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ABSTRACT  

Molecular imaging is a critical tool for the management of neurodegenerative disease. In 

particular, positron emission tomography (PET) has provided new ways to identify distinct 

subtypes in Alzheimer’s Disease, inform disease management, and monitor treatment progress. 

However, the power of PET imaging is challenged by limitations to accessibility that hinder its 

adoption. Opportunities to reduce risk of failure and improve the efficiency of PET research are 

of high priority, given the high costs of conducting a PET study and the urgent need for improved 

imaging techniques and interventions. This dissertation describes the design, development, and 

implementation of custom research tools to improve efficiency for pre-clinical PET imaging. A 

modular multi-rodent imaging bed was designed and validated for high throughput PET/MR, then 

de-risked for commercialization. Commercialization activities included evaluation of candidate 

materials for interference in pre-clinical imaging modalities, a value-in-use study, and 

incorporation of desirable features identified through informational interviews with end users. 

Anatomically derived 3D-printed phantoms were used to develop methods to track nose-to-brain 

transfer of radioactive imaging agents by PET, which were then applied in nonhuman primates. 

Using this approach, we were able to quantitatively determine the distribution of F-18-FB-insulin 

throughout the brain of Cynomolgus Macaques following nose-to-brain delivery. Clinically relevant 

dosing tools were prioritized to facilitate rapid translation to humans for evaluation of nose-to-

brain insulin as a therapeutic for Alzheimer’s Disease. Together, these methods are anticipated 

to reduce barriers to conducting and advancing PET neuroimaging research. 
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 CHAPTER 1: INTRODUCTION 

 

1.1 The Burden of Alzheimer’s Disease  

 

Alzheimer’s Disease (AD) is the most common neurological disorder in the United States1. AD is 

behaviorally characterized by deficits in language, memory, and thinking that make it difficult to 

care for oneself in late-stage disease. AD is physiologically characterized by atrophy of the 

medial-temporal lobe, reduced cerebral glucose metabolism, and abnormally high accumulation 

of amyloid-beta and tau throughout the brain2,3. Positron emission tomography (PET), 

cerebrospinal fluid (CSF) sampling, and magnetic resonance imaging (MRI) are capable of 

detecting the hallmark protein accumulations and atrophied tissue that define AD. Currently, only 

the latter two are used in the diagnostic process3,4, supplemented by cognitive testing and 

examination of medical history5. According to the 2023 Alzheimer’s Facts and Figures report, 1 in 

9 (8-11%) Americans 65 years or older find themselves in this patient group2.  

 

Unfortunately, diagnostic methods that rely on the presence of cognitive decline or cortical atrophy 

can only identify patients with irreversible neurodegeneration. There are currently no cures, 

preventatives, or early detection methods to halt or slow the progression of AD. This is alarming 

due to the intense burden that AD poses on the diagnosed, the healthcare system, and care 

providers. In 2022, caregiving resources provided to individuals with Alzheimer’s and other 

dementias was valued at $339.5 billion dollars and 18 billion hours in the United States2. The 

situation is expected to worsen as the largest at-risk population (65+ years of age) grows from 58 

million in 2021 to 88 million in 20502. In light of these projections, the urgency of preventing or 

slowing AD pathology in at-risk individuals is clear.  

 

Brain changes suspected to drive AD development begin years before the onset of clinical 

symptoms, providing a window of opportunity for intervention. An intervention that delays 

progression from preclinical to clinical AD by 5 years would be expected to reduce the incidence 

rate by 57%, and therefore associated costs and burdens6. Several studies have shown that 

abnormal amyloid-beta accumulation can be detected by PET as early as 10-15 years in advance 

of an AD diagnosis7-9. However, lack of regulatory approval, limited familiarity with PET imaging 

by physicians, and limited access to PET scanners limit use of this technique despite 

demonstrated diagnostic superiority over existing methods4,5,10.  
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1.2 Positron Emission Tomography as a Critical but Limited Tool in the Fight Against 

Neurodegenerative Disease  

 

1.2.1 A Primer on Positron Emission Tomography (PET) 

 

Positron emission tomography (PET) is one of several clinical techniques used to detect 

radioactive materials. Radioactive isotopes (termed radioisotopes) have unstable nuclei that 

become more stable by releasing energy through a spontaneous process called radioactive 

decay. Energy is released from the atomic nucleus of the radionuclide as radiation in the form of 

high-energy gamma photons (< 10-11 m wavelength) or subatomic particles, such as an electron, 

positron, or alpha particle (two protons and two neutrons)11. Interactions between the radiation 

and surrounding material will depend on their respective properties, which can be exploited for 

therapy and imaging. For example, the size of alpha particles makes alpha-emitters effective 

radiotherapeutics by damaging nearby DNA but limit tissue penetration to 0.03 mm in human 

tissues. Alternatively, the photons generated through decay by positron and gamma emission are 

massless, chargeless, and capable of traveling through the body to reach surrounding imaging 

detectors12. PET and single photon emission computed tomography (SPECT) detect these forms 

of decay following patient injection of a radiopharmaceutical – a molecule with an incorporated or 

attached radionuclide – to answer questions about patient physiology.  

 

PET images describe the distribution of a positron-emitting radionuclide in space and time with 

high sensitivity. The collision of a positron ejected during decay and a nearby electron will result 

in annihilation of both, producing two gamma photons (511 keV) that travel in opposite directions 

from the annihilation event. Annihilation photons pass through tissue to reach a ring of scintillation 

detectors surrounding the patient or sample. The absorption of radiation results in light emission 

by the scintillator, which can be recorded and timestamped. When two photons are detected 

opposite one another within 4-20 nanoseconds13, they are assumed to have originated from the 

same decay event. The source of decay can be estimated to exist along the path between the 

detectors in question, termed “line of response”. Decay events and their respective lines of 

response are recorded for pre-determined periods of time, which may be summed to form a single 

image or collected in series as dynamic data. Overlapping lines of response create contrast in an 

image to describe the behavior of the radioisotope over space and time. The number of 

radioactive atoms present can also be determined by calculating the rate of disintegrations in a 

region per unit time, where disintegration is defined as the decay of a single radioactive atom (1 



 3 

Becquerel = 1 disintegration/second). Positron emitters can be detected by PET imaging at 

picomolar concentrations of radionuclide, making it possible for a subject to undergo several 

imaging sessions without concerns of toxicity or adverse effects12. Thus, PET is a powerful tool 

for the sensitive and quantitative detection of positron-emitting radionuclides. 

 

PET can be used in combination with a variety of existing instrumentation for flexibility in 

methodology. A range of positron emitters are available with decay rates suitable to image the 

kinetics of small molecules, peptides, and drugs. By incorporating or attaching the radionuclide to 

the appropriate molecule, PET can provide physiologically relevant information about the 

presence and function of particular tissue types using targeted (substrates, receptor ligands, or 

reporter probes) or nonspecific (perfusion, metabolism) imaging probes. PET data can be 

strengthened through combination with anatomical imaging techniques to visualize tissues with 

different densities or relaxation properties via computed tomography (CT) or magnetic resonance 

imaging (MRI), respectively. The combination of more than one imaging technique is referred to 

as multi-modal or multi-modality imaging and can be achieved using scanners that perform both 

imaging methods simultaneously, in sequence, or through the manual co-registration of 

separately acquired anatomical and PET scans. Anatomical images enable motion and 

attenuation corrects to PET data, as well as providing regional and/or anatomical context. 

Instrument operators set the image size, resolution, and field of view for CT, MRI, and PET, 

enabling increasing flexibility in spatial resolution with large field of view PET scanners becoming 

increasingly available (e.g., 8 x 15 cm in Bruker’s small animal scanner14, whole body for 

humans15). Additionally, the instrument operator to determines the quantity and duration of PET 

acquisition frames, providing flexibility in imaging timepoints and temporal resolution. Thus, multi-

modal PET/CT or PET/MRI imaging contrasts with other imaging techniques by providing both 

functional and anatomical information with high sensitivity. Additionally, the sensitivity and 

accuracy of quantitative measurements by PET can be validated by gamma counters and dose 

calibrators, which are common to nuclear medicine labs. This quantitative toolset supports robust, 

objective comparisons across time points, treatment groups, experiments, and models. These 

qualities make PET a unique and competitive tool for use in disease detection and management. 

 

PET is a relatively new technique, with the first human scanner built only 50 years ago in 197316. 

PET hardware and methodologies are being continuously improved, resulting in better image 

quality, sensitivity17, and larger fields of view (FOV)15,18. Today, PET imaging is used for several 

clinical applications, including neuroimaging10,16,19,20, the detection of cancer metastases21-24, 
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identification of regions with altered metabolism (cancer, inflammation)25,26 or osteogenesis27-31, 

and assessment of myocardial perfusion27,32.  

 

1.2.2 PET as a Rising Star for Differential Diagnosis and Treatment 

 

Data-driven approaches to integrate and synthesize neuroimaging results have uncovered new 

knowledge of AD subtypes that will likely inform future care. Currently only MRI is approved for 

reimbursement as part of the diagnostic process for AD, but research is showing that PET imaging 

methods aid in clarifying disease pathology and improving diagnostic accuracy5,24,33-37. Recent 

PET findings have shifted the spotlight from amyloid-beta to tau as the primary predictor of 

cognitive decline34,38. Notably, the most accurate predictions of future cognitive decline were 

made using combined tau and amyloid imaging results38. Other multi-modal biomarker studies 

have revealed MR-detected patterns of cortical atrophy through clustering39, which were then 

further subdivided according to regional hypometabolism patterns as determined by F18-FDG40. 

Similarly, patient groups that vary in behavioral deficits and patterns of cortical tau distribution 

determined by PET have been identified10. Together, these results demonstrate the power of 

integrating multi-modal imaging data with existing clinical methods for AD diagnosis.  

