, Madison, 

WI, USA). The PCR amplification program used began with three minutes at 

95°C for initial denaturing followed by 30 cycles of one minute at 95°C 

(denaturing), 30 seconds at 57°C (annealing), 2 minutes and 30 seconds at 72°C 

(enlongation), with a final elongation step of 10 minutes at 72°C after the final 
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cycle (Mastercycler, Eppendorf, Hamburg, Germany). The PCR product was run 

on a 2% agarose gel and extracted using a gel/PCR DNA fragment extraction kit 

(IBI Scientific, Peosta, IA, USA). The extracted PCR product was ligated into a T-

vector for bacterial amplification using the pGEM®-T Vector system (Promega). 

The presence of the DMT1 insert was verified via digestion with the EcoRI 

restriction enzyme (Promega). 

Bacterial transformation in dam and dcm negative (dam-/dcm-) competent 

E. coli was performed followed by isolation and verification of the presence of the 

DMT1 insert in the T-vector. An initial attempt transformation attempt into the 

dam+/dcm+ E. coli strain JM109 revealed that the BclI restriction enzyme site 

was sensitive to methylation, so required DNA fragments could not be cut out for 

subsequent subcloning into the shuttle vector. Therefore, unmethylated DNA 

amplified in dam-/dcm- E. coli was required. Following bacterial amplification, the 

T-vector plasmid with DMT1 cDNA was isolated using a QIAprep Spin Miniprep 

Kit (Qiagen, Hilden, Germany).  

The T-vector plasmid was then digested with restriction enzymes XhoI and 

BclI to cut out the DMT1 insert. We carefully performed serial digestion due to 

the differing ideal digestion reaction conditions between XhoI and BclI. 

Specifically, cDNA was digested with XhoI for 1.5 hours at 37°C, the enzyme was 

deactivated with a 15 minute incubation at 65°C, then BclI was added followed by 

an overnight digest at 55°C. The shuttle vector, previously prepared and isolated 

in our lab, was digested simultaneously with restriction enzymes XhoI and 

BamHI, which has compatible overhangs with BclI (all restriction enzymes from 
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Promega). Following digestion, the digest products were run on a 2% agarose 

gel and isolated using a gel/PCR DNA fragment extraction kit (IBI Scientific). 

In the final cloning step, the DMT1 insert was ligated into the shuttle vector 

using T4 DNA ligase (Promega). The shuttle vector subcloned DMT1 sequence, 

referred to herein as SV-DMT1, was amplified in JM109 E. coli, then a small 

amount of plasmid was isolated and sent to collaborators for lentivirus packaging 

(Figure 6.1B). 

In addition to the LV prepared at Cedars-Sinai (LV-DMT1-CS), a virus 

prepared by a company was also tested, called LV-DMT1-Imanis (Imanis Life 

Sciences, Rochester, MN, USA). This LV was pursued due to the relatively poor 

imaging performance of the line of cells prepared from LV-DMT1-CS in 

comparison with cells transiently over-expressing DMT1, as described in the 

results section. Imanis is focused on developing viruses and cell lines for reporter 

gene imaging and use SV components, in particular the spleen focus-forming 

virus promoter (SFFV), that they have found work best for in vivo cell imaging 

(Figure 6.1C) [95, 196]. 

6.3.2 Cell line preparation 

A line of hNPC previously used in cell imaging experiments, G010, was 

utilized in this work [19, 34, 73]. Cells were maintained in a culture of floating 

spheres using an identical liquid media to that used in chapter 3 of this work. 

Media contained DMEM and Ham’s F12 (both from Sigma-Aldrich, St. Louis, MO, 

USA) at a ratio of 7:3 and was supplemented with 1% PSA (Life Technologies, 

Carlsbad, CA, USA), 1% N2 (Life Technologies), 100 ng/ml EGF (Millipore, 
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Billerica, MA, USA), 20 ng/ml FGF2 (WiCell, Madison, WI, USA), 10 ng/ml LIF 

(Millipore), and 5 ng/ml heparin (Sigma-Aldrich). Every 3-4 days, one-half of 

conditioned media was removed and replaced with fresh media. Cells were 

passaged by mechanical chopping every 10-21 days, depending on cell growth, 

with a McIlwain automated tissue chopper (Mickle Laboratory Engineering, 

Surrey, UK). 

 

For infection with LVs, cells between passage 21-38 were dissociated via 

treatment with TrypLE for 15 minutes (Life Technologies).  After counting, the 

 
Figure 6.1: Cloning approach and shuttle vector designs for DMT1 lentiviruses. (A) 
To clone the DMT1 insert into the shuttle vector, PCR amplification was used to add 
XhoI and BclI restriction sites to the DMT1 insert. After cutting the shuttle vector with 
those same restriction enzymes, the DMT1 insert was ligated into the shuttle vector 
and packaged into (B) LV-DMT1-CS. (C) LV-DMT1-Imanis consisted of an alternate 
expression vector design, including the SFFV promoter. PGK: constitutive mouse 
phosphoglycerate kinase 1 promoter, WPRE: woodchuck posttranslational regulatory element, 
LTR: long terminal repeat, cPPT: central polypurine tract, Ψ: RNA packaging signal, RRE: Rev 
response element, SFFV: spleen focus-forming virus promoter. 
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cells were diluted to a concentration of 1000 cells/µL in filtered conditioned media 

mixed with LV-DMT1-CS or LV-DMT1-Imanis at a range of concentrations [17]. 

For LV-DMT1-CS, cells were supplemented with virus to a concentration of 20, 

40, and 75 multiplicity of infection (MOI). For LV-DMT1-Imanis, cells were 

supplemented with virus to concentrations of 1, 3 and 10 MOI. The differences in 

LV concentration used were a result of recommendation from virus providers and 

reflect, to an extent, the efficiently of viral packaging and quality of LV production. 

After infection, cells were continually maintained and passaged as described 

above for experimentation. 

At least 2-3 weeks after LV infection, hNPCWT and hNPCDMT1 were plated 

and stained using immunocytochemistry (ICC) in order to examine protein 

expression and cell morphology. Following dissociation, cells were plated on 

glass cover slips coated with poly-ornathine and poly-L-laminin (Sigma-Aldrich) 

at a concentration of 1000 cells/µL. Twenty-four hours after plating, cells were 

fixed with 4% paraformaldehyde (PFA), washed with PBS, and then stained for 

DMT1. Following a thirty-minute incubation with blocking buffer (PBS, 5% normal 

donkey serum (NDS), 0.2% Triton X-100), a primary antibody against DMT1 

(mouse monoclonal, Sigma-Aldrich) diluted 1:500 in blocking buffer was applied 

to the cells for one hour at room temperature. Cells were then washed with PBS. 

An anti-mouse secondary antibody was diluted 1:1000 in blocking buffer and 

applied for 30 minutes (donkey anti-mouse IgG antibody conjugated with Alexa 

Fluor 488; Jackson ImmunoResearch Laboratories, West Grove, PA, USA). Cell 

nuclei were then stained with Hoescht 33258 nuclear stain (Sigma-Aldrich) for 
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five minutes before mounting cover slips on slides with Fluoromount (Southern 

Biotech, Birmingham, AL, USA). Images were collected using a Nikon Eclipse 

fluorescence microscope, a Nikon Intensilight camera, and NIS Element D 

software (Nikon, Tokyo, Japan). For each expression time point, at least five 

fields of view on each of 2-3 coverslips were analyzed for percent of cells over-

expressing DMT1. 

6.3.3 In vitro imaging 

Cells were imaged in vitro following incubation with Mn-based contrast 

agents to test contrast agent uptake for imaging. For MRI, hNPCWT and 

hNPCDMT1 (1.5-3×106 dissociated cells) were incubated with 0-200 µM MnCl2 for 

either one or 24 hours prior to being spun down and washed with fresh media 

three times. After washing, cells were spun down in 0.2 mL PCR tubes, which 

were then stabilized in 4% agarose gel for imaging. Imaging was performed on a 

4.7T preclinical MRI (Agilent Technologies, Santa Clara, CA, USA). T1 mapping 

was performed using a series of 3D spoiled gradient echo acquisitions with 

gradient and RF spoiling, flip angles varying from three to 25°, TR = 7.29 ms, and 

TE = 2.91 ms [153, 175]. In vitro scanning field of view, resolution, dimensions 

varied depending on the number of samples to be scanned. Actual flip-angle 

imaging was also performed to estimate a flip angle map to improve accuracy of 

T1 estimates [166]. T1 was estimated using weighted linear least squares fitting 

[167]. 

For gamma counting of 52Mn uptake, approximately 3×105 dissociated 

cells of each cell type were incubated with 0-1.8 uCi for one or 24 hours prior to 
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being spun down and washed with fresh media three times. Activity uptake was 

measured by automatic gamma counting on a PerkinElmer Wizard 2480 

(Waltham, MA, USA) using a 60 second measurement period, with an energy 

window centered on the 744 keV gamma peak. Gamma counting results were 

corrected for decay time, machine dead time, and detection efficiency. 

6.3.4 Animal studies 

All animal studies were performed in accordance with protocols approved 

by the University of Wisconsin Institutional Animal Care and Use Committee. 

Adult female Sprague-Dawley rats were used for cell transplantation and in vivo 

imaging experiments. Rats were housed under controlled temperature and 

illumination conditions, with unrestricted access to food and water. Cyclosporine 

(10 mg/kg body weight, Novartis, Basel, Switzerland) was administered to rats 

intraperitoneally (i.p.) beginning one day prior to cell transplantation until sacrifice 

to minimize the likelihood of immune rejection of human cell transplants. 