 

The most striking example of the utility of PET in AD management comes from the Imaging 

Dementia-Evidence for Amyloid Scanning (IDEAS) study, which enrolled 16,008 subjects to 

investigate whether amyloid PET (PET imaging using amyloid-targeting imaging probes) altered 

the course of treatment for mild cognitive impairment (MCI) and dementia patients of unknown 

etiology. At the time of enrollment, patients had already undergone a standard clinical assessment 

for diagnosis (e.g., cognitive testing, head scan via computed tomography or MRI, lab testing, 

review of medical history). Within 90 days, dementia specialists made an initial diagnostic 

assessment, patients underwent amyloid PET scanning, and an updated assessment was given 

after reviewing the results of the scan. The inclusion of an amyloid PET scan changed the course 

of disease management for 60.2% of MCI patients and 63.5% of dementia patients. Further, 

25.1% of patients that would have received an AD diagnosis were shifted to a non-AD dementia 

determination following a negative amyloid PET scan, and 10.1% of patients received an updated 

diagnosis in the opposite direction5. These results provide evidence of the critical role of PET 

imaging in identifying the underlying pathology of disease, which can be otherwise difficult to 

differentiate from similar clinical presentations.  
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PET imaging enables scientists to develop a disease profile that is specific to the patient, enabling 

the selection of a tailored treatment plan that targets the underlying dysfunction. However, PET 

imaging biomarkers face limitations to use by clinicians due to inconsistent reimbursement 

policies, high costs, and limited availability and technical understanding4. These limitations must 

be addressed given the need to correctly prioritize the best suited management plan, as failure to 

do so can result in irreversible disease progression and patient loss as a result. 

 

1.2.3 Barriers Limiting PET Use 

 

Widespread adoption of PET as a clinical and research tool faces several challenges, including 

the prohibitively high costs of acquiring and operating a PET scanner. PET scanners are among 

the most expensive imaging instruments on the market41, with clinical standalone instruments 

ranging $1-1.5 million12,42, PET/CT scanners ranging $1.7-2.5 million4,5, and total-body PET/CTs 

priced near $10 million per unit4. Small animal PET scanners, which are used to develop novel 

radiopharmaceuticals and imaging methods for use in research or clinical translation (termed “pre-

clinical imaging”), can be acquired for $400,000-1.2 million43. Unless radioisotopes are purchased 

and transported to the site of use, resulting in sample decay and a smaller imaging window44, 

institutions need the means to produce positron-emitters and chemically incorporate them into 

imaging agents on site. Some hospitals and laboratories have a cyclotron (or generator) and 

radiopharmacy for production of radiopharmaceuticals, which also require substantial 

investments in infrastructure and personnel to install, use, and maintain. Additional costs 

comprising facility construction, regulatory compliance, and ancillary equipment can range from 

$1-6.2 million depending on the services provided at the facility42. Together, costs to build and 

launch a PET imaging center can reach an estimated $3.5-15 million15,42,45.  

 

Operational costs and risk in cost recovery pose additional hurdles to PET utilization beyond initial 

acquisition and installation investments. The technical complexity of PET requires trained 

research and medical professionals to operate the scanner, acquire and process data, and 

appropriately interpret the results. The cost of a single procedure, including man-hours, 

consumables, and other operational costs, is estimated to range from $1,000-3,000 depending 

on procedure type. Over a year, operational costs can amount to $1 million or more for well-

equipped  facilities42. Maintenance of revenue streams capable of offsetting operational expenses 

is challenged by limited throughput42 and inconsistent reimbursement by insurance providers4,5. 

For example, a 2016 survey of 39 PET/MRI scanning sites reported procedure lengths up to 2 
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hours, limiting their average throughput to 8-12 patients/day46. Fewer imaging procedures 

conducted per day yields fewer opportunities for revenue through reimbursement. Pre-clinical 

PET imaging faces similar constraints related to high costs and low throughput. Animal subjects 

are traditionally imaged one at a time, although some solutions to improve efficiency have been 

proposed47-49. Depending on the duration of the imaging procedure(s) and sample size, pre-

clinical PET users may require more scanning time than clinical users to complete a study. 

Increased scanning time increases study costs by way of hourly charges for scanner use and 

man-hours to complete the study. Finally, researchers must pay to purchase and house their 

subjects, as well as train personnel to use the scanner. However, unlike in the clinical setting, 

funding for pre-clinical PET studies comes from grants and awards, which are competitive and 

limited in duration. The substantial time and monetary investments required to conduct a PET 

study may limit use of the technique by researchers even when a facility is available for use. Thus, 

risk of insufficient reimbursement for PET operational costs ($1-2 million anually12,42)  may 

preclude institutions from utilizing or establishing a PET center. Efforts to mitigate the substantial 

time and monetary costs of PET scanner acquisition and use are needed before PET can be 

utilized to its potential.  

 

1.3 Focus of Work 

 

The discussion above illustrates a critical need for continued development and validation of PET 

tracers, methodology, and applications. More data is needed to persuade stakeholders to adopt 

new PET imaging approaches with demonstrated value. AD is no exception, with a commitment 

from the U.S. Center for Medicare and Medicaid Services to begin routine coverage of amyloid 

PET for AD management if provided evidence that its use improves health outcomes50. Inspired 

by these needs, this body of work aims to provide researchers with new tools and methods to 

validate promising interventions for neurodegenerative diseases.  

 

Opportunities to reduce risk of failure and improve the efficiency of PET research are of high 

priority, given the high costs associated with conducting a PET study (infrastructure, 

consumables, personnel time) and the urgent need for improved imaging techniques and 

interventions. This dissertation describes the design, development, and implementation of custom 

research tools to improve efficiency for pre-clinical PET imaging. Improved throughput for pre-

clinical imaging will hopefully reduce the time from bench to bedside for the testing of novel 

therapies, imaging agents, and imaging methods.  Several de-risking and troubleshooting 
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workflows are outlined that can be used when developing novel neuroimaging approaches, from 

needs identification to pre-clinical testing. Ultimately, the goal of this work was to provide 

researchers with tools that are accessible, adaptable, and reduce barriers to advancements in 

biomedical imaging.  

 

Chapter 2 describes the design, construction, and evaluation of custom imaging tools to enable 

high throughput PET/MR in rodent research models. The high demand for improved clinical 

imaging techniques necessitates preclinical research to validate new methods. However, 

preclinical scanners are not widely available, and can be complex and costly to use and maintain. 

Further, translation of a promising treatment, imaging agent, or imaging method to humans may 

require toxicology studies with a large sample size. Researchers may not have funding or qualified 

personnel capable of executing large studies, slowing or halting candidate therapies from 

reaching the clinic. A modular and accessible high-throughput imaging system was designed to 

reduce the time and cost limitations associated with preclinical PET imaging. We compared our 

custom bed to existing beds on the market and evaluated the image quality, sensitivity, and ease 

of use of our imaging system for longitudinal PET using the 7T Bruker BioSpin MR with PET Insert 

(Bruker Corporation, Billerica, Massachusetts, United States). This work is intended to outline an 

imaging approach that researchers can replicate to get started or get farther with the resources 

they have available. 

 

Chapter 3 describes approaches to de-risk the high-throughput imaging tools described in 

Chapter 2 for commercialization. Commercializing a technology enables it to be widely 

implemented, which is a focus of this dissertation. End user needs, prospective construction 

materials, and technical characteristics that impact performance and safety were investigated. 

This chapter presents the results from testing 15 materials used in 3D printing in terms of 

radiodensity, optical properties, and resistance to degradation following repeated use and 

cleaning. Finally, a value-in-use study was conducted to demonstrate the value of our imaging 

tools and approach based on example use cases. It is anticipated that the information outlined in 

this chapter will guide researchers towards selecting the most appropriate materials for their 

custom, perhaps 3D-printed, research tools in addition to providing a framework to de-risk similar 

innovations for commercialization.  

 

Chapter 4 describes methods to develop and troubleshoot a strategy to deliver PET imaging 

agents nose-to-brain (N2B) in nonhuman primates. N2B delivery has gained attention as a 
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treatment route for neurodegenerative disease due to its avoidance of the restrictive blood-brain 

barrier for vascular routes. Anatomically informed 3D-printed models of a Rhesus Macaque nasal 

cavity were applied to identify potential obstacles to successful delivery prior to live primate 

studies, improving the likelihood of success and efficiency of the research. Commercially available 

nebulizers for aerosol delivery were modified in response to the high costs of devices marketed 

specifically for nose-to-brain delivery. Aerosol delivery by the modified devices was tested in 

increasingly complex models, including a 3D printed two-chambered cavity, a 3D printed Rhesus 

Macaque nasal cavity model, and a live Rhesus Macaque. Deposition levels and patterns were 

assessed both qualitatively and quantitively using fluorescent- and radionuclide-labeled 

molecules. This chapter demonstrates the utility of 3D printed tools to pilot and optimize novel 

imaging applications in advance of potentially expensive experiments.  

 

Chapter 5 describes the use of PET imaging to detect F18-FB-insulin in the brains of nonhuman 

primates following N2B delivery, which was critically needed to fully elucidate51 the therapeutic 

potential of intranasal insulin for AD and other neurodegenerative disorders52. Approaches 

outlined in Chapter 4 were used to optimize three intranasal delivery techniques prior to 

application in living subjects. Clinically established tools were prioritized in the development of 

each delivery approach to reduce the time from bench to bedside if successful. The efficiency of 

each delivery method is described with regard to deposition in the subject and dose lost to dosing 

accessories. Further, a brain atlas was applied to quantify F18-FB-insulin localization in the 

primate brain following N2B transfer using the prevailing delivery method. Based on our results it 

is expected that our methods can be used to sensitively and quantitatively assess delivery 

devices, methods, drug formulations, or treatment regimens towards improved clinical outcomes 

for diseases of the central nervous system.  

 

This work is intended to arm researchers and clinicians with the tools to de-risk novel 

neuroimaging applications. Solutions that are widely accessible to scientific professionals aim to 

mitigate access as a continued challenge and make the most of opportunities for use through 

informed preparation, troubleshooting, and efficiency.  
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 CHAPTER 2: HIGH THROUGHPUT IMAGING TOOLS FOR PRE-CLINICAL NEUROIMAGING 

 

2.1 Background 

 

Biomedical imaging is critical for detecting, monitoring, and investigating diseases in living 

subjects. These techniques are used clinically to provide information about anatomy and/or 

physiology at the molecular, cellular, or organ level depending on the technique used. For 

example, computed tomography (CT) is routinely used for bone fractures41, magnetic resonance 

imaging (MRI) for neurodegenerative diseases53, and positron emission tomography (PET) for 

cancers41. Increasingly often, imaging techniques are combined to supplement single-modality 

limitations, enable image corrections that improve data quality, or increase diagnostic value35,36,54-

56. Improved diagnostic and treatment methods are in high demand given the growing elderly 

population and associated incidence rates of injury and chronic diseases, prompting investments 

in imaging methods and instrumentation41,57-60.  