Following imaging studies, animals were sacrificed either by CO2 asphyxiation or 

by administration of 0.2 mL pentobarbital prior to transcardial perfusion. 

Perfusion was performed with 0.9% NaCl followed by 4% PFA, after which the 

brain was removed and submerged in PFA for 24 hours.  

6.3.5 Cell transplantation 

Cell transplantation was performed with hNPCWT and hNPCDMT1 after 

separately collecting and resuspending each cell type at a concentration of 

150,000 cells/µL in transplantation media. Media for transplantation consisted of 
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Leibovitz L15 medium (Life Technologies) and PBS at a 1:1 ratio, supplemented 

with 2% B27 (Life Technologies) and 0.6% glucose [13].  

Isoflurane (2-5%) was used to anesthetize rats prior to being secured in a 

stereotaxic frame for transplantation procedures. Cells were injected in two sites 

per side in the striatum, with hNPCDMT1 transplanted in the two sites on the right 

side and hNPCWT on the left. Cell transplantation coordinates were 

anterior/posterior +0.5 mm and -0.1 mm and medial/lateral ±3.3 mm and ±2.8mm 

with respect to the bregma, and dorsal/ventral -4.5 mm with respect to the outer 

surface of the neocortex. A 10 µL Hamilton syringe with a 30-gauge sharp tip 

needle secured to the stereotaxic frame was used for needle insertion and cell 

injection. After slow needle insertion, the needle was allowed to rest for two 

minutes prior to cell injection. At each injection site, 2-3 µL of cells (300,000-

450,000 total cells) were injected at a rate of 1 µL/min, the needle was left in 

place for two additional minutes, then the needle was slowly removed [19]. Due 

to slow cell growth and therefore low cell numbers, two rats were transplanted 

with hNPCDMT1-1 and imaged with MEMRI, and six rats were transplanted with 

hNPCDMT1-2 and imaged with MEMRI (N=3) and 52Mn PET (N=3). 

 6.3.6 In vivo MRI and PET 

Manganese contrast agent delivery and Mn2+-based MRI and PET 

imaging protocols developed in Chapters 4 and 5 of this work were used for in 

vivo imaging of transplanted stem cells. For MRI contrast agent delivery, animals 

were anesthetized with 1% isoflurane in oxygen and placed on a warm water pad 

to maintain body temperature. MnCl2 solution (66.7 mM in bicine buffer, 60 mg/kg 
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body weight) was delivered intravenously using a slow infusion pump at a rate of 

2 mL/hr. Following an infusion line flush with heparinized saline, animals were 

delivered saline subcutaneously to minimize dehydration. Both prior to and 48 

hours following contrast administration, animals underwent in vivo MRI on a 4.7T 

preclinical scanner. T1 mapping was performed with 3D variable flip angle SPGR 

acquisitions, as described in the in vitro imaging section. Flip angles used were 

2° and 12° with 8 averages each, selected using the flip angle selection approach 

developed in Chapter 5. For comparison, acquisitions at 2°, 7°, 12°, and 18° with 

4 averages each were also acquired. T1 maps were calculated using weighted 

linear least squares fitting [167]. 

PET imaging was performed 4 and 48 hours following administration of 

no-carrier-added 52Mn2+. Contrast was delivered via tail vein infusion of 2 mCi/kg 

formulated in saline at 1.5 mCi/mL. PET acquisitions consisted of a 30-minute 

timing window with a single static frame. Because we were focused on imaging 

cells transplanted into the brain, full-body scans were not acquired. 

Reconstruction was performed with a vendor-provided 2D ordered subset 

expectation maximization algorithm, using attenuation correction but no scatter 

correction due to the relatively low signal expected in the brain. 

6.3.7 Immunohistochemistry 

Perfusion and histological analysis could only be performed in rats that 

were not delivered 52Mn2+ due to the long radioactive half-life of the tracer. Rat 

brain samples were stored for one day in PFA following perfusion after MRI 

studies, and were then moved to 30% sucrose solution in preparation for 
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sectioning. A frozen stage microtome was used to prepare 35 µm brain sections 

for immunohistochemistry. A primary antibody against human glial fibrillary acidic 

protein (hGFAP, catalog number 123, StemCells Inc, Newark, CA, USA) was 

used to detect the presence and survival of transplanted human cells. A primary 

against human DMT1 (hDMT1, catalog number 4891M1, Sigma-Aldrich) was 

used to determine whether hNPCDMT1 continued to over-express the protein 

following transplantation. Sections were washed in PBS (3×5 minutes) then 

blocked in buffer (PBS, 3% NDS, 0.25% Triton X-100) for 1 hour at room 

temperature. Next, the primary antibody diluted 1:200 in blocking buffer was 

applied to sections and incubated overnight at RT. PBS washes (3×5 minutes) 

were performed before secondary antibody incubation (donkey anti-mouse Alexa 

Fluor 488 antibody 1:500 in blocking buffer) for 1 hour. Sections were mounted 

on glass slides with DAPI mounting medium and examined with a Nikon 

fluorescence microscope. 

  
6.4 Results 

 6.4.1 DMT1 expression 

 Approximately four weeks following infection of hNPC with both LV-DMT1-

CS and LV-DMT1-Imanis, cells were plated and ICC was performed to observe 

and evaluate resulting DMT1 expression. In both cases, we observed larger 

percentages of cells over-expressing DMT1 with increasing LV concentration 

(Figure 6.2A). To quantify protein expression, the number of cells over-

expressing DMT1 was counted and compared to the total number of cells in 5-6 

fields of view on 3 cover slips per level of infection. In contrast, infection of hNPC 
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with varying viral titers (10-75 multiplicity of infection, MOI) of LV-DMT1-CS 

resulted in DMT1 over-expression in up to 72.1% of cells. Infection with much 

lower levels of LV-DMT1-Imanis (1-10 MOI) resulted in up to 90.0% over-

expression (Figure 6.2B). Additionally, the stable expression of DMT1 was 

verified by plating and staining cells 4 and 12 weeks following infection. LV-

DMT1-CS infected hNPC showed a slight increase in DMT1 over-expression 

from 4 to 12 weeks following infection, and in no cases did we observe a 

decrease in expression over time. 

To gain a preliminary understanding of the effect of DMT1 over-expression 

on cell growth, the approximate time of cell sphere doubling was observed by 

daily gross observation of sphere cultures under a microscope. The cell cultures 

in which greater than 50% of cells over-expressed DMT1 had slower growth and 

increased doubling time (from approximately 10-14 days for normal cell cultures 

compared to 21-28 days for slow-growth cultures). The effect on cell growth was 

observed in cells infected with either LV-DMT1-CS or LV-DMT1-Imanis. To 

balance protein expression with cell viability and growth, two populations of cells 

were maintained for imaging experiments for each virus. In the case of LV-

DMT1-CS, cells infected with 40 MOI (47% over-expression) and 75 MOI (72% 

over-expression) were used for in vitro and in vivo imaging experiments, 

respectively. In the case of LV-DMT1-Imanis, cells infected with 1 MOI (50% 

over-expression) and 3 MOI (79% over-expression) were used for in vitro and in 

vivo imaging experiments, respectively. Due to slow growth and challenges of 

maintaining the cell lines in which 70-80% of cells were over-expressing DMT1,  
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their use was primarily reserved for in vivo imaging, where it was presumed 

increased Mn uptake in hNPCDMT1 may be more challenging to detect. 

 6.4.2  In vitro imaging 

 Upon establishment of DMT1 over-expression in LV-infected hNPC lines 

(termed hNPCDMT1), we aimed to determine whether this over-expression would 

increase uptake of Mn2+ and 52Mn in vitro for imaging. As experiments were 

performed first on hNPCDMT1 established using LV-DMT1-CS, followed by those 

 
Figure 6.2: Stable in vitro expression of DMT1 following infection with LV-DMT1-CS 
and LV-DMT1-Imanis. (A) At least four weeks following infection, cells were plated 
and stained for human DMT1 protein. Higher LV concentration resulted in increased 
DMT1 over-expression. (B) When plated, stained cells were counted for protein 
expression, and we observed up to 90% over-expression. LV-DMT1-Imanis produced 
higher over-expression levels at lower MOIs used. 
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established using LV-DMT1-Imanis, the results will be presented in that order 

(hNPCDMT1-1 and hNPCDMT1-2, respectively).  

 For in vitro MRI following Mn supplementation, hNPCDMT1-1 and hNPCWT 

were incubated for one hour with 0-200 µM MnCl2 (Figure 6.3A). When no 

differences were observed between the two cell lines, the experimented was 

repeated with increased incubation time of 24 hours (Figure 6.3B). In this 

second trial, cells were also allowed to rest one day following dissociation prior to 

MnCl2 supplementation, as was the case for transiently-expressing cells (Chapter 

3). Under these conditions, an increase in R1 relaxation time of hNPCDMT1-1 

compared to hNPCWT was observed, although this difference was less striking 

than that observed in Chapter 3 in cells transiently over-expressing DMT1, even 

when supplemented with lower concentrations of MnCl2. Additionally, in vitro 

gamma counting of 52Mn uptake was performed by incubating hNPCDMT1-1 with 

varying levels of activity, and a linear relationship between activity supplemented 

and activity retained was observed (Figure 6.3C). Unfortunately, due to an 

accidental and unexpected loss of cells, these numbers could not be directly 

compared to uptake of 52Mn in hNPCWT.  

 After preparation of another DMT1-expressing cell line, hNPCDMT1-2, in 

vitro MRI and gamma counting were repeated. For MRI, hNPCDMT1-2 and 

hNPCWT were incubated with 0-200 µM MnCl2 for either one or 24 hours prior to 

in vitro imaging. A slight difference in uptake was observed between the cell lines 

incubated 24 hours (Figure 6.4A). In vitro uptake of 52Mn in hNPCDMT1-2 was 

higher than that in hNPCWT after both one and 24-hour incubations (Figure 
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6.4B). The percent increase was consistent between the two incubation times, 

with hNPCDMT1-2 taking up approximately 60% more 52Mn2+ than hNPCWT. For 

both cell types, the 24-hour incubation resulted in approximately 3.5 times higher 

uptake than the one-hour incubation. 

 

 6.4.3 In vivo imaging and histology 

 In spite of the less striking uptake of Mn2+ in hNPCDMT1-1 compared to 

transiently over-expressing cells, we next tested whether hNPCDMT1-1 could be 

detected in vivo with MEMRI. In these experiments, we used the Mn delivery and 

imaging protocols developed in Chapters 4 and 5 of this work. Six days following 

transplantation of hNPCWT into the left striatum and hNPCDMT1-1 into the right  

 
Figure 6.3: In vitro imaging and 52Mn uptake measurement in hNPCDMT1-1 and 
hNPCWT. (A) No differences in Mn2+ uptake were observed between hNPCDMT1-1 and 
hNPCWT with in vitro MRI after 1 hour incubation with 0-200 µM MnCl2. (B) Increased 
Mn uptake was observed in hNPCDMT1-1 in a second in vitro imaging experiment, 
particularly after 24 hour incubation with MnCl2. However, the R1 increase observed in 
hNPCDMT1-1 compared to hNPCWT was less than that observed in transiently over-
expressing cells in Chapter 3. (C) A linear relationship between 52Mn activity 
supplemented and activity retained indicates 52Mn uptake in hNPCDMT1-1. 
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striatum of two rats, both subjects underwent MR imaging using quantitative T1 

mapping. One day following pre-contrast imaging, MnCl2 was delivered 

systemically via tail vein infusion, and then imaging was repeated 48 hours 

following contrast administration. Although general brain enhancement was 

observed in both subjects, no specific uptake in the vicinity of transplanted 

hNPCDMT1-1 was observed in either subject (Figure 6.5A and B). To verify that 

this was not due to transplanted cell death or a reduction in DMT1 over-

expression, histology was performed. Sections were stained for human GFAP to 

investigate survival of both hNPCWT and hNPCDMT1-1 and for human DMT1 

protein to verify that hNPCDMT1-1 protein over-expression was maintained 

following transplantation (Figure 6.5C and D). Positive hGFAP staining in both 

striata indicated survival of both cell types following transplantation, while positive 

hDMT1 staining on the right side indicated that DMT1 over-expression was 

 
Figure 6.4: In vitro imaging and 52Mn uptake measurement in hNPCDMT1-2 and 
hNPCWT. (A) Moderately increased uptake of Mn2+ in hNPCDMT1-2 compared to 
hNPCWT is observable with MEMRI, particularly after a 24-hour incubation of cells 
with MnCl2. (B) In both cell types, uptake of 52Mn increased linearly with 
supplemented activity. For both one hour and 24 hour incubation times, uptake in 
hNPCDMT1-2 was approximately 60% higher than uptake in hNPCWT. A longer 
incubation of 24 hours compared to one hour increased total 52Mn uptake by a factor 
of approximately 3.5 in both cell types. 
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maintained. Due to the lack of success of in vivo MEMRI detection of hNPCDMT1-1 

and the challenges we anticipated facing with low 52Mn brain uptake (Chapter 5), 

neither in vivo imaging of hNPCDMT1-1 with 52Mn PET nor long-term in vivo 

imaging with MEMRI were not pursued at this time. 

 

 A second line of cells over-expressing DMT1, hNPCDMT1-2, was also 

imaged in vivo after transplantation in the rat striatum. Cells were transplanted 

into the left (hNPCWT) and right (hNPCDMT1-2) striatum of six rats, and then in vivo 

PET and MRI were performed (N=3 per modality). For subjects undergoing MRI, 

T1 mapping in the brain was performed prior to and at 48 hours following delivery 

of MnCl2. Specific enhancement was observed in the vicinity of neither 

hNPCDMT1-2 nor hNPCWT despite generalized uptake of Mn2+ in the brain (Figure 

6.6A). Histological analysis on brain tissues following in vivo MR imaging 

 
Figure 6.5: In vivo MEMRI and histology of transplanted hNPCWT and hNPCDMT1-1. (A 
and B) Pre-contrast (left) and 48 hour post-contrast (right) images of the rat brain 
after transplantation of hNPCWT in the left striatum and hNPCDMT1-1 in the right 
striatum. Specific enhancement in the vicinity of hNPCDMT1-1 due to increased Mn2+ 
was not observed in either subject. (C) Positive staining for hGFAP on both sides 
indicated that both cell types survived transplantation and imaging. (D) Positive 
staining for hDMT1 on the right side indicated that hNPCDMT1-1 continued to over-
express DMT1 following transplantation, but nevertheless did not show sufficient Mn 
uptake for detectability with in vivo MEMRI. 
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revealed that cells survived the transplantation and imaging procedure and that 

hNPCDMT1-2 continued to over-express DMT1 (Figure 6.6C). 

 Three subjects underwent PET/CT following cell transplantation. At 4 and 

48 hours after intravenous delivery of 52Mn, PET/CT of the upper body and head 

were acquired. Reconstructed images showed low uptake in the brain, with no 

observable increase in activity in the vicinity of transplanted hNPC (Figure 6.6B). 

Activity uptake was also observed in resected brain tissue with autoradiography, 

but there was not an increase in activity in the vicinity of hNPCDMT1-2 (data not 

shown).   

 
 
 
 
 
 

 
Figure 6.6: MEMRI, PET/CT, and histology of transplanted hNPCWT and hNPCDMT1-2. 
Despite transplanted cell survival and high DMT1 over-expression in hNPCDMT1-2 (C, 
D), transplanted cells were not detected with (A) MEMRI or (B) PET/CT. Expected 
Mn2+ and 52Mn brain uptake levels were achieved, but Mn2+ uptake was not 
sufficiently high in hNPCDMT1-2 for contrast with respect to background tissue. 
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6.5 Discussion 

 In this chapter, we have established two lines of cells stably over-

expressing the DMT1 protein to test for in vivo stem cell tracking in the rat brain. 

After initial lack of success imaging hNPCDMT1-1, we pursued the establishment of 

an additional cell line, hNPCDMT1-2, with a modified expression vector construct as 

an alternative approach.  

Although we initially encountered challenges in cloning the DMT1 

construct into an appropriate shuttle vector, successful SV-DMT1 preparation 

was achieved and the construct was packaged into a lentivirus for infection of 

hNPC and establishment of hNPCDMT1-1. We observed high levels of DMT1 over-

expression in infected hNPC, with up to 70% of cells over-expressing the reporter 

protein. However, the notably slower growth of cell lines over-expressing DMT1 

at a rate of greater than approximately 50% indicated that, if successful for 

imaging, the balance between expression levels for imaging and cell viability 

would have to be optimized. Several serial analyses of protein over-expression in 

hNPCDMT1-1 indicated that protein over-expression was indeed stable over the 

course of three months. In hNPCDMT1-2, we observed similar DMT1 over-

expression as in hNPCDMT1-1, although a much lower viral titer was required to 

reach similar expression levels. Again, although very high over-expression could 

be achieved, levels of near 50% seemed preferable as a balance between cell 

growth rate and high DMT1 over-expression for imaging. 

We initially tested in vitro uptake of Mn2+ in hNPCDMT1-1 with MRI, using an 

identical supplementation and imaging protocol as used for cells in Chapter 3 
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(Figure 3.4). The lack of observable R1 differences of the two cell types 

prompted protocol modification with a longer period of time between cell 

dissociation and MnCl2 supplementation, higher concentrations of MnCl2 applied, 

and longer incubation. With these modifications, we observed differences in Mn2+ 

uptake between hNPCWT and hNPCDMT1-1. However, the high MnCl2 

concentration required for this observable difference may not be safely 

achievable in vivo, where we expect to observe concentrations of less than 100 

µM after intravenous delivery of 60 mg MnCl2 per kg body weight [155]. On the 

other hand, the longer incubation time may be more biologically relevant 

compared to a one hour incubation, as we observed high Mn2+ brain uptake in 

rats sustained for 1-4 days following systemic delivery (Chapter 4). In vitro 

imaging of hNPCDMT1-2 yielded similar results, with observable, but not striking, 

differences in Mn2+ and 52Mn2+ uptake compared to hNPCWT. Following 

observation of these in vitro imaging results, it was necessary to test whether this 

moderately enhanced Mn2+ uptake in hNPCDMT1 could still facilitate transplanted 

cell detectability with in vivo Mn-based MRI and PET. 

Due to low cell numbers and slow growth, in vivo imaging of transplanted 

hNPCDMT1 could be tested in a limited number of subjects. In an initial trial of 

imaging cells in two rats with MEMRI, hNPCDMT1-1 did not show sufficiently 

increased Mn2+ uptake to provide contrast compared to background uptake 

levels. Additionally, no discernable R1 difference was observed between 

hNPCDMT1-1 and hNPCWT. Positive histological staining in these subjects against 

hGFAP and hDMT1 indicated that the cells indeed survived the transplantation 
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and imaging process, so cell death or reduction in DMT1 over-expression did not 

appear to be the cause of lack of cell detection. Furthermore, no T2* signal 

dropout was observed near the cell transplants as in Chapter 4, so that did not 

explain the lack of R1 enhancement. Similarly, increased uptake of neither Mn2+ 

nor 52Mn2+ was observed in hNPCDMT1-2. On T1 maps and PET/CT images, 

transplanted cells could not be distinguished from background tissue, as 

hypothesized, despite cell survival and continued DMT1 over-expression. 