 

Despite growing interest in multi-modal imaging methods, access to such scanners is limited 

partly due to high purchasing and maintenance costs. MRI, CT, and nuclear imaging instruments 

(single or multi-modality) are among the most expensive in the imaging market with low to no 

expectation to change according to market reports57,59,61. For example, costs to establish and 

operate a PET imaging center are estimated to start at $3.5 million15,42,45 and $1 million42 

depending on equipment quality. Traditionally, a single subject is imaged per scan, which may 

require significant time to prepare and execute. These practices contribute to low imaging 

throughput, which has been identified as the main limitation to cost-effective PET imaging42. Both 

the high costs and low throughput of PET/MRI are current barriers to the acceleration of hybrid 

PET/MRI system use41. Demands on time and funding limit where, what, and how often this critical 

PET research can be conducted. 

 

There is a need to improve throughput for multi-modal PET, CT, and MR imaging. Thus, we have 

developed a 2-pronged high-throughput accessory system that enables multi-subject PET/MRI in 

mice and rats. This system addresses the need for improved efficiency by augmenting existing 

scanning beds to accept custom bed units made for rapid exchange of subjects between imaging 

timepoints, providing a convenient way to gather data from a large cohort of animals. We 

assessed the performance of the accessory system and demonstrated use cases that highlight 

each prong of the high throughput approach. Image quality and signal recovery were compared 
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for the custom bed unit and manufacturer scanning bed for the 7T Bruker BioSpin 70/30 MRI with 

PET insert.  

 
2.2 Materials and Methods  

 

2.2.1 Bed Design and Production 

 

2.2.1.1 Design Criteria for High Throughput Imaging System Components 

 

Constraints and desirable features were determined for the custom bed prior to design. Regarding 

constraints, the custom bed had to fit within the PET insert (11.2 cm internal diameter) and 

maintain appropriate anesthetic depth and warmth for more than one rodent at a time. 

Construction materials must be MR-safe and low-density to maintain appropriate sensitivity for 

PET imaging. The ability to monitor subjects during scanning, ease of access to subjects (in case 

of adverse event), and compatibility with existing instrument beds were identified as desirable 

features. Additionally, it would be desirable to use materials that could be replaced quickly and 

cost-effectively.  

 

2.2.1.2 Design of High Throughput Imaging System Components 

 

The system involves three main components – (1) the custom bed and accessories, (2) the MRI 

extension and end cap, and (3) the staging area (Figure 1).  

 

2.2.1.2.1 Custom Bed Unit 

 

A custom bed unit built from polyvinyl chloride (PVC) pipes and 3D printed parts was designed to 

facilitate efficient exchange of animal sets for neuroimaging. The PVC was cut to 40 cm 

longitudinally to act as a 2-rodent cradle that could be easily exchanged into and out of the 

scanner. A platform was designed to rest inside of the PVC and secure two removable nose cones 

via placement in a deep recess (6 mm). Nose cones were designed with a wide mouth to stabilize 

the subject’s head in the absence of ear bars, which are otherwise used to f. The scanner's 

anesthesia supply line was split to direct anesthetic to two subjects via tubing that enters at the 

back of the nose cone. The bite bar design was generously shared by the Plazcek Lab (Athinoula 

A. Martinos Center for Biomedical Imaging, The Institute for Innovation in Imaging, Massachusetts 
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General Hospital and Harvard Medical School)47. The PVC insert, nose cones, and bite bars were 

designed in Autodesk Fusion 360 and printed from VeroClear resin on a J750 PolyJet 3D printer 

(Stratasys). Nylon thumb screws were used to tighten the bite bar in place.  

 

2.2.1.2.2 MRI Extension and End Cap 

 

To accommodate simultaneous imaging of 2 rats, a 3D printed extension (12.7 cm) to lengthen 

the Bruker BioSpin 70/30 rat bed was designed in Autodesk Fusion 360. To do this, a µCT scan 

(Perkin Elmer QuantumX µCT) of the manufacturer rat bed was acquired at the midsection (90 

kV exposure peak, 2 min exposure time, 88 mA X-ray tube current, 512 x 512 x 268 image size, 

0.144 mm3 voxels). The resulting DICOM was converted to an STL file using -30 Hounsfield Units 

(HU) as the segmentation threshold in Embodi 3D (www.embodi3d.com). The resulting STL was 

re-meshed and refined before elongating one face to 120 mm total length. An end cap was 

designed to connect the bed extension to the existing manufacturer rat bed using their shared 

geometry. The internal compartment in the manufacturer’s bed that houses circulating warm water 

to support subject body temperature was maintained in the extension piece so that subjects would 

be equally warmed during scanning. Stop-flow connectors directed water from the manufacturer 

bed, through the MRI extension, and back to the heating pump that supplies the scanner. The 

extension and end cap were printed from VeroClear resin on a J750 PolyJet 3D printer.   

 

2.2.1.2.3 Staging Area 

 

A staging area was designed to organize and maintain subjects between imaging timepoints. The 

unit was composed of the 8 3”-diameter PVC pipes cut in half longitudinally and assigned as 

staging lanes or lane supports. After 6 divots were cut along the longitudinal midline, lane supports 

(n=2) were placed on their lengthwise cuts, parallel, with 1.5’ separation. The staging lanes (n=6) 

rest in the divots, rounded side down, between the support lanes. The transferrable bed unit can 

be placed into a staging lane, attached to anesthesia, and removed for further imaging with 

minimal barriers. 
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2.2.2 Characterization of Image Sensitivity Using Custom Bed 

 

2.2.2.1 Construction Material Radiodensity Assessed by µCT Imaging 

 

A µCT image of the custom bed unit was acquired on the Perkin Elmer QuantumX µCT scanner 

to determine the radiodensity of each material used (90 kV exposure peak, 24 sec exposure time, 

88 mA X-ray tube current, 256 x 256 x 399 image size, 0.288 mm3 voxels). Radiodensity was 

quantified by averaging 3 mm diameter spheres (n=3) per component and normalizing to water 

in PMOD 4.2 (PMOD Technologies LLC). 

 

2.2.2.2 PET Imaging to Characterize Sensitivity 

 

A 7T Bruker BioSpec 70/30 MRI with PET insert was used to evaluate the impact of our custom 

bed on PET image quality. Brain-sized and sub-resolution phantoms were filled with [F-18]-2-

deoxy-fluoroglucose (F-18-FDG, Cardinal Health, East Lansing, MI) and imaged via PET to 

quantify recovery and spatial resolution. Rodents were injected with F-18-FDG intravenously and 

intraperitoneally and followed with dynamic and longitudinal PET/MR imaging, respectively.  

 

2.2.2.3 Saline Vial Phantoms 

 

F-18-FDG-filled saline vials (2738 or 11,285 kBq/74 or 305 µCi) were positioned opposite an 

untreated saline vial in a custom bed to mimic the brain geometry of a treated and untreated rat 

pair. The vials were imaged simultaneously by MR (T2 TurboRARE TE 53.9 ms, TR 2000 ms, scan 

time 4 min 24 s, echo spacing 6.741ms, rare factor 16, FOV 60 x 32 x 32 mm via 32 1 mm-thick 

slices, flip angle 180) and PET (scan time 5 min, FOV 90 x 90 x 150 mm). The PET scan was 

reconstructed with 0.25 mm3 voxel size via MLEM algorithm (18 iterations) with scatter, randoms, 

and decay correction. Iso-contouring was used to generate a saline vial volume of interest (VOI) 

based on the MR image in PMOD 4.2 (PMOD Technologies, LLC). Detection efficiency was 

calculated as ((detected signal/true signal)*100), while spillover to the naïve vial was calculated 

as ((detected signal in naïve vial/true signal in hot vial)*100). True signal was determined by dose 

calibrator (Capintec, Inc.).  
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2.2.2.4 Vessel Experiments with PE Tubing 

 

Polyethylene tubing with internal diameters 0.28 – 0.76 mm (PE sizes 10-60, Braintree Scientific) 

were used to test the impact of the custom bed unit on detection efficiency and spatial resolution 

for sub-resolution structures. PE tubing was filled with F-18-FDG and sealed with hematocrit putty 

(Fisher Scientific) on each end prior to activity measurement by dose calibrator. The 5 cm tubes 

were positioned with 1 cm separation transaxially and imaged on our custom imaging bed, then 

the manufacturer’s rat bed (scan start times within same 10 minutes). PET images (scan time 5 

min, FOV 90x90x150 mm) were reconstructed with 0.25 mm3 voxel size via MLEM algorithm (18 

iterations) with scatter, randoms, and decay correction.  

 

Recovery coefficients (RC) were calculated according to NEMA standards62. Iso-contouring was 

used to generate VOIs that contained the hottest 5% of voxels within a restricted volume for each 

PE tube. RC was calculated as (measured phantom activity – measured background 

activity)/(known phantom activity – known background activity). Background VOI were not 

intersecting nor adjacent to any radionuclide-filled tube. Full-width half maximum (FWHM) and full 

width tenth maximum (FWTM) values were calculated to assess spatial resolution in the custom 

bed to 2 significant digits. VOI size, activity level relative to background, and distance from the 

center of the PET detectors (termed radial offset) are known to influence image quality and 

quantification. Relationships between recovery coefficient, spatial resolution, and the metrics 

mentioned were characterized via linear regression in GraphPad PRISM. 

 

2.2.3 Characterization of Bed Safety and Efficacy for Subject Use 

 

2.2.3.1 Use of Staging Area 

 

Performance of anesthesia delivery and warm water circulation at the staging area were 

evaluated. The staging area was assembled on a plastic cart equipped with a water circulation 

pump, water blanket (HTP-1500, Kent Scientific), and direct anesthesia lines from the vaporizer. 

The 7T BioSpec 70/30 has a shielded magnet, so the cart could be placed in the corner of the 

MRI room beneath the operator window for a short transfer distance between the MRI and staging 

area.  
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Sprague Dawley rats (n=3, F) were anesthetized with isoflurane (3% for induction) and loaded 

one per custom bed unit. Subjects were maintained in the staging area for 2 hours, covered by a 

towel and water circulation blanket to maintain body temperature. A veterinary pulse oximeter 

(2500A, NONIN) and noninvasive temperature probe (Kent Scientific) were used to measure heart 

rate, blood oxygen saturation, and skin temperature every ten minutes for each subject. All 

procedures involving animals were reviewed and approved by the Michigan State University 

Institutional Animal Care and Use Committee (IACUC protocol number: 201800197). 

 

2.2.3.2 Use of MRI Extension 

 

Performance of the heating component of the scanning bed extension was compared to the 

manufacturer bed. Surface measurements were taken from the surface of the manufacturer MRI 

bed and the MRI extension piece using the noninvasive thermometer. Both components are 

supplied from the same water circulation bath (SAHARA PPO S5P Heated Bath Circulator, 

Thermo Scientific), which was set to 50°C.  