The challenges encountered in imaging hNPCDMT1 in this chapter could be 

due to a variety of factors. First, a notable difference in the character of DMT1 

over-expression was observed between transiently over-expressing cells (hNPC-

DMT1, which were successfully detected in vivo in Chapter 3 of this work) and 

stably over-expressing cells (hNPCDMT1). Although DMT1 over-expression was 

limited to a maximum of approximately 40% of cells one day following 

transfection, transiently expressing cells showed extremely high DMT1 

expression in DMT1+ cells. On the other hand, in hNPCDMT1, though expression 

was more widespread, the level of expression was more moderate in DMT1+ 

cells. This could reduce overall Mn2+ uptake in DMT1+ cells, resulting in reduced 

contrast between hNPCWT and hNPCDMT1. 

In addition to reduced levels of DMT1 expression in DMT1+ cells, it is also 

possible that the DMT1 protein in hNPCDMT1 had different biological activity and 

function compared to hNPC-DMT1. At endogenous expression levels, DMT1 

activity has been shown to be dependent on intracellular iron concentrations, 

extracellular pH, transferrin protein, membrane potential, and extracellular 
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calcium [29, 101, 105]. Although it is out of the scope of this study to interrogate 

the impact of these variables on Mn2+ internalization by DMT1, we hypothesize 

that such mediators of DMT1 activity may be more faithfully conserved in 

hNPCDMT1 than in hNPC-DMT1, possibly reducing the amount of Mn2+ that can 

be transported into the cell. 

The motivation in pursuing the cell tracking approach tested in this chapter 

was to retain the favorable imaging features of hNPC-DMT1 while making 

possible long-term monitoring of the location and survival transplanted cells and 

their progeny. However, due to reduced uptake of Mn-based contrast agents in 

hNPCDMT1 compared to hNPC-DMT1, contrast accumulation was insufficient for 

contrast between transplanted cells and background tissue. Therefore, in this 

chapter we were unable to reach our objective of long-term in vivo imaging of 

hNPC over-expressing DMT1. Despite the lack of success of this specific 

approach, some variations of this cell tracking method still hold potential. Pre-

labeling cells transiently over-expressing DMT1 with Mn2+ or 52Mn2+ could allow 

cell tracking over the course of several weeks, for initial evaluation of cell location 

and migration post-transplantation. In addition, the level of DMT1 over-

expression, effect of expression on cells, and DMT1 protein function may prove 

to be dependent upon cell type. Therefore, other cell types stably over-

expressing DMT1, such as mesenchymal stem cells or skeletal muscle 

progenitor cells, may hold potential for in vivo imaging in peripheral tissues or the 

brain. 
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6.6 Conclusion 

In conclusion, in this chapter we have established two lines of hNPC 

stably over-expressing DMT1 and tested them for Mn2+ contrast agent uptake 

and in vivo imaging potential. Increased uptake of Mn2+ and 52Mn2+ was observed 

in hNPCDMT1, but this increase was insufficient for MR and PET image contrast 

with respect to background tissue following cell transplantation. For this reason, 

this specific approach was not further pursued for long-term imaging and not 

further investigated for functional effects of this imaging technique on hNPC. 

However, in future investigations, variations on the approach developed and 

investigated in this dissertation may hold for transplanted stem cell imaging. 
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Chapter 7: Characterization of a broad-spectrum cancer targeting MRI 
contrast agent 

 
 
7.1 Preface/Abstract 

 In this chapter, we apply the quantitative imaging methods and knowledge 

developed in our work imaging stem cells with MRI and PET to characterization 

of a novel MRI contrast agent. T1 mapping and contrast-enhanced imaging is 

used to characterize Gd-DO3A-404, an alkylphosphocholine (APC) analog 

labeled with DOTA-conjugated Gd3+. Analysis of the relaxivity of Gd-DO3A-404 

using T1 mapping revealed that it has favorable r1 relaxivity at 4.7T, as high as 

5.84 s-1/mM. In vivo T1-weighted imaging and T1-mapping was used to detect 

specific and sustained tumor uptake in human cancer cell lines of non-small cell 

lung cancer and glioma. In comparison to the uptake of the non-targeted DOTA-

conjugated Gd3+ agent Dotarem®, Gd-DO3A-404 was found to have significantly 

higher tumor to muscle uptake ratios. Additionally, uptake was maintained for a 

longer period of time following Gd-DO3A-404 administration (4-7 days compared 

to 60 minutes). Initial testing of Gd-DO3A-404 in an orthotopic human 

glioblastoma stem cell line showed striking uptake in a minority of brain tumors. 

In all, these results indicate that with favorable relaxation characteristics and 

sustained signal-enhancing uptake in multiple tumor models, Gd-DO3A-404 has 

great potential as a tumor-targeting MR contrast agent. As part of a library of 

APC analogs labeled with PET/optical tracers and therapeutic radionuclides, Gd-

DO3A-404 further expands theranostic capabilities for a variety of applications.  
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7.2 Introduction 

 Phospholipids and their analogs have been investigated in recent years as 

tumor-targeting agents for molecular imaging, optical surgical navigation, and 

targeted radionuclide therapy [5, 143, 144, 146, 148-150, 197]. A primary 

strength of phospholipid analogs is their broad tumor-targeting capabilities and, if 

well designed, their high tumor specificity compared to normal healthy tissues, 

particularly in the liver and kidney [5, 148]. These characteristics facilitate safe 

and highly specific imaging of primary tumors and detection of metastases. This 

capability was clearly illustrated in one of the first in-human trials of the 

radioiodine-labeled alkylphosphocholine (APC) analog 124I-CLR1404, in which 

three previously unknown 18F-FDG-negative brain lesions were detected [5]. 

Investigations of additional applications of APC analogs, such as fluorescence 

imaging, 131I particle therapy, and optical surgical navigation, have displayed their 

broad functional applicability and established a strong multi-modality foundation 

[5, 149, 150, 198].  

 Although targeted cancer imaging with APC analogs has been successful 

with PET and optical agents, this suite of imaging agents is subject to a historical 

mismatch between the spatial resolution of an imaging modality and the biologic 

resolution of an imaging agent. An agent for high-resolution imaging with 

radiography, CT, or MRI would provide potential for higher-resolution imaging 

better matched to the sub-cellular biological resolution of APC analogs. In 

addition, a targeted agent could more accurately represent the underlying 

biological characteristics of the tumor of interest than traditional contrast agents 
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for these modalities, for which uptake depends more on vascularity and physical 

tissue characteristics. 

 In this work, an APC analog labeled with the T1-shortening MRI contrast 

agent Gd3+ is characterized. The design of this agent, Gd-DO3A-404, was 

motivated by a wide variety of potential applications. The higher resolution of MRI 

compared to PET and optical imaging would allow more precise tumor 

delineation for surgical planning. In comparison to traditional, biologically inert 

Gd3+-labeled MR contrast agents, Gd-DO3A-404 may be used to more 

accurately observe tumor progression by eliminating the complications in 

contrast-enhancement caused by inflammation, radiation necrosis, and pseudo-

progression [199]. APC analogs labeled with PET and MRI contrast agents may 

be used in concert to take advantage of the complementary strengths of PET and 

MRI and the recently increased availability of PET/MRI technology [41]. Finally, 

due to the high neutron capture cross-section of gadolinium, Gd-DO3A-404 may 

have applications in targeted neutron capture therapy of cancer [200]. 

 Prior to investigation of this variety of applications, thorough 

characterization of Gd-DO3A-404 is required. The objective of the work 

described in this chapter is to investigate the MR relaxation characteristics, 

biodistribution, and tumor uptake of Gd-DO3A-404. We aim to determine 

whether, like other APC analogs labeled with imaging agents, Gd-DO3A-404 

targets multiple cancer cell types, in particular including human cancer cell lines 

and in situ (orthotopic) models.  
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7.3 Methods 

 7.3.1 Relaxivity measurement 

 Gd-DO3A-404 was formulated in saline, excipient, and human plasma for 

in vitro imaging and relaxivity measurement. Serial dilutions of 0, 0.125, 0.25, 

0.5, and 1 mM agent (molecular weight 1067 g/mol) were imaged in syringes with 

a 4.7T preclinical MRI scanner (Agilent Technologies, Santa Clara, CA). Sample 

temperature was monitored and maintained between 20-21°C. T1 estimation was 

performed using a series of inversion recovery (IR) spin echo (SE) scans with the 

following scan parameters: TR = 6000 ms, TE = 13.21 ms, slice thickness = 1 

mm, TI (in ms) = 8, 20, 45, 82, 130, 215, 350, 570, 928, 1500, 2500, 4000. T1 

values were then estimated using Matlab to fit the acquired data to the model for 

T1 inversion recovery, 𝑆 = 𝑀! − 2𝑀!𝑒!"/!! , via nonlinear least squares fitting 

(Matlab R2014b, MathWorks, Natick, MA). T2 estimation was performed using a 

multi-echo SE scan with the following scan parameters: TR = 2000 ms, TE (in 

ms) = 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 110, 120, 130, 140, 150, 160, 

number of excitations (NEX) = 3, slice thickness = 1 mm. T2 values were then 

estimated using Matlab to fit the acquired data to the model for T2 decay, 

𝑆 = 𝑀!𝑒!!"/!! + 𝑟. 

 7.3.2 Animal studies 

All animal studies were performed in compliance with protocols approved 

by the University of Wisconsin-Madison Institutional Animal Care and Use 

Committee. Mice had unrestricted access to food and water.  Two flank xenograft 

tumor models were developed by injection of tumor cells in the right flank of 



 135 

female nude athymic mice. Injections of 1×106 tumor cells in 50-100 µL PBS 

were performed 3-4 weeks (U87, glioma) or 4-6 weeks (A549, non-small cell lung 

cancer) prior to imaging [5]. An orthotopic glioblastoma model was established by 

stereotactic injection of 2×106 glioblastoma stem cells (line 12.1) in the right 

striatum of immunodeficient NOD/SCID mice [201].  

The two contrast agents tested in this study, Gd-DO3A-404 or Dotarem®, 

were both delivered at a total dose of 2.34 µmol per subject. Gd-DO3A-404 (2.5 

mg) was formulated in 250 µL excipient and delivered in a bolus tail vein injection 

to alert mice prior to imaging. For three of the six mice with orthotopic glioma 

xenografts, the dose was increased to 3.7 mg Gd-DO3A-404. Dotarem® was 

formulated in 112 µL saline. Due to its more rapid uptake and washout dynamics, 

Dotarem® was delivered via tail vein bolus to anesthetized animals within the 

magnet. This delivery permitted imaging of Dotarem® uptake immediately 

following delivery. For imaging procedures, anesthesia was induced with 2% 

isoflurane in oxygen and maintained with 1-1.5% isoflurane in oxygen. 

Respiration was monitored throughout the procedure, and body temperature was 

maintained using an external temperature probe and warm air blower. 

 7.3.3 In vivo imaging 

 Prior to contrast delivery and at various time points following 

administration, T1-weighted images and T1 maps were acquired of xenografts for 

comparison of signal intensity. In addition, for mice bearing flank xenografts, T1-

weighted images were acquired of the abdomen for comparison of signal in the 

liver, kidneys, and blood (in the heart). For mice bearing flank xenografts, the 
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imaging paradigm was as follows: T1-weighted tumor images were collected at 

seven imaging time points (pre-contrast, 1 hr, 24 hr, 48 hr, 72 hr, 4 day, 7 day); 

T1 mapping was performed at pre-contrast and 48 hr time points; T1-weighted 

abdomen images were collected at five imaging time points (pre-contrast, 1 hr, 

24 hr, 4 day, 7 day). For mice bearing orthotopic xenografts, imaging was 

performed pre-contrast and at 24, 48, and 72 hours post-contrast (N=3, delivered 

2.5 mg Gd-DO3A-404) or at a single time point 48 hours post-contrast (N=3, 

delivered 3.7 mg Gd-DO3A-404). 

 All in vivo scans were acquired on the same 4.7T preclinical MRI scanner. 

Some variations in scan parameters between flank and orthotopic xenografts are 

due to a scanner upgrade between the two sets of experiments. T1-weighted fast 

spin echo scan parameters were as follows for flank/orthotopic xenografts: TR = 

206/176 ms, echo spacing = 8.94/7.31 ms, echo train length = 2/2, effective TE = 

8.94/7.31 ms, NEX = 10/20, matrix size = 192×192/128×128, field of view (FOV) 

= 40×40/27×27 mm2, number of slices = 10/10, slice thickness = 1/0.75 mm. T1-

weighted abdomen imaging was performed using a fast spoiled gradient echo 

(SPGR) scan with the following parameters: TR = 8.66 ms, TE = 3.6 ms, TE2 = 

6.03 ms, NEX = 4, flip angle (FA) = 40°, matrix = 128×128×96, volumetric FOV = 

30×30×22.5 mm3. T1 mapping was performed using variable flip angle SPGR 

scans, with actual flip imaging (AFI) for flip angle mapping [153, 166]. Scan 

parameters were as follows for T1 mapping of flank/orthotopic xenografts: TR = 

4.62/4.77 ms, TE = 1.58/1.65 ms, TE2 = 2.02/2.02 ms, NEX = 3/6, FA = 2°, 3°, 

10°, 13° (both tumor types), matrix = 32×128×128/32×96×96, volumetric FOV = 
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10×40×40/10×25×25 mm3. T1 estimation was performed via weighted linear least 

squares fitting with flip angle correction [167]. 

 
7.4 Results 

 7.4.1 Relaxivity measurement 

 The relaxation properties of Gd-DO3A-404 were investigated on a 4.7T 

preclinical MR scanner. Serial dilutions of the agent prepared in saline, excipient, 

and human plasma were scanned. An inversion recovery sequence was used for 

T1 quantification, while a spin echo scan with multiple echo times was used for T2 

quantification. Representative R1 and R2 maps (R1=1/T1, R2=1/T2) of Gd-DO3A-

404 prepared in plasma, along with the corresponding linear fitting of the data for 

relaxation quantification, are shown in Figure 7.1. At 4.7T, the measured 

longitudinal relaxivity (r1) was between 5.6-5.9 s-1/mM for all preparations, while 

transverse relaxivity (r2) varied from 11-21 s-1/mM (Table 7.1). In comparison, 

clinically available T1-shortening contrast agents such as Magnevist, Prohance, 

MultiHance, and Dotarem have r1 values ranging from 2.8-4.0 s-1/mM at 4.7T 

[126]. The higher r1 of Gd-DO3A-404 indicates that at the same concentration as 

the previously mentioned agents, it has more rapid longitudinal relaxation and 

therefore greater potential for T1-weighted signal enhancement. 

Table 7.1 
Relaxivity of Gd-DO3A-404 in saline, excipient, and human plasma at 4.7T 

 Relaxivity of Gd-DO3A-404 (s-1/mM) 
In saline In excipient In plasma 

r1 5.68 5.84 5.74 
r2 16.14 11.31 20.36 
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7.4.2 Flank xenograft imaging 

 In vivo uptake of Gd-DO3A-404 was initially tested in flank xenografts of 

two human cancer cell lines, A549 (non-small cell lung cancer) and U87 (glioma). 

For each tumor model, three nude athymic mice were inoculated with tumor cells  

in the hind flank and imaging was performed after sufficient tumor growth, 3-6 

weeks following inoculation. T1-weighted MR images and T1 maps were acquired 

in all subjects prior to intravenous contrast administration, and imaging was 

repeated at multiple time points up to seven days. Flank tumors of both models 

showed tumor-specific enhancement over the course of 24-48 hours following 

contrast administration (Figure 7.2). Significantly sustained enhancement, 

quantified by tumor to muscle signal ratio, was maintained for up to 4 and 7 days 

in A549 and U87, respectively. T1 maps acquired at pre-contrast and 48 hour 

 
Figure 7.1: Relaxation characteristics of Gd-DO3A-404 in plasma at 4.7T. (A) R1 and 
R2 relaxation rates increased linearly with concentration of Gd-DO3A-404. (B) 
Longitudinal and transverse relaxivities of Gd-DO3A-404 were found to be 5.74 and 
20.4 s-1/mM, respectively. The increased r1 relaxivity of Gd-DO3A-404 compared to 
Dotarem (r1=3.3, r2=4.7) indicates that at the same concentration, Gd-DO3A-404 
has a higher R1 relaxation rate and therefore greater T1-weighted signal 
enhancement potential.  
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time points confirmed that a significant increase in R1 relaxation rate was 

observed at 48 hours post-contrast in both tumor models. 

 

 T1-weighted imaging volumes of the abdomen were also acquired to 

observe the uptake of Gd-DO3A-404 in the liver, kidneys, and circulation in the 

blood. Twenty-four hours following contrast administration, little observable agent 

remained in circulation (Figure 7.3A). High uptake in the liver and kidneys was 

observed, with maximum liver uptake 24 hours and maximum kidney uptake one 

hour following contrast administration (Figure 7.3B and C). Increased T1-

 
Figure 7.2: Tumor uptake of Gd-DO3A-404 in flank xenografts. (A) Representative 
T1-weighted images of two tumor models pre-contrast and at multiple time points up 
to 2 days post-contrast. Tumor location indicated by white arrow. (B) Tumor to muscle 
ratio of T1-weighted signal increased over the course of 24-48 hours and remained 
significantly enhanced compared to pre-contrast for up to 4 and 7 days for A549 and 
U87 xenografts, respectively. Error bars reflect standard deviation among three 
subjects (*p<0.05 compared to pre-contrast, A549; #p<0.05 compared to pre-contrast, 
U87). (C) Quantification of R1 relaxation rate revealed a significant increase in R1 
time in both tumor models 48 hours after contrast administration. 
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weighted signal in the liver (compared to baseline) was maintained until the last 

imaging time point. In the kidney cortex, increased T1-weighted signal remained 

until 4 days post-contrast. 

 

 7.4.3 Comparison with Dotarem® 

 The uptake of Dotarem® (gadoterate meglumine), Gd3+ chelated by 

DOTA, was investigated in mouse hindlimb tumors to compare the temporal 

dynamics of MRI signal enhancement to those of Gd-DO3A-404. Three nude 

athymic mice with U87 flank xenografts were scanned with a T1-weighted 

sequence prior to administration of Dotarem®, immediately following contrast 

administration, and at multiple time points up to 24 hours. We observed rapid 

 
Figure 7.3: Temporal evolution of T1-weighted signal in the abdomen following 
administration of Gd-DO3A-404. (A) High signal in the blood is observed one hour 
post-contrast, with washout by 4 days (M = myocardium). (B) Liver signal 
enhancement is observed at all time points, with maximum signal observed at 24 
hours (L = liver). (C) Kidney signal is enhanced one and 24 hours post-contrast, with  
more sustained signal enhancement observed in the kidney cortex (K = kidney).   
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tumor uptake of Dotarem® over the course of five minutes, then rapidly reduced 

T1-weighted tumor to muscle signal ratio over the course of one hour (Figure 

7.4). Dotarem® administration increased ratio of tumor to muscle T1-weighted 

signal from 1.15 pre-contrast to 1.67 five minutes post-contrast (average of three 

subjects). In comparison, as a result of Gd-DO3A-404 administration, tumor to 

muscle signal ratio increased from 1.24 pre-contrast to 2.12 at 24 hours post-

contrast. 