 

2.2.3.3 Use of Custom Bed Unit for Dynamic Imaging 

 

The custom bed unit was evaluated for 2-rat neuroimaging by dynamic PET/MR following an 

intravenous injection of F-18-FDG. Following simultaneous induction of anesthesia by isoflurane 

(2-3%), fasted Sprague Dawley rats (12-hour fast, n=2) were loaded into the custom bed units 

and placed on the MR scanning bed. F-18-FDG (272 µCi, 10 MBq) was injected as a bolus via 

tail-vein catheter following the start of a 60-minute dynamic PET acquisition (2 min delay, 10s 

bins 2 min-5 min, 5 min bins 5-60 min, FOV 90 x 90 x 150 mm). A high-resolution T2 TurboRARE 

(TE 60.67 ms, TR 2000 ms, scan time 15 min 38 s, echo spacing 6.741, rare factor 16, FOV 80 x 

60 x 32 mm via 32 1 mm-thick slices, excitation angle 90, refocusing angle 180, flip back and fat 

suppression enabled, 0.5 mm3 cubed voxel size) was acquired during the PET scan using an 86 

mm-diameter RF coil (Bruker). A rectal thermometer and respiration pad were used to monitor 

body temperature and breathing rate in one subject per set during scanning. An attenuation map 

was generated based on the T2 TurboRARE and used to attenuation-correct the PET image 

during reconstruction, in addition to randoms, dead time, and decay correction by the MLEM 

algorithm (18 iterations, 0.5 mm3 voxel size). The reconstructed PET scan was geometrically co-

registered to the MR image in ParaVision V3.2. No manual adjustments were made to the 

registration during image analysis or figure generation, which were both done in PMOD 4.2. Brain 
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VOIs were outlined manually, while heart VOIs were generated by iso-contouring within a 

bounded box centered on the tissue of interest. 

 

2.2.3.4 Use of High Throughput Imaging System for Longitudinal Scanning 

 

Efficacy of the high-throughput imaging system was tested in both mice and rats by following 

intraperitoneal (IP) injections of F-18-FDG for static longitudinal imaging. Fasted BALB/c mice 

(14-hour fast, n=2 females) were simultaneously induced by isoflurane anesthesia and loaded 

into the custom bed units without bite bars following IP injection or F-18-FDG (175 µCi, 6.48 MBq). 

Subjects were imaged by PET/MR from 15-20, 40-45-, and 65-70-minutes post-dose. The PET 

(scan time 5 min, FOV 90 x 90 x 150 mm) and MR (T2 TurboRARE with TE 53.93 ms, TR 2000 

ms, scan time 6 min 8 s, echo spacing 6.741 ms, rare factor 16, FOV 60 x 50 x 32 mm, image 

size 80 x 66 x 43, excitation angle 90, refocusing angle 180, flip back and fat suppression enabled, 

nearly isotropic at 0.75 mm3 voxel size) scans were acquired simultaneously with the 86 mm-

diameter RF coil and PET insert (Bruker). The same subject monitoring, image reconstruction, 

and analysis procedures described for dynamic imaging were used. Translations were made to 

favor brain viewing for figure generation. 

 

Similarly, fasted F344 rats (4-hour fast pre-dose, n=2 females) were simultaneously induced with 

isoflurane anesthesia and loaded into the custom bed units with bite bars following intraperitoneal 

injection of F-18-FDG (275 µCi, 10.18 MBq). Rats followed the same imaging protocol as the 

mice, but at 20-30, 55-60-, and 80-minutes post-dose. The same reconstruction and image 

analysis methods were used. 
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2.3 Results 

 

2.3.1 Design of High Throughput Imaging System  

Figure 2.1. Overview of high-throughput imaging system components and performance. A,B. 
Custom bed unit loaded with mice (A) and rats (B). C. 7T Bruker BioSpec 70/30 MRI outfitted with rat 
scanning bed and 3D-printed extension (clear). D. Extension heating system performs analogously to 
manufacturer bed. E. Staging area with rats loaded into custom bed units individually. F. Experiment 
set-up using high-throughput imaging system. G-I. Rat skin temperature (G), heart rate (H), and oxygen 
saturation (I) while resting in staging area for two hours. Symbols indicate measurements from individual 
subjects. J-M. Maximum intensity projections displaying the limits of the field of view when mice are 
imaged by MRI (J) or PET (K), compared to rats imaged by MRI (L) or PET (M). Scale bar = 1 cm. 
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The system enabled multi-rodent PET/MR neuroimaging in mice and rats using low-cost 

construction materials and techniques. The high-throughput imaging system consisted of a 

custom bed unit (Figure 2.1A,B), MRI bed extension (Figure 2.1C), and staging area (Figure 2.1E) 

that worked in combination (Figure 2.1F).  

 

The custom bed unit situated the brains of 2 mice or rats in the Bruker BioSpec 70/30 FOV to 

allow simultaneous neuroimaging by PET and MR. Two mice were imaged full-bodied in both 

PET (Figure 2.1A, white dotted line) and MR (gray dotted line), while two rat heads were visible 

by MR and head-heart by PET (Figure 2.1J-M). The low barrier to nose cone replacement and 

removal supported ease and flexibility when loading rodents. The depth of the platform cut-out 

securely maintained the position of the nose cones without additional hardware. The anti-parallel 

orientation of the nose cones positioned both rodent brains in the MR sensitive region for imaging. 

Finally, unneeded material removed from the back of the nose cone and slope of the platform 

component reduced restrictions to the subjects’ shoulders and rib cage, reducing risk of breathing 

complications while under anesthesia.  

 

The only instrument modification needed to use our high-throughput system was replacement of 

the manufacturer’s scanning bed nose cone with the extension piece, which increased bed 

capacity in the Z direction. Warm water directed to the MR scanning bed was split using plastic 

stop-flow connectors and passed through the hollow interior of the 3D printed accessory, 

providing heating analogous to that built into the manufacturer’s imaging bed in design and 

function. Installation and removal of the extension and water lines was completed quickly and 

without mess, as no leaks were observed in the system. When switching between subject sets, 

replacing the anesthesia line for the custom bed unit to be imaged next was the only required 

change. At the staging area, a valve was opened after the custom bed unit tubing was connected 

to provide anesthesia, and closed when the unit was removed for imaging or recovery.  

 

Access to subjects was not restricted in our custom bed unit, so various styles of MR-safe 

monitoring equipment can be readily employed for at least one subject during imaging. These 

tools work in tandem with monitoring equipment at the staging area to support the maintenance 

of subject health throughout experiments of varied length. We found this approach to be sufficient 

to maintain the health of independently-staged subjects for two continuous hours (Figure 2.1G-

H). 
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2.3.2 Characterization of Image Sensitivity Using Custom Bed 

 

2.3.2.1 Construction Material Radiodensity Assessed by µCT Imaging 

 

On average, radiodensity of our construction materials were very similar to the imaging beds 

provided by small-instrument µCT and MR manufacturers, with the exception of PVC. PVC had a 

water-corrected signal intensity of 1295 HU ± 33 SEM, placing it in the same density range as 

bone63. PETG is a low-cost, commercially available filament and was found to be comparable to 

VeroClear and the MRI manufacturer bed (Figure 2.2A), offering a cheaper alternative to 3D 

printed resins.  

 

  

Figure 2.2. Impact of signal attenuation on image quality and detection for manufacturer and 
custom beds. A. Radiodensity of construction materials compared to µCT and MRI scanning beds. 
B,C. Brain-sized phantom recovery is 77% on average (B), with 0.025% spillover (C) for medium (+) 
and high (++) activity vials. Rainbow color bar range is 0-5000 kBq/cc. D-F. Recovery coefficients for 
sub-resolution tubing under both imaging conditions. G-I. Spatial resolution given for sub-resolution 
tubing under both imaging conditions. J,K. Line-profiles for sub-resolution tubing filled with F-18-FDG at 
trans-axial cross sections (images given above graph) when imaged on the manufacturer MRI bed (J) 
or the custom bed unit (K). Shaded bands on graphs D-G give 95% confidence intervals.  
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2.3.2.2 Detection Efficiency 

 

Detection efficiency for the custom bed unit was comparable to the manufacturer bed for brain-

sized phantoms (15 cm3), achieving 77% signal detection with negligible spillover (< 0.03%) 

between them (Figure 2.2B-C). Recovery coefficients for sub-resolution structures were similar 

or higher using the custom bed unit compared to the manufacturer’s scanning bed. As expected, 

samples larger in size or activity relative to background had higher signal recovery. Recovery 

coefficients were closest between imaging beds for sub-resolution phantoms with activity > 1850 

kBq (50 µCi, Figure 2.2K). Error was similar in both conditions. 

 

2.3.2.3 Image Quality 

 

Signal intensity (kBq/cc) was greater in the custom bed unit at the trans-axial cross sections of 

the polyethylene tubes (Figure 2.2B-C), visible quantitatively in the sharper, darker tube cross 

sections and quantitatively in the line profile peak values (Figure 2.2J-K). Spatial resolution for 

sub-resolution structures was nearly identical between the custom bed unit and the manufacturer 

bed, with the best resolution achieved at the center of the FOV (Figure 2.2G-H). An inverse 

relationship was observed between spatial resolution and tube diameter, and spatial resolution 

and total activity for FWTM. Given that the PE tubes are all below manufacturer-reported 

resolution and were filled from a radionuclide stock, the observed effect is likely due to lower 

activity relative to background in smaller tube sizes.   
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2.3.3 Characterization of Bed Safety and Efficacy for Subject Use 

 

2.3.3.1 Use of Custom Bed Unit for Dynamic Imaging 

Figure 2.3. Two-rat dynamic imaging results following an intravenous injection of F-18-FDG. A-
C. Axial PET, MR, and co-registered PET+MR images of rat brains 60-minutes-post injection. D. 
Average brain time-activity curve for both rats. E. Time series of PET images showing accumulation of 
F-18-FDG heart (arrows) and brain. SUV data is loaded for the leftmost subject (SUV data must be 
loaded separately). The time bins shown are as follows: 0-0:30 in 10 second bins in top row; 3:50-4:10 
in 10 second bins sec in 2nd row; 10, 15, 20 minutes post-injection in 3rd row; 50, 55, 60 minutes in 4th 
row. F. Sagittal slice of rightmost subject head showing structures of interest with high resolution. Scale 
bar = 1 cm. 
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The low throughput typically associated with dynamic PET imaging, due to longer scan durations, 

was improved by use of our custom 2-rodent bed unit. The MR FOV for both subjects (Figure 

2.3C) included the head to the cervical spinal cord (C1-2)64. In the PET FOV, radiotracer was 

visible from head to heart in both animals, enabling multi-rat cardiac imaging by PET (Figure 