 

 7.4.4 Uptake in orthotopic glioma 

 After observing uptake of Gd-DO3A-404 in two flank tumor xenograft 

models, we next aimed to observe uptake in an orthotopic glioblastoma model. 

Glioblastoma stem cells were transplanted into the right striatum of eight 

NOD/SCID mice. After monitoring tumor growth with T2-weighted MRI, six 

subjects were selected for testing Gd-DO3A-404 uptake based on observed 

 

Figure 7.4: Comparative uptake 
dynamics of Gd-DO3A-404 and 
Dotarem in U87 flank xenograft. (A) 
Representative T1-weighted images of 
Dotarem (Gd-DOTA) uptake in U87 
xenograft model. (B) Time course of 
T1-weighted signal enhancement after 
delivery of Gd-DO3A-404 and Dotarem 
in U87 shows that Gd-DO3A-404 
enhancement is greater and more  
 prolonged, indicating that uptake reflects specific targeting and incorporation of the 

contrast agent in cancer cells. (*p<0.05 compared to pre-contrast, Dotarem; #p<0.05 
compared to pre-contrast, Gd-DO3A-404.) 
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tumor size. In three subjects, 2.5 mg Gd-DO3A-404 was administered via tail 

vein. T1-weighted images were acquired and T1 mapping was performed pre-

contrast and at 24, 48, and 72 hours following administration. In these subjects, 

no uptake was observed in the vicinity of orthotopic tumors (Figure 4.5A). Three 

additional subjects were then administered a higher dose of 3.7 mg Gd-DO3A-

404. In one of these three subjects, striking uptake of the agent was observed in 

a large tumor volume (Figure 4.6B). 

 

 
7.5 Discussion 

 In this work, we have characterized the relaxivity characteristics and in 

vivo targeted uptake of Gd-DO3A-404, a new cancer-targeting MR contrast agent 

based on APC analog technology [5]. We observed that that with favorable 

relaxation characteristics and sustained signal-enhancing uptake in multiple 

tumor models, Gd-DO3A-404 has great potential as a tumor-targeting MR 

contrast agent. 

 
indicating that blood-brain barrier disruption may be necessary for uptake in brain 
tumors. 

Figure 4.5: Uptake of Gd-
DO3A-404 in orthotopic 
xenografts. Subjects were 
delivered (A) 2.5 mg or 
(B) 3.7 mg agent. In only 
one subject out of six, 
orthotopic brain tumor 
xenograft uptake was 
observed following 
administration of Gd-
DO3A-404. Notably, this 
was the subject with the 
largest tumor volume,  
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 The effect of Gd-DO3A-404 on relaxation properties of surrounding water 

protons was characterized at 4.7T with in vitro relaxivity measurement of the 

agent in three formulations (saline, excipient, human plasma). The longitudinal 

relaxivity of Gd-DO3A-404 at this field strength (5.6-5.9 s-1/mM) is higher than 

that of clinically available MR contrast agents (2.8-4.0 s-1/mM), indicating that its 

T1-weighted signal-enhancing properties may be observable with imaging at 

lower concentrations [126]. Due to the challenges of delivering high 

concentrations of targeted agents to tumor cells, this high r1 may improve 

likelihood of success of detecting uptake of this targeted agent in tumors. In 

general, most T1-shortening contrast agents show improved performance at 

lower field strengths due to the fact that T1 time increases with field strength 

[126]. Therefore, we hypothesize that further characterization of Gd-DO3A-404 at 

1.5T and 3.0T field strengths will reveal even more favorable relaxation 

characteristics at more clinically relevant field strengths. 

 The transverse relaxivity of Gd-DO3A-404 was also found to be high 

relative to many clinical T1-shortening MR contrast agents (11-21 s-1/mM 

compared to 5-11 s-1/mM) [126]. This indicates that for T1-weighted imaging of 

Gd-DO3A-404 uptake, a short echo time (TE) should be used to minimize T2 

relaxation prior to data acquisition. If the agent is in sufficiently high concentration 

in the imaging volume of interest, and with too long an imaging TE, high r2 could 

result in reduced signal. If this challenge is encountered and cannot be resolved 

with a reduced TE, T1 mapping could also be used to eliminate the effect of T2 

shortening on observation of Gd-DO3A-404 uptake. 
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 The circulation, organ uptake, and tumor uptake of Gd-DO3A-404 was 

observed in nude mice with two human tumor models: non-small cell lung cancer 

(A549) and glioma (U87) flank xenograft. In both tumor models, uptake over a 

period of 24 hours was observed by T1-weighted imaging. Additionally, a 

significant increase in tumor to muscle T1-weighted signal ratio was observed at 

multiple time points compared to baseline, from 1 hour to 7 days post-contrast in 

U87 and from 48 hours to 4 days post-contrast in A549. This slow uptake and 

prolonged retention of Gd-DO3A-404, compared to the rapid uptake and efflux of 

Dotarem® observed in U87 flank xenograft, indicates that Gd-DO3A-404 has 

tumor-targeted and tumor-specific uptake in multiple tumor types. The percent 

signal enhancement, duration of signal enhancement, and gross observability of 

Gd-DO3A-404 uptake in these tumor models was striking compared to other 

tumor-targeted MRI contrast agents in the literature [131-133, 202]. Even in 

comparison to other reported agents with more notable uptake, this agent 

uniquely was shown to target more than one tumor type [134-136].  

For this agent, along with the tumor-targeting capabilities of APC analogs, 

specific uptake is further made possible by the 1-2 day circulation time and slow 

liver and kidney elimination of Gd-DO3A-404, as observed in abdominal T1-

weighted imaging. Due to this long circulation time, in the future it will be 

essential to experimentally verify high stability of the agent to minimize potential 

safety concerns of Gd3+ deposition.  

In initial testing of Gd-DO3A-404 uptake in an orthotopic xenograft model 

of glioblastoma, mixed results were observed. In only one of six subjects was 
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signal enhancement observed, but in this subject uptake was striking and 

covered a large area. Further investigation of the characteristics mediating 

uptake in situ, including tumor size, blood-brain-barrier penetration, and agent 

dose are required and will be performed in the near future via histology and 

experimentation with additional orthotopic models.  

 Thus far, the results of these experiments characterizing the relaxation, 

uptake, and imaging characteristics of Gd-DO3A-404 indicate great potential for 

broad-spectrum, high-resolution cancer imaging. However, several essential 

questions remain to be answered prior to clinical testing of this agent. As 

previously mentioned, Gd-DO3A-404 relaxivity has yet to be measured at 1.5T 

and 3.0T. These measurements will be made in the near future, pending 

availability of sufficient quantities of the prepared agent. In addition, we will 

measure the stability of the agent at 37°C in plasma. This measurement is 

essential given the long circulation time of the agent and the potential safety 

concerns related to dissociation of Gd3+ from chelating agents [138-141]. The 

factors mediating uptake in orthotopic models will be further investigated using 

histology and, if necessary, additional models (e.g. U87 glioma). Finally, the 

feasibility of and advantages of simultaneous PET/MR with Gd-DO3A-404 and 

124I-CLR1404 will be explored in a large rodent tumor model.  

 
7.6 Conclusion  

In conclusion, in this chapter we have performed experiments to test 

whether targeted contrast-enhanced MR imaging of a variety of tumor types is 

feasible with Gd-DO3A-404. We have observed relaxation characteristics and, in 
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particular, tumor-targeting properties that are favorable in comparison with 

previously proposed targeted MR contrast agents for cancer imaging. In addition, 

as part of a library of APC analogs labeled with PET/optical tracers and 

therapeutic radionuclides, Gd-DO3A-404 further expands theranostic capabilities. 

In all, this agent shows great potential to address current barriers in targeted 

imaging of cancer. 
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Chapter 8: Chapters summary and future perspectives 
 

 
8.1 Chapters summary 

 This dissertation presents a body of work that establishes new methods 

and improves on previous methods for quantitative and multi-modal imaging 

approaches to detecting transplanted stem cells and cancer. In it, an imaging 

reporter gene system for stem cell tracking with PET and MRI is proposed and 

tested. This stem cell imaging approach is facilitated by the development of new 

methods for manganese-based PET and MRI in the rat brain and quantitative 

MRI experimental design. Finally, molecular and quantitative MRI methods 

developed and used for stem cell tracking are then applied to the 

characterization and initial testing of a novel cancer-targeting MRI contrast agent. 

 The work presented in this dissertation is original research published, 

submitted for publication, or in preparation for submission in peer-reviewed 

journals. Chapters 3-7 are original work performed at the University of 

Wisconsin-Madison between the years of 2012 and 2016. The work presented in 

chapters 3 and 5 has been published in peer-reviewed journals [34, 175], while 

that in chapters 4 and 7 are under review and in preparation for submission, 

respectively. 