2.3E). F-18-FDG brain uptake was lower than expected, which may indicate a poor IV injection 

(Figure 2.3D). In this configuration, both subjects are visible in the FOV in the axial and coronal 

viewing planes only. Additionally, the imaging duration needed for dynamic PET scans provided 

ample time for high-resolution MR scans of the brain. Structures such as the third, fourth, and 

lateral ventricles, hippocampus, corpus callosum, and arbor vitae of the cerebellum were 

resolvable by eye (Figure 2.3C, F). 
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2.3.3.2 Use of High Throughput Imaging System for Longitudinal Scanning 

Figure 2.1. Two-rodent longitudinal imaging results following an intraperitoneal injection of F-
18-FDG. A-C. Axial PET, MR, and co-registered PET+MR images of mouse brains 70-minutes-post 
injection. D-F. Heart (white arrows in D,F), kidneys (gray arrow in D), and brain (E), shown for mice at 
20 (left), 45 (middle), and 70 minutes (right) post-injection. The white asterisk in A and E (right) indicates 
that the same images are shown. G-I. Mouse respiration rates during scanning. J-L. Time-activity curves 
for the organs highlighted in panels D-F. M-O. Axial PET, MR, and co-registered PET+MR images of 
rat brains 80-minutes post-injection. P-Q. Hearts (white arrows) and brains shown for rats 30 (left), 55 
(middle), and 80 minutes (right) post-injection. R-S. Coronal and sagittal slices of rightmost subject’s 
head showing structures of interest visible in the short acquisition duration MR images. T-V. Rat 
respiration rates during scanning. W. Averaged time-activity curves for the brains of these subjects. All 
scale bars = 1 cm. 
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Rapid exchange of the 2-rodent holders enabled PET/MR neuroimaging of 4 rodents to be 

completed within 80 minutes. In mice, the MR sensitive region nearly encapsulated an entire 

mouse body, enabling image-based biodistribution and whole-body clearance studies of PET and 

MR contrast agents. The kidneys (Figure 2.4B), brain (Figure 2.4C), and heart (Figure 2.4D) were 

easily identifiable in the PET images and showed F-18-FDG accumulation in the pattern expected 

from the literature65. The bladder, brain, and myocardium continued to accumulate tracer over 

time, while the kidney time-to-peak occurred earlier, followed by a reduction in signal after 60 

minutes. Accumulation of F-18-FDG in rat brains followed the expected pattern, although uptake 

was lower than anticipated likely due to a shorter fasting time. Both species maintained an 

appropriate respiration rate throughout the imaging experiment.  

 

Even with image acquisition times of 5 minutes or less, we acquired T2-weighted images with 

sufficient resolution for anatomical reference and attenuation correction in both species. Brain 

structures such as ventricles and white matter tracts are readily resolved in rats (Figure 2.4G-H). 

Although image translations were not required for image analyses, they may be desired when 

showing images if the animals are rotated around the Z axis.  

 

2.4 Discussion 

 

Our high-throughput imaging approach offers improvements over existing methods. The low-

barrier-removal nose cones made subject set-up easier than in a scanning bed with a fixed nose 

cone and made it possible to quickly access subjects in the event of complication. To our 

knowledge, no other scanning bed has accommodated both mice and rats in a single design. Our 

system maintained use of the bed that was native to the imaging instrument (e.g. Bruker BioSpec), 

which allowed the continued use of all bed features, including automatic positioning. Our custom 

bed unit was not instrument specific. It was designed to be quickly swapped into an instrument 

for a scan, then swapped out for another set of subjects or to a different instrument for combined 

modality or comparison studies. Specific scanner hardware was not required for use of our 

accessory system. Thus, our design will be compatible with other scanners. An extension may be 

made as outlined here for instruments that are compatible aside from scanning bed length.  

 

Our design was constructed and expanded using low-cost construction materials and methods. 

This modular design utilized a limited number of interchangeable components to facilitate easy 

part replacement or expansion of the system. The system was easy to build, utilize for imaging, 
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and subsequently break down for compact storage. Complete disassembly provided an 

opportunity to effectively clean and disinfect components to maintain the health of animal colonies 

and imaging spaces. Finally, PVC and 3D printed components were MR-safe, easily modified, 

and cost-effective. This system can be set-up directly inside of the MRI space, and/or made 

mobile by storing on a cart equipped with anesthesia and water circulation accessories (Figure 

2.1), enabling transport to scanning or procedure rooms. Modifications to 3D printed or PVC 

components, such as in length, diameter, material, etc., can be rapidly implemented. 3D printers 

are becoming ubiquitous at major research institutions, as the printers and the materials they 

require are becoming increasingly affordable. Future iterations may consider replacing the PVC 

component of the custom bed unit with a less dense material to improve imaging sensitivity. 

 

Our tool could increase the value of the scanning instrument by helping researchers get more use 

out of it, in expanded applications or reduced scan time. Pre-clinical imaging experiments can 

become costly quickly, especially when higher sample sizes are needed. Our system used a 2-

prong approach to increase throughput. Image quality and sensitivity were comparable to results 

acquired using the manufacturer bed Imaging time was reduced by half or more due to 

simultaneous acquisition in 2 subjects (rats or mice), which reduces total scan time, costs, and 

experimental error for experiments. The design of the custom bed unit allows for rapid exchange 

of animals, thus higher throughput of imaging (more animals per day). Additionally, swapping pre-

staged subjects reduced time delays between scans due to subject set-up. We expect these tools 

to be of greatest use for dynamic studies eligible for replacement by a longitudinal few-timepoint 

design. The greater the gap duration between timepoints, the more animal sets that can be 

imaged, the greater the reduction of overall instrument use costs.  

 

Our product was specifically designed for small animal PET/MRI neuroimaging but could be 

applied to other applications. This approach could be used to maintain a cohort of animals for 

monitoring experiments, sample collection, or pre-clinical imaging in other modalities. Exposure 

to environmental factors, agricultural agents, or prospective therapeutics (toxicity, target binding, 

and/or pharmacokinetics) can be efficiently assessed by our approach. Generally, procedures 

that require high throughput (e.g., screening) or involve sustained anesthesia to several subjects 

(e.g., repeated sampling) may benefit from this accessory system.  
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 CHAPTER 3: DE-RISKING CUSTOM TOOLS TOWARDS COMMERCIALIZATION 

 

3.1 Background 

 

3D (3-dimensional) printing enables the rapid production of custom tools and is being increasingly 

utilized for fabrication in the life sciences1-7. A range of 3D printers employing different techniques 

(e.g. fused deposition modeling, stereolithography, selective laser sintering) are commercially 

available at varied price points, contributing to the growing ubiquity of 3D printers in research and 

educational spaces. The library of 3D-printable substrates now includes materials that are 

favorable for a range of applications in healthcare, including those with structural, electrical1,8, 

biocompatible9-11, or bioresorbable5,13 properties of importance14. From 3D-printed organ on a chip 

designs15, to 3D-printed bioimplants16, to 3D-printed tissue scaffolds17-18, 3D printing has become 

a critical tool in biomedical research. 

 

Preclinical imaging is a rapidly growing research area, accelerating in recent years with the rise 

of modular and multi-modal imaging instruments. Multi-modality imaging combines the use of two 

or more biomedical imaging modalities to detect, treat, or monitor disease in living subjects. The 

use of multiple imaging techniques may offset the limitations of a particular technique, as is 

frequently done when computed tomography (CT) data is used to correct for positron emission 

tomography (PET) signal lost to attenuation. Alternatively, the combined information provided by 

multi-modal imaging approaches may improve diagnostic power as was seen for the detection of 

head and neck malignancies via PET/CT versus PET or CT alone19. As researchers pioneer new 

research spaces, they may find a need for a tool that is not commercially available and thus seek 

to make it themselves. To this end, 3D printing is frequently used to make these custom tools. 

Tools 3D-printed in-house have been used to manage research subjects during an experiment 

(for anesthesia20, maintaining body temperature21, or monitoring22), position samples for imaging 

(standards23, phantoms24, subjects23, 25-26), and reduce motion artifacts27. For example, a 3D-

printed holder enabled neuroimaging of an awake rat in a clinical MR scanner25. Demands on 

imaging tools are greater in multi-modal imaging applications, necessitating a greater 

understanding for the properties of the materials used. Thus, it is critical to select the correct 

polymer for the application and limit interference in the study by introducing artifacts, attenuating 

signal, or eliciting an undesired signal from a responsive polymer.  
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Desirable characteristics for 3D printed materials for imaging applications include i. minimal 

interference with the imaging collection or analyses, ii. lack of toxicity to experimenter and 

research subjects, iii. rigid and not easily broken, iv. inexpensive to produce, and v. stable for 

cleaning using laboratory disinfection protocols. Practical considerations regarding the use of 3D-

printable polymers in imaging applications, such as the decontamination of an accessory exposed 

to radioactive material, are often overlooked. Studies have characterized signal intensity 

(photoacoustic, magnetic resonance imaging), radiodensity (for PET, SPECT, CT)29-35, and the 

impact of ionizing radiation36 on 3D-printed phantoms, but for a limited selection of materials. Less 

is known about the optical properties of 3D-printed materials, with most fluorescence research 

focused on sorting select plastics and nano-plastics37,38 for recycling and toxicology purposes. At 

this time, no resource that guides the selection of 3D printing material for manufacturing of custom 

tools in a preclinical molecular imaging lab is known. 

 

This gap was addressed in the current study by characterizing the utility and limitations of 15 3D-

printed materials within the context of biomedical imaging. To this end, the needs and 

expectations of preclinical imaging researchers were investigated to identify desirable material 

qualities and other features that would contribute to widespread application of custom tools. 

Customer discovery was conducted through informational interviews and assessment of the 

Managers of Molecular Imaging Laboratories instrument database. Select materials were printed 

from resins and filaments using a range of 3D printers and characterized for luminescence, 

fluorescence, radiodensity, and capacity for repeated cleaning. Radioactive contamination is a 

standing risk in radiology. Thus, a 3D-printed material’s capacity for decontamination following 

radiotracer exposure was evaluated.   This report compares the performance of desirable and 

common materials in different imaging practices to de-risk future custom imaging tools, providing 

the information necessary for manufacturers and researchers alike to choose the best material 

for their application.  

 

3.2 Materials and Methods    

 

3.2.1 Customer Discovery 

 

Two approaches were used to identify customer needs that our high-throughput imaging 

approach may address. First, a list of interview questions was made for potential end users in 

collaboration with the Technology Transfer Office at Michigan State University. End user interview 
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questions were designed to identify the needs and wants of preclinical molecular imaging 

researchers. Questions focused on imaging volume, costs, challenges, needs, desirables, and 

familiarity with potential competing products. Interest group pages from the Society for Nuclear 

Medicine and Molecular Imaging Society’s website were screened for committee member contact 

information. The flyer in Appendix A (Figure 3.8) was sent with a request to meet for an 

informational interview. The contact list consisted of PET, CT, MR, and SPECT users (alone and 

in combination) with a range of specializations. 

 

The second approach utilized the instrument database provided by the Managers of Molecular 

Imaging Laboratories (MOMIL) Interest Group, which is available to members of the World 

Molecular Imaging Society. The database is a repository for molecular imaging lab managers to 

list the instrumentation available at their institution. The database was used to identify the most 

popular preclinical imaging instruments, where they are located, and engage with their managers 

to gain end user insights and develop relationships that may lead to future sales or collaborations. 

The same materials described previously were used for accepted informational interview 

requests. 

 

3.2.2 Value-in-use Estimate 

 

The high-throughput imaging tools described in Chapter 2 (referred to as “TEC2022-0027” in this 

section) could improve the cost effectiveness of preclinical PET/MR by helping researchers gather 

more data for the time invested. A value-in-use study was conducted in collaboration with the 

Figure 3.1. Typical use case to build a 1-hour time activity curve in rats versus use with the 
Chapter 2 longitudinal rat imaging approach. This schedule assumes 5-minute PET bins.  
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Technology Transfer Office at Michigan State University to estimate a reasonable price point for 

the high throughput accessory system. The study was designed to compare the longitudinal 

imaging experiment described in section 2.3.4 to typical methods used to generate a 1-hour time-

activity curve in rats (1 full hour of scanning). The 2.3.4 approach can be used to gather 

longitudinal data if the desired imaging timepoints are known (may require a pilot study) and 

spaced such that other subjects can be scanned between them. A visual comparison of the two 

approaches can be seen in Figure 3.1. 

 

The assumptions given in Table 3.1 were used to calculate product value in high and occasional 

users of MRI alone or combined PET/MRI. For these purposes, occasional use was defined as 

scanning 8 animals/day once weekly for a year. High use was defined as scanning 8 animals/day 

daily for 50 weeks. Time estimates were doubled from a real experiment of half the sample size 

for values in the “Use with TEC2022-0027” column. 

 

Metric Typical use case Use with TEC2022-0027 
Number of beds used 1 4 
Samples/bed 1 2 
Samples/day 8 8 
PET/MR use rate ($/per hour) $ 307 $ 307 
MR use rate ($/per hour) $ 185 $ 185 
Set-up time (hours) 1 1 
MRI scan time (hours) 8 2 
Animal exchanges (hours) 2 0.5 
Cleanup (hours) 1 1 
Total time (hours) 12 4.5 

 

 

Annual value generated was defined as the difference between annual instrument use costs for 

the typical use case subtracted by the TEC2022-0027 annual costs. The value of each bed unit 

was determined by dividing the annual cost savings by the number of beds used. Split of value to 

the customer was set to 20% multiplied by the value per bed unit to determine the final value 

captured price.  

 

  

Table 3.1. Assumptions for value-in-use calculations.   
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3.2.3 Design of Template Print and Selection of Materials  

 

Materials with the following characteristics were prioritized: low density, water resistant, water 

resistant, and capacity of withstanding high temperatures. Heat deflection temperature (HDT), 

tensile strength, and water absorbance values were collected from the literature. Reports that 

utilized standard industry procedures were sought and supplemented with manufacturer reports 

or the literature as needed39-55. Not all materials had published data for metrics of interest. 

Selected materials were printed with 100% infill with two exceptions (see Figure 3.3 for 

explanation).  

 

A template was designed using Autodesk Fusion 360 that included components that are common 

to imaging accessories or were highlighted as desirable in end-user interviews (Figure 3.2). The 

template print (5 x 5 x 1.5 cm, L x W x H) included raised and recessed features such as a ruler 

and standardized air connectors for the former, and a circular breathing pad, valleys for 

embedded tubing lines, and two threaded screw holes for the latter. Numbers varying in size (2-

7 mm) were also included in raised and recessed formats.  

 

 

 

  

Figure 3.2. Evaluated materials were printed using the same template file. A. Front face of template 
file. High and low relief of numbering in various sizes, rulers, and various connectors are visible. B. Back 
face of template file. Grooves for tubing are visible. C-E. Profile of template print. High reliefs and 
connectors are visible. 

A B C

E

D
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3.2.4 Optical Emission Testing 

 

Optical emission properties were evaluated for 3D-printed materials using the IVIS Spectrum 

System (Perkin Elmer). Phosphorescence was quantified by capturing photons emitted following 

a photograph camera flash with an open emission filter. Fluorescent properties were tested 

following excitation at 500, 575, 675, and 750 nm (30 nm bandwidth), corresponding to GFP, 

mCherry, Cy5.5, and Alexa Fluor 750 fluorophores. Emission filters (20 nm bandwidth) were used 

at 540, 620, 720, and 800 nm, respectively. For all images, a high lamp level was used to capture 

a 6.6 x 6.6 cm image (field of view setting B, subject height 1 cm) with medium binning. Exposure 

time was automatically determined by the instrument. Living Image software was used for data 

analysis using standardized ROIs. Net epifluorescence ((photons/s)/(μW/cm2)) and total flux 

(photons/s) were determined by subtracting the background ROI from the material ROI by the 

using the adaptive background subtraction tool, per the gold standard in luminescence imaging 

by IVIS.  

 

3.2.5 Radiodensity Assessment by µCT Imaging   

 

A µCT scan was acquired for each material before and after the decontamination procedure using 

a Perkin Elmer QuantumGX microCT scanner (72 mm; 288 µm reconstruction resolution FOV; 8 

second scan gantry rotation time x3 overlap stitched; 90kVe/88uA power setting; Al+Cu x-ray 

filter; 399 slices). Image analysis was conducted using PMOD 4.2. Radiodensity was quantified 

by averaging 3 spheres of 3 mm radius and normalizing to the signal of water. Materials that were 

not printed with 100% infill were excluded. Mean material radiodensity was compared using a 

one-way ANOVA followed by post-hoc Tukey’s Test in GraphPad PRISM software.  

 

3.2.6 Decontamination of Radionuclide  

 

A radioactive spill test was conducted to assess each material’s resistance to contamination and 

liquid absorption. F-18-FDG was acquired from Cardinal Health. 30 µL droplets of F-18-FDG 

(n=4/material) were placed on each template print (activity per dose 38.8 µCi). Printed templates 

were then disinfected with 70% ethanol and dried clean with a Kime wipes after 5 minutes. The 

radioactivity of each template print was assessed before and after decontamination using a 

Ludlum Model 3 pancake probe (model 44-9, Serial no. PR059981) and a Capintec Inc. CRC-

25R dose calibrator (Serial no. 113464). The activity on the template print was measured in the 



 38 

bottom of the dose calibrator well for the CRC-25R and recorded as µCi. For the Ludlum pancake 

probe, template print activity was measured from the same distance and location each time. 

Activity was recorded as average counts per minute. Residual activity was calculated as the 

difference between the pre- and post-contamination measurements after decay-correction to the 

same timepoint. Mean residual activity was compared for different materials using a one-way 

ANOVA followed by post-hoc Tukey’s test in GraphPad (Prism). One datapoint was determined 

an outlier and removed by Dixon’s test56.  

 

3.2.7 Capacity for Repeated Cleaning  

 

Two months of moderate use was simulated for the 3D printed part, assuming disinfection before 

and after use 3 times per week. This was done to determine which materials swelled or shrank 

after being exposed to water and solvent cleaners. The disinfection protocol was selected 

according to the CDC standards for the disinfection of smooth, hard surfaces (non-critical items) 

at healthcare facilities57,58. Each round of disinfection included saturation of the surface with a 

Phenolic germicidal detergent solution (Sporicidin, Contec) for 5-10 minutes, scrubbing with a soft 

bristle brush and water, and saturation of the surface with 70% ethanol. After the decontamination 

protocol, template prints were imaged by the same methods used previously. Degradation 

following repeated decontamination was assessed by comparing the volume of automatically 

segmented ROIs in pre- and post-decontamination µCT scans, respectively.  

 

3.2.8 Heatmap  

 

Heat maps were created to make comparisons easier and allow selection of the best suited 

material for particular needs. Color values were assigned by normalizing mean values reported 

in Figures 3.2-3.4 to the largest value in that dataset using the batlow color map (40-80% range 

used, centered on 60%). The batlow scientific color map avoids visual distortion of data and is 

accessible to readers with color vision deficiencies59. White cells indicate a lack of data for that 

metric and material (see Figure 3.3 for explanations).  
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3.3 Results  

 

3.3.1 End User Desirables Identified Through Customer Discovery 

 

The concerns of end users (n=6 interviewed) were sorted into 3 categories: subject welfare, 

material properties, and ease of use (Table 3.2. The bed design described in Chapter 2 included 

5 of the 13 features in Table 3.2 at the time of the interviews. The remaining properties were 

included in prospective material evaluations (*), incorporated into the updated bed design (**), or 

will be explored in the future (***).  

 

Subject welfare Material properties Ease of use 

Animal heating component Autoclavable*** Flexibility in species and set-
up 

Respiration pad Water repellant* Stackable*** 

Temperature probe Low attenuation material* Click and go**  

Organizational guides for 
accessories** 

Minimal material to reduce 
attenuation** Docking station 

  No system modifications 
needed 

 

Per the Managers of Molecular Imaging Laboratories (MOMIL) instrument lists, the most reported 

preclinical imaging instruments included the 7T Bruker BioSpec 70/30 MRI (Bruker, Billerica, 

Massachusetts, United States), Perkin Elmer IVIS Spectrum (Perkin Elmer, Waltham, 

Massachusetts, United States), Seimens PET/CT and SPECT/CT (Siemens, Munich, Germany), 

and Mediso nanoScan SPECT/CT/PET (Mediso, Budapest, Hungary). The ultrasound imaging 

instrument made by Visual Sonics was also among the most reported but was not identified as a 

Figure 3.2. Desirable features for a high throughput rodent imaging bed as given during 
informational interviews with potential end users. Users highlighted the need to be able to monitor 
subject wellness while scanning using existing monitoring tools. Additionally, organizational guides 
were requested to keep tubing, wires, and other accessories secure and safe from interfering with 
subject access. One asterisk indicates that the property was evaluated during material screening, two 
asterisks indicate that the element was incorporated into the updated design, and three asterisks 
indicate where future efforts will be directed.    
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target due incompatibility with our high-throughput imaging approach. Field of view and scanning 

bed dimensions were collected from manufacturer materials (print materials gathered at the 2022 

Society for Nuclear Medicine and Molecular Imaging Conference and World Molecular Imaging 

Conference) and used to refine the geometry of the updated design for the custom bed unit.  