 In the first stage of this work, a new reporter gene system for imaging 

transplanted stem cells was proposed and tested. Human neural progenitor cells 

(hNPC) were genetically modified to transiently over-express divalent metal 

transporter 1 (DMT1) for PET and MRI of specific manganese uptake in labeled 

cells. In this proof-of-concept work, we observed strikingly increased Mn2+ uptake 
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in DMT1 over-expressing hNPC, and were able to detect stem cells in the rat 

brain after transplantation (Chapter 3). Next, due to minor challenges 

encountered in in vivo manganese-enhanced MRI and 52Mn PET in Chapter 3, 

we turned our attention to imaging protocol development. New methods for 

neuroimaging with 52Mn were developed and tested, and we established safe 

and effective protocols for manganese enhancement with MRI and PET (Chapter 

4). In addition, a method for MRI parameter selection for quantitative T1 mapping 

using an error propagation approach was derived and tested with simulations 

and ex vivo T1 mapping in the brain (Chapter 5). Once these methods had been 

established, two lines of hNPC stably over-expressing DMT1 (hNPCDMT1) were 

developed and tested for long-term stem cell imaging in the rat brain. These 

hNPCDMT1 lines showed modestly increased Mn2+ uptake compared to 

unmodified hNPC, but this increased uptake was insufficient for in vivo stem cell 

detection (Chapter 6). Last, the protocols and expertise developed throughout 

this work were applied to the characterization and testing of a newly developed 

cancer-targeting MRI contrast agent, Gd-DO3A-404 (Chapter 7). 

 
8.2 Knowledge obtained and future perspectives 

 The work described within this dissertation was pursued in order to 

address a variety of barriers, challenges, and knowledge gaps in the fields of 

molecular and quantitative imaging in stem cell therapy and cancer. The results 

described and conclusions reached have newly addressed some of these gaps 

and barriers while also posing subsequent hypotheses to be tested.  
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8.2.1 PET/MRI of hNPC over-expressing DMT1 (Chapters 3 and 6) 

The work described in Chapters 3 and 6 was motivated by the need for an 

effective long-term in vivo imaging technique for imaging live stem cells and their 

progeny after transplantation for treatment of neurodegenerative diseases. If 

applicable in humans, an effective stem cell imaging method could improve the 

interpretation of the results of clinical trials currently underway. However, there 

does not currently exist a safe method for stem cell imaging that is applicable in 

humans and specific to live cells. The approach described in these chapters 

aimed to develop a method that (1) was specific to live cells, hence the use of a 

reporter gene rather than a direct label, (2) was applicable in humans, hence the 

use of 52Mn for reduced bulk Mn2+ dose compared to MRI, (3) was safe, hence 

the use of a mammalian, ubiquitously expressed reporter protein, and (4) 

provided the complementary strengths of two clinically applicable imaging 

modalities.  

Our hypothesis that hNPC over-expressing DMT1 take up higher levels of 

Mn2+ and 52Mn2+ contrast agents was confirmed in these chapters. However, 

although this increased uptake was sufficient for in vivo imaging of hNPC 

transiently over-expressing DMT1, it was not so in the cells stably over-

expressing the reporter protein (hNPCDMT1). We hypothesize that this may be 

due to altered protein structure, expression profile, expression level, or protein 

function in hNPCDMT1. However, the work presented in Chapters 3 and 6 do 

indicate that, if the level of Mn2+ uptake in hNPCDMT1 was closer to that of hNPC-

DMT1, this approach may successfully address the goals described above. 
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Although it is outside the scope of this work to investigate the structure and 

function of DMT1 in hNPCDMT1, the further investigation and resolution of this 

functional difference could allow for the continued development of this stem cell 

imaging approach. Without this resolution, this in vivo cell tracking approach is 

unlikely to be applicable and translatable as proposed. However, the further 

investigation of this approach in other stem cell types, such as mesenchymal 

stem cells or induced pluripotent stem cells, may reveal more broad capabilities 

and applicability of the approach pursued herein.  

Other modifications to this approach may also be worthy of additional 

investigation. Due to the more rapid Mn2+ uptake into cells compared to efflux, 

pre-labeling of hNPC transiently over-expressing DMT1 with Mn2+ or 52Mn2+ prior 

to transplantation could permit cell visualization for 1-2 weeks following 

transplantation [102]. Although this approach is less specific to live cells than the 

approach pursued in Chapters 3 and 6 of this work, it provides several 

advantages, including (1) eliminating the need for systemic Mn2+ delivery, (2) 

higher contrast-to-noise ratio (CNR) due to reduced background signal in both 

MRI and PET, and (3) positive contrast at the location of cells, preferable over 

the negative contrast provided by nanoparticles commonly used for cell labeling, 

such as super-paramagnetic iron oxide [73]. 

Within the field of stem cell tracking, this work presents one of many 

proposed methods for detecting stem cell location and survival following 

transplantation. The continued study of direct labeling indicates that non-specific 

contrast is a confounding factor for cell monitoring [64]. However, our work 
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illustrates the tradeoff between the technical challenges of and functional 

information provided by reporter genes for stem cell imaging. The highly specific 

uptake of Mn2+ in hNPC-DMT1 indicates the strong functional information 

provided by this technique. On the other hand, the challenges encountered in 

establishing a line of hNPCDMT1 with high Mn2+ uptake illustrate the more 

complicated nature of reporter gene-based imaging. Overall, the work presented 

in this dissertation, along with previous work in our lab, indicates that reporter 

genes are favorable cell labeling methods [19, 34, 73]. Importantly, their ease of 

use and clinical applicability is highly dependent on thoughtful selection of safe 

and translatable imaging methods. 

8.2.2 Development of MEMRI, 52Mn PET, and quantitative imaging 

protocols (Chapters 4 and 5) 

 The work described in Chapters 4 and 5 was motivated by our need for 

appropriate, well-established imaging protocols for quantitative MEMRI and 52Mn 

PET for use in stem cell imaging experiments. In addition, this work aimed to 

more broadly contribute to the fields of quantitative, molecular, and multimodal 

imaging by testing new imaging approaches and protocols in a variety of imaging 

settings. 

Although several research groups have described the production and 

initial application of 52Mn for PET imaging, few have presented work investigating 

the biodistribution and temporal dynamics of uptake after systemic delivery [33, 

35-37]. Our study in Chapter 4 described 52Mn PET in the rat and directly 

compared the brain uptake of Mn2+ contrast agents for MRI and PET. It further 
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revealed a variety of potentially interesting applications of PET with carrier-added 

and no carrier-added 52Mn, including imaging of the pancreas, submandibular 

gland, and joints. The low brain uptake of 52Mn observed after systemic delivery 

indicated reduced potential for neuroimaging than originally hypothesized. 

However, these results indicated that alternate delivery methods such as 

pharmaceutical blood-brain barrier disruption or intrathecal delivery could be 

worthy of investigation, particularly for preclinical imaging applications. Within the 

field of novel radiotracer development, this work helps to establish a baseline of 

knowledge regarding 52Mn applications and limitations, and may be particularly 

useful for investigators developing 52Mn labeling and targeting strategies [35]. 

 Quantitative T1 mapping from variable flip angle spoiled gradient echo 

acquisitions has been investigated in a variety of contexts, but few previous 

works address experimental design for precise and accurate T1 estimates in a 

realistic imaging setting [186-188]. The work described in Chapter 5 aimed to 

approach experimental design from the theoretical framework of error 

propagation to minimize T1 variance. In particular, we aimed to develop an 

approach that was broadly applicable to any T1 distribution with any number of 

acquisition flip angles. The angle selection method proposed and tested in 

Chapter 5 was found to reduce both the variance and bias of T1 estimates in 

simulations and experiments. Interestingly, we found that the flip angles selected 

using our proposed approach were very similar to those proposed by other 

researchers using a different selection method [153]. Due to the more involved 

implementation of our proposed selection technique, we found that the more 
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simple selection criteria described in [153] was sufficient for the majority of 

biological imaging tasks. However, the work described in Chapter 5 is highly 

flexible and applicable to more specialized imaging tasks in which a normal 

distribution of T1 values cannot be assumed, and may therefore be particularly 

useful for unique imaging tasks in a research setting.  

8.2.3 Characterization of a broad-spectrum cancer targeting MRI 

contrast agent (Chapter 7) 

The work described in Chapter 7 was motivated by the clinical need for a 

broad-spectrum cancer targeting MRI contrast agent. Such an agent could 

facilitate tumor boundary delineation with high spatial resolution, aid in the 

identification of true tumor progression with MRI, and provide a complementary 

contrast agent for simultaneous targeted contrast-enhanced PET/MR of cancer. 

As part of a suite of cancer-targeting agents for in vivo imaging, targeted therapy, 

and surgical guidance, it could greatly expand the capabilities of the APC analog 

theranostic platform [5]. 

In Chapter 7, we observed favorable relaxation and tumor-targeting 

characteristics of Gd-DO3A-404. Specific, sustained uptake of Gd-DO3A-404 

was observed in three xenograft models, indicating that this APC analog, like its 

PET and optical counterparts, is capable of targeted imaging in a wide variety of 

cancer types. Despite these early successes, the clinical translation of this agent 

is dependent on several essential studies, which will be performed in the near 

future. First, although the long circulation time of Gd-DO3A-404 allows for 

targeted tumor uptake, it could be a safety hazard if the Gd3+ is not stably 
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chelated by the agent. Therefore, agent stability studies will be performed to 

investigate safety concerns related to the biological consequences of free Gd3+ 

circulation. In addition, we will investigate the application of Gd-DO3A-404 with 

124I-CLR1404 for simultaneous PET/MR imaging of cancer. In all, the work in 

Chapter 7 indicates the great potential of Gd-DO3A-404 for targeted imaging of 

cancer as part of a multimodality theranostic suite of agents. In comparison with 

a variety of other targeted MR agents in preclinical development, this agent in 

particular shows much more striking uptake and retention in tumor models [131-

136]. Considering the current clinical testing of APC analogs for imaging and 

therapy, this strong performance may support rapid clinical translation for 

theranostic applications [5]. 