 

3.3.2 Value-in-use Estimate 

 

The value captured price ranged from $3,753 to $29,052 for a 4-unit custom bed set (Table 3.3). 

Given that MRI use is forecasted to grow in coming years60, the product value may continue to 

grow.  

 

Modality Use level Annual value 
generated 

Value per bed 
unit 

Split of 
value to 
customer 

Value captured 
price (per unit) 

PET/MR High  $ 581,043   $ 145,260  0.8  $ 29,052  
PET/MR Occasional  $ 120,768   $ 30,192  0.8  $ 6,038  
MR High  $ 352,556   $ 88,139  0.8  $ 17,627  
MR Occasional  $ 75,071   $ 18,767  0.8  $ 3,753  

 

This study concludes that the savings from the new bed system are so significant that pricing can 

be set at a high level. Potential end users indicated that they would be willing to pay $3,000 on 

average for the 4-bed system and staging area as shown in Chapter 2. Given the variability in use 

rates, a pricing scheme that allows users to purchase the number of beds needed for their imaging 

volume would provide flexibility that parallels the imaging approach. Thus, a base cost of $1,200 

for the staging area and an additional $1,200 per bed unit would cost occasional users $3,600 for 

2 beds and high-volume users $6,000 for 4 beds.  A price point between the lowest value captured 

price and user estimates would maintain a competitive position and speed market penetration. 

 

  

Table 3.3. The value captured price per unit for 4 use cases.  
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3.3.3 Design of Template and Printing of Materials   

 

A total of 15 materials were selected for printing and further testing per the workflow given in 

Figure 3.3 (see Figure 3.4 legend below for full list and their acronyms). Their physical properties 

of interest are summarized in Figure 3.4. The selected materials were printed via both 

stereolithography (SLA) and fused deposition modeling (FDM) 3D-printing methods. Templates 

were printed from 5 printers: LulzBot (FDM), Ultimaker S5 (FDM), Polymaker: Polysher (FDM), 

Formlabs 3B (SLA), and Stratasys J750 (SLA). SLA printers outperformed FDM in print quality 

due to their ability to print with higher resolution, even down to 2 mm numbers. The 2 mm length 

numbers were only visible in one FDM print, PC-ABS. The SLA prints also had a smoother surface 

that lacked print lines inherent to FDM printing. Many FDM prints had frayed edges and lingering  

 

Figure 3.3. Workflow for material evaluation. Materials in cohort 1 were acquired before cohort 2. 
Cohort 1 and cohort 2 performance was analyzed simultaneously.  
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support material, which limited fine detailing. Regarding material properties, PETT, PC-ABS, and 

ABS have the highest temperature threshold at distortion (Figure 3.4D), whereas TPU, VC, and 

FL Clear distort at the lowest temperatures. PETG, PETT and PC-ABS ranked lowest in 

percentage of water absorbed (Figure 3.4E), whereas cPLA, PVB and ABS ranked the highest. 

Figure 3.4. Overview of prints and characteristics for selected materials. A1-C5. Front face image 
of template, 3D printed from A1. Polyethylene terephthalate glycol (PETG). A2. Polylactic acid (PLA). 
A3. Polycarbonate-acrylonitrile butadiene styrene (PC-ABS). A4. PETT taulman t-glase (PETT). A5. 
Acrylonitrile butadiene styrene (ABS) printed via FDM. B1. Polyvinyl butyral (PVB). B2. Acrylonitrile 
styrene acrylate (ASA). B3. Crystalized polylactic acid (cPLA). B4. Thermoplastic polyurethane (TPU). 
B5. Somos watershed XC 11122 (Somos). C1. Tango. C2. ABS printed via SLA. C3. Clear Formlabs 
Resin (FL Clear). C4. VeroClear (VC). C5. Vero + Agilus 30 (Agilus). D-F. Corresponding heat deflection 
temperatures (HDT, D), tensile strength (F), water absorbance (F) for selected materials.  

1 2 3 4 5

C

B

A

D E F
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VC, ASA, and PLA are the materials with the highest tensile strength (Figure 3.4F). Tango and 

Agilus, being pliable materials, have the lowest strength at break values. 
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3.3.4 Optical Emission Testing 

 

 

 

Figure 3.5. Applications of 3D printed materials in biomedical imaging. A-C. Representative 
images of a 3D printed material with low emission overall (A: PC-ABS), high phosphorescence intensity 
(B: PETG, photons/s), and high fluorescence intensity (C: SLA ABS, (photons/s)/(μW/cm2)). D. 
Normalized fluorescence and phosphorescence signal for 3D printed materials. E. Radiodensity for 3D 
printed materials normalized to water (dotted line) prior to repeated cleaning. F. Decontamination 
efficacy for F-18-FDG-exposed prints (exposure at crosshairs on inlay image), given as a percentage of 
residual activity. Materials with statistically different means are indicated by a shared letter beneath the 
x-axis. Data given as mean ± SEM. Em = Emission, Ex = Excitation. 
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Materials that emit light following excitation by wavelengths in the visible and near infrared 

spectrum may interfere with optical imaging techniques (e.g., fluorescence, bioluminescence). 

Tested materials demonstrated a range of optical emission properties, including low optical 

emission overall (PC-ABS, Figure 3.5A), high phosphorescence (PETG, Figure 3.5B), and high 

fluorescence (SLA ABS, Figure 3.5C). Most materials had little to no phosphorescence. FDM 

ABS, PLA, PETG, and PVB were the only 4 materials that had phosphorescence intensity over 

106 flux (photons/sec). SLA ABS, Agilus, cPLA, PETT, and ASA were each in the top 5 for highest 

fluorescence intensity for each excitation wavelength tested (Figure 3.5D). PLA, FDM ABS, and 

VC also showed appreciable fluorescence following excitation with 500, 570, and 675 nm 

wavelengths, respectively. Interestingly, PC-ABS and TPU both had corrected signal intensity 

values of zero for phosphorescence, as well as fluorescence at 570 and 675 nm. All other 

materials demonstrated some fluorescence in response to excitation by all wavelengths tested, 

albeit less above 650 nm.  

 

3.3.5 Radiodensity Assessment by µCT Imaging   

 

Materials with high radiodensity are less desirable for nuclear imaging applications (e.g., PET, 

SPECT) due to expected loss of signal due to attenuation. Materials fell into 1 of 5 groups of 

statistically non-different means, grouped in the following sets: (a) Somos, (b) PETG, PLA, PETT 

(equivalent to radiodensity of water), (c) PETT, VC, Agilus, FL Clear, and SLA ABS (equivalent 

to radiodensity of water), (d) VC, Agilus, FL Clear, and SLA ABS, and (e) comprising FDM ABS, 

PC-ABS, and ASA. PLA, PETG, and Somos watershed XC 11122 were the only materials with 

higher radiodensity than water (Figure 3.3E). ASA, PC-ABS, and FDM ABS were the least 

radiodense, with all remaining materials falling between fat and water (-50 to 0 HU on CT). 

 

3.3.6 Decontamination of Radionuclide   

 

Materials with low residual radioactivity were considered easier to clean and more resistant to 

contamination. PC-ABS and PETT absorbed over 25% the original radiation dose, setting this 

pair apart from the rest of the panel for risk of contamination. SLA ABS, ASA, cPLA, PVB, and 

FDM ABS performed similarly to one another, each retaining > 4.75% of activity (Figure 3f). No 

statistical differences were observed for the remaining materials (Somos, VC, FL Clear, Tango, 

PETG, Agilus, PLA), which ranged from 0.19% residual contamination for Somos to 2.6% for PLA. 

Somos and VC stood apart as having high repeatability relative to other materials. Interestingly, 
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the prints which retained the greatest fraction of radioactivity were overwhelmingly printed via 

FDM. 

 

3.3.7 Capacity for Repeated Cleaning  

 

 

Following 2 months of simulated use, materials were assessed for change in radiodensity and 

volume. The greatest change in radiodensity was observed in FL Clear, followed by PETT, ASA 

and PVB (Figure 3.6A). The remaining materials showed negligible changes in radiodensity. 

Increase in volume for VC, PLA, and PVB may indicate swelling from water absorption (Figure 

3.6B). FL Clear, ASA, and PC-ABS likely experienced degradation as indicated by a reduction in 

volume, although at low levels (0.16-0.5 cm3 difference). Negligible changes to volume were seen 

in remaining materials following the decontamination protocol.   
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3.3.8 Heatmap   

 

Figure 3.7. Performance summary for each 3D printed material given in alphabetical order as a 
percentage of the largest value in each row. The range of values is given in 0-100% (top) and 0-20% 
(bottom) maximum ranges. Circles denote printing by FDM, squares denote printing by SLA. 
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The heatmap presented in Figure 3.7 highlights the range of material performance for our selected 

metrics, which was wide for some tests and narrow for others. The heatmap also helps to quickly 

identify materials stand apart from on particular tests. For example, most materials are not of 

concern for phosphorescence, aside from PETG, PLA, and FDM ABS. Similarly, most materials 

did not experience major changes in radiodensity values aside from FL Clear. Overall, PC-ABS 

demonstrated the lowest concern for interference from competing light emission across excitation 

wavelengths. Materials which quickly absorbed radionuclide are also highlighted (e.g., PETT, PC-

ABS, and FDM ABS), and may be avoided for applications where contamination is a concern. 

With a quick glance, this plot highlights the categories in which the tested materials perform 

similarly (e.g., phosphorescence, change in volume, radiodensity following decontamination 

cycles), and those where materials are quite different from each other (e.g., radiodensity, capacity 

for contamination).  

 

3.4 Discussion    

 

Custom tools are commonly 3D printed by molecular imaging scientists to aid in their research20-

22,25. However, they are frequently built for specific use. We’ve outlined a framework to seek user 

needs that were incorporated into the next iteration of the high throughput imaging accessory 

system. Value-based determinations were made for a potential future pricing scheme that will 

accelerate penetration of this product into the market. Additionally, regulatory concerns were 

addressed by demonstrating that materials withstand cycles of cleaning via CDC-recommended 

methods. Commercialized technologies have the potential for greater impact. Thus, a similar 

approach should be considered for custom research tools built for widely practiced, or widely 

desired, techniques.  