 
8.3 Conclusions 
 
 In this dissertation, novel methods for stem cell detection, cancer imaging, 

quantitative imaging, and molecular imaging are proposed and tested. This work 

characterizes improved methods for these applications and contributes to the 

growing field of in vivo imaging of biological and molecular function. The 

advances described in this work may be widely applicable to a variety of pre-

clinical and clinical imaging tasks, and future work will continue to examine the 

safety, feasibility, and utility of their application in new settings. 
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Appendix 1: List of abbreviations and shorthand terms 
 

A549: human non-small cell lung cancer cell line 
ALS: amyotrophic lateral sclerosis 
AP: anterior-posterior 
APC: alkylphosphocholine analog 
BLI: bioluminescence imaging 
CA: carrier added (bulk tracer added to positron-emitting tracer) 
Ca2+: divalent calcium 
Cd2+: divalent cadmium 
CEST: chemical exchange saturation transfer 
CLR-1404: cancer-targeted chemotherapy agent based on NM-404 technology 
CLR-1502: cancer-targeted optical imaging agent based on NM-404 technology 
CNS: central nervous system 
Co2+: divalent cobalt 
CT: computed tomography 
DMEM: Dulbecco’s modified Eagle’s medium 
(h)DMT1: (human) divalent metal transporter 1 
DAPI: 4',6-diamidino-2-phenylindole 
DCE-MRI: dynamic contrast-enhanced MRI 
DV: dorsal-ventral 
EGF: epidermal growth factor 
EPR: enhanced permeability and retention 
ex vivo: in tissue; following experimentation on and sacrifice of a living subject 
18F: positron-emitting isotope of fluorine 
19F: MR active isotope of fluorine 
FA: flip angle 
FDG: fluorodeoxyglucose 
Fe2+: divalent iron 
FGF: fibroblast growth factor 
FLIRT: FMRIB’s Linear Image Registration Tool 
fLuc: firefly luciferase enzyme 
FOV: field of view 
G010: line of hNPC used in this work 
Gd: gadolinium (generic) 
Gd3+: trivalent gadolinium 
Gd-DO3A-404: 
(h)GFAP: (human) glial fibrillary acidic protein 
HD: Huntington’s disease 
hNPC: human neural progenitor cells 
hNPC-DMT1: hNPC transiently over-expressing DMT1 
hNPCDMT1: hNPC stably over-expressing DMT1 
hNPCDMT1-1: hNPC stably over-expressing DMT1 after infection with LV-DMT1-
CS 
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hNPCDMT1-2: hNPC stably over-expressing DMT1 after infection with LV-DMT1-
Imanis 
hNPC-WT: wild-type hNPC used as controls for hNPC-DMT1 
hNPCWT: wild-type hNPC used as controls for hNPCDMT1 

HSV1-tk: herpes simplex virus 1 thymidine kinase 
%ID/g: percent injected dose per gram 
i.p.: intraperitoneal 
in vitro: in living cell/tissue culture 
in vivo: in a living subject 
LIF: leukemia inhibitory growth factor 
LV: lentivirus 
LV-DMT1-CS: DMT1 lentivirus prepared at Cedars-Sinai 
LV-DMT1-Imanis: DMT1 lentivirus prepared by Imanis Life Sciences 
M0: equilibrium magnetization 
MEMRI: manganese-enhanced MRI 
ML: medial-lateral 
Mn: manganese (generic) 
Mn-DPDP: mangafodipir trisodium 
Mn2+: divalent manganese 
MnCl2: manganese chloride 
52Mn: positron-emitting isotope of Mn 
MOI: multiplicity of infection 
MR: magnetic resonance 
MRI: magnetic resonance imaging 
NaCl: sodium chloride 
NCA: no carrier added (no bulk tracer added to positron-emitting tracer) 
NEX: number of excitations 
Ni2+: divalent nickel 
NIS: sodium iodide symporter 
NDS: normal donkey serum 
NLS: nonlinear least squares 
NM-404: phospholipid ether analog for cancer-targeted PET imaging after 
labeling with 124I 
OSEM: ordered subset expectation maximization 
PBS: phosphate-buffered saline 
PCR: polymerase chain reaction 
PD: Parkinson’s disease 
PET: positron emission tomography 
PET/CT: combined PET and computed tomography 
PET/MRI: combined PET and MRI 
PFA: paraformaldehyde 
PLE: phospholipid ether 
PSA: penicillin/streptomycin/amphotericin 
PolyHEMA: poly-2-hydroxyethyl methacrylate 
PSA: peniciliin/streptomycin/amphotericin 
QMAP: quantitative MRI analysis package 
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R1: spin-lattice/longitudinal relaxation rate 

r1: longitudinal relaxivity (s-1/mM) 
R2: spin-spin/transverse relaxation rate 
r2: transverse relaxivity (s-1/mM) 
RF: radiofrequency 
RMSE: root mean squared error 
ROI: region of interest 
RPM: rotations per minute 
RT: room temperature 
SFFV: spleen focus-forming virus promoter 
SNR: signal-to-noise ratio 
SPECT: single photon emission computed tomography 
SPIO: super-paramagnetic iron oxide (nanoparticles) 
SPGR: spoiled gradient echo 
SV: shuttle vector 
T1: spin-lattice/longitudinal relaxation time 
T2: spin-spin/transverse relaxation time 
TE: echo time 
TOA: trioctylamine 
TR: repetition time 
US: ultrasound 
U87: human glioblastoma cell line 
VFA: variable flip angle 
WT: wild-type, not modified or engineered 
Zn2+: divalent zinc 
89Zr: positron-emitting isotope of zirconium 
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Appendix 2: Derivation of the determinant of 𝑱!𝑻 𝒓 𝑱! 𝒓  
 

From Eq. 7-8, the Jacobian matrix can be written as 

𝑱! 𝒓 =

𝜕𝑟!
𝜕𝛾!

𝜕𝑟!
𝜕𝛾!

⋮ ⋮
𝜕𝑟!

𝜕𝛾!
𝜕𝑟!

𝜕𝛾!

 

where 𝜕𝑟! 𝜕𝛾! ≡
𝜕𝑟!

𝜕𝑀!
 and 𝜕𝑟! 𝜕𝛾! ≡

𝜕𝑟!
𝜕𝑇!. Therefore, 

𝑱!𝑻 𝒓 𝑱! 𝒓 =

(𝜕𝑟! 𝜕𝛾!)!
!

!!!

(𝜕𝑟! 𝜕𝛾!)
!

!!!

(𝜕𝑟! 𝜕𝛾!)

(𝜕𝑟! 𝜕𝛾!)
!

!!!

(𝜕𝑟! 𝜕𝛾!) (𝜕𝑟! 𝜕𝛾!)!
!

!!!

 

By defining 𝐸 = exp  (𝑇𝑅 𝑇!), Eq. 7-8 can be rewritten as follows: 

𝜕𝑟!
𝜕𝛾!

=
(1− 𝐸)sin  (𝛼!)
𝐸 − cos  (𝛼!)

 

and 

𝜕𝑟!
𝜕𝛾!

=
𝑀! ∙ 𝑇𝑅 ∙ 𝐸(1− cos 𝛼! )sin  (𝛼!)

𝑇!!(𝐸 − cos  (𝛼!))!
 

so that 

𝜕𝑟!
𝜕𝛾!

!

=
(1− 𝐸)! sin!(𝛼!)
(𝐸 − cos  (𝛼!))!

	
  

𝜕𝑟!
𝜕𝛾!

!

=
𝑀!
!𝑇𝑅!𝐸!(1− cos  (𝛼!))! sin!(𝛼!)

𝑇!!(𝐸 − cos  (𝛼!))!
	
  

and 

𝜕𝑟!
𝜕𝛾!

𝜕𝑟!
𝜕𝛾!

=
𝑀! ∙ 𝑇𝑅 ∙ 𝐸(1− 𝐸)(1− cos 𝛼! ) sin!(𝛼!)

𝑇!!(𝐸 − cos  (𝛼!))!
 

The determinant of 𝑱!𝑻 𝒓 𝑱! 𝒓  can then be written as a double summation: 
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det 𝑱!𝑻 𝒓 𝑱! 𝒓  

= 𝜕𝑟! 𝜕𝛾! !
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(𝐸 − cos 𝛼! )!(𝐸 − cos 𝛼! )!
 

=
𝑀!
!𝑇𝑅!𝐸!(1− 𝐸)!

𝑇!!
sin! 𝛼! sin! 𝛼! (1− cos  (𝛼!))
(𝐸 − cos 𝛼! )!(𝐸 − cos 𝛼! )!

!

!!!

!

!!!

1− cos 𝛼! 𝐸

− cos 𝛼! − (𝐸 − cos 𝛼! )(1− cos  (𝛼!))  

=
𝑀!
!𝑇𝑅!𝐸!(1− 𝐸)!

𝑇!!
sin! 𝛼! sin! 𝛼! (1− cos  (𝛼!))
(𝐸 − cos 𝛼! )!(𝐸 − cos 𝛼! )!

!

!!!

!

!!!

(1− 𝐸)(cos 𝛼!

− cos  (𝛼!))  

=
𝑀!
!𝑇𝑅!𝐸!(1− 𝐸)!

𝑇!!
sin! 𝛼! sin! 𝛼! (1− cos  (𝛼!))(cos 𝛼! − cos  (𝛼!))

(𝐸 − cos 𝛼! )!(𝐸 − cos 𝛼! )!

!

!!!

!

!!!

 

Once the determinant of 𝑱!𝑻 𝒓 𝑱! 𝒓  is obtained, the covariance matrix can be 

computed quite easily; therefore, the derivation will not be shown here.  

 