 

Until now there has been no central resource that compared polymer properties relevant to 

common molecular imaging techniques. The current study addressed this gap by reporting a 

variety of metrics that included radiodensity, durability, and optical emission profiles for a panel 

of 15 3D printable substrates.  The polymer panel included materials ubiquitous to laboratory 

spaces, including PETG, PETT, ABS, TPU, and PC-ABS. Typical routine disinfection methods 

were applied that included disinfection with 70% ethanol and a germicidal agent.  Imaging 

methods included µCT, phosphorescence, and fluorescence imaging. These studies can serve 
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as a resource for biomedical engineers to efficiently select materials that suit their needs from a 

range of filaments, including many that are commonly used and affordable.  

  

Each material demonstrated trade-offs for molecular imaging applications. Thus, materials should 

be selected for each specific application. For example, Tango performed desirably in all tests but 

has the lowest reported tensile strength of the evaluated materials. Thus, Tango will not interfere 

with imaging, but was not well suited for applications requiring strength or structure. Similarly, PC-

ABS had a low radiodensity and optical emission profile but demonstrated changes following 

repeated cleaning and rapidly absorbed 40% of applied F-18-FDG. Materials may degrade under 

some conditions but not others. For example, ASA and PETG both had high deflection 

temperatures, useful for tools needing to withstand high heat (and/or high pressure such as 

autoclaving) yet prints from both materials experienced radiodensity and/or volume changes with 

repeated use, jeopardizing the long-term use of the material.  

 

Several materials were identified for their performance in different imaging domains. Materials in 

the vertical center of the heatmap (Figure 3.7) may be preferred by optical imaging scientists due 

to their low response to light excitation, particularly PC-ABS and TPU. Alternatively, researchers 

interested in making fluorescence imaging makers may benefit from a light-emitting polymer on 

the heatmap’s vertical left. ABS, Agilus, cPLA, PETT, ASA, PLA, and VC were not recommended 

for luminescence-focused applications. Regarding nuclear imaging, VC, FL Clear, Tango, PETG, 

and Agilus demonstrated the lowest level of residual contamination following cleaning and were 

similarly or less radiodense than water. Of this group, Tango, Agilus, and PETG also experienced 

little change to volume or radiodensity following repeated cleaning cycles. Thus, these three 

would make good construction materials for custom tools in nuclear imaging. For µCT applications 

where contamination is not of concern, ASA, PC-ABS, or FDM ABS may be desirable due to their 

low radiodensity and thus, low expected signal attenuation. Even Somos (the most radiodense 

material) was not a significant concern, given that its Hounsfield Units (HU) was equivalent to soft 

tissue values61. Regarding mechanical function, tools which will be frequently exposed to liquid 

but need to retain shape for form and function should be built from PETG, since it has 

demonstrated low water (Figure 3.4F) and F-18-FDG absorbance (Figure 3.5F). ASA or 

VeroClear would be well suited for tools needed to withstand high mechanical stress. Overall, 

FDM printing was a low-cost relative to SLA for printers, materials, and repair. However, this study 

highlighted risks associated with residual contamination that may inform decision making for 

applications involving hazardous materials. This tradeoff may be acceptable due to the low cost 
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of FDM printing filaments, where a contaminated part could be replaced for $0.25/g of material. 

The SLA resins tested are recommended for applications that require fine details, low risk for 

contamination, or low radiodensity. No polymer tested performed ideally in every category. 

 

This work could be expanded in several ways. First, one could conduct in vivo imaging with 

animals using these materials to see how much signal would be attenuated for the various imaging 

modalities. Second, these 3D-printed materials could be further characterized for other 

applications such as cell culture and capacity to withstand autoclaving. Lastly, branching this work 

into other fields such as tissue engineering (fluorescent scaffolds) and drug delivery (fluorescent 

nanoparticles) may be of future interest. Furthermore, the results presented may have utility in 

the manufacturing of biomedical imaging tools, driving development towards materials with 

improved performance in the domains that were highlighted.  
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APPENDIX 
 

Figure 3.8. Flyer sent with informational interview requests.  

Interchangeable 
multi-rodent holders
For high-throughput imaging

From the lab of Kurt Zinn
Professor Radiology, Biomedical Engineering, 

and Small Animal Clinical Sciences
Michigan State University

A new way to image
Our product is an imaging accessory that facilitates high-
throughput rodent imaging using low-cost materials. This
design is built to be compatible with various scanners
and supports long-term imaging experiments. The
product has 2 components: a modular set of 2-rodent
custom bed units (Figure 1) and a corresponding staging
area (Figure 2).

Instrument highlights
The imaging beds enable the animals to remain
anesthetized and stationary while the custom bed unit is
exchanged in and out of the imaging instrument for
efficient data collection. Because the animals remain
stationary, their positioning is reproducible between
scans which greatly reduces technologist effort and
opportunity for error. Animals rest in the staging area
between imaging time points, where their body
temperature is maintained, and their oxygen saturation
and respiration rate can be monitored. Imaging beds are
applicable for MR, PET, and PET/MRI instruments, with
plans to expand to CT as well.

Instrument 
benefits
• Image a greater number of 
animals in a day
• Elimination of initial staging 
process
• Imaging time and cost cut in 
half or more
• Reduced variability in image 
analysis
• Does not require modifications 
to instrument

Figure 1. Interchangeable rodent holders and their use. The custom bed units and bed extension are shown installed on the Bruker
BioSpin 70/30 MRI with PET insert in images A-D. A set of mice and rats are shown loaded in the custom bed unit in images E and F.
Maximum intensity projections of MRI scans are given for each species in G and H as acquired by the Bruker BioSpin 70/30 to
illustrate field of view.

Figure 2. Staging area for custom bed units.
One rat is loaded in each of 3 custom bed
units as an example. The system can be
scaled up as needed.

Contact Mitchell Gabalski (gabalski@msu.edu) or Kylie Smith (smit2046@msu.edu) for more information.

+

Bed extension Custom bed 
unit

A B D G H

FE

C
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Initial testing of the updated custom bed unit design is described here. The Technology Transfer 

Office at Michigan State University is currently evaluating the updated design as potential 

intellectual property, so it is not shown. Like the initial design, this iteration was 3D printed from 

VeroClear on a J750 Stratasys printer.  

 

Detection sensitivity was screened using the same imaging methods described in section 2.2.2.2. 

Additionally, plastic tubes (“PCR tubes” in Figure 3.9) filled with 50 µL of 2-deoxy-2-[F-18]-

fluorosorbitol (F-18-FDS, reduction product of F-18-FDG) were lined along the center of the bed 

with 1 inch of separation (n=6). Images were acquired on the 7T Bruker BioSpec 70/30 with PET 

insert and processed as previously described. Instead of recovery coefficient, detection efficiency 

was calculated as ((total activity in PET volume of interest)/(known activity))*100. Spillover to the 

subject was detected at a lower rate than in the previous design (Figure 2.2), and the spatial 

resolution and recovery percentage range were comparable (Figure 3.9).  
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The new bed was tested in a longitudinal imaging experiment. Two rat cohorts (Cohort 1 - Subject 

set 1 and 2, Cohort 2 - Subject set 3 and 4) were imaged by simultaneous PET/MR following 

injections. Subjects received an injection of PET agent alone or a mixed injection with both PET 

and MR imaging agents present. Cohort 1 was imaged from 0-3 hours post-injection and cohort 

2 from 4-8 hours post-injection per the schedule shown in Figure 3.10. A rectal thermometer was 

used to monitor the body temperature of one rat from each subject set during imaging, while a 

respiration monitor was used to measure breathing rate (Figure 3.11). Opportunities to improve 

the anesthesia system were identified. The same vaporizer was used to supply inhalant 

anesthesia (isoflurane) to the MRI and staging area, which made it difficult to maintain respiration 

rates at the same level for male and female rats. Additionally, differences in the breathing rate 

between members of a subject sets were observed by eye. These concerns will be a focus for 

future iterations.  
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Figure 3.11. Body temperature (top) and breathing rate (bottom) for individuals during their 
imaging session. Military time is given along the x-axis. Gaps in the body temperature graphs are 
due to reading errors in the temperature probe.  
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 CHAPTER 4: DE-RISKING NOSE TO BRAIN NEUROIMAGING BY PET 

 

4.1 Background   

 

Efficient specific delivery of drugs to the central nervous system (CNS) is an ongoing challenge 

in biomedical science. Traditionally, drugs have been delivered to the brain via oral, transdermal, 

or intravenous administration66. Although these methods are useful due to ease of dosing, their 

efficacy is limited due their reliance on systemic absorption for delivery to the brain. Systemic 

drug delivery is challenged by first-pass metabolism, limited passage through the blood-brain 

barrier (BBB), and off-target interactions. Invasive injections directly into the CNS such as 

intrathecal, intracerebral, and intracisternal injections can overcome these limitations for patients 

who cannot tolerate or do not see efficacy from traditionally delivered therapeutics67. Yet, these 

invasive protocols are not ideal for routine practice. A non-invasive method for specific, direct 

delivery to the brain would be highly advantageous. 

 

Nose to brain (N2B) delivery has been advocated as a noninvasive method for direct delivery to 

the brain. Direct N2B transfer is achieved when drugs or other materials are deposited at nasal 

epithelium innervated with trigeminal or olfactory nerves68-72. The primary site of interest for N2B 

delivery is the olfactory epithelium (OE), a mucosa densely innervated with olfactory neurons that 

project directly to the olfactory bulb (OB). Small, lipophilic molecules deposited on the olfactory 

epithelium (OE) diffuse through the mucosa into channels surrounding olfactory sensory neurons 

(OSNs). The fluid filling these channels is continuous with the cerebrospinal fluid (CSF) that 

engulfs the brain, which helps to distribute drugs to other brain regions by bulk CSF flow69,70 or 

glymphatic distribution71-73. Since N2B does not rely on systemic distribution, nasal delivered 

material bypasses the BBB and avoids hepatic metabolism. This approach has been used to 

successfully deliver drugs74-76, viruses72,77, nanocarriers78-80, and peptides68,72,76,81 to the CNS. 

Plasma sampling82-84, CSF sampling51, or changes in cognitive85 or behavioral74,86,87 outcomes 

have been used to evaluate the efficacy of N2B treatments, leading into FDA approvals for 

intranasal insulin52, esketamine88, and naloxone89 in recent years.  

 

Despite the optimism of successful pre-clinical N2B delivery78, translation to successful clinical 

N2B delivery faces a number of potential challenges. For example, successful delivery with one 

device may not translate to success in another device. This was highlighted in a recent clinical 

trial in which a N2B insulin protocol validated in prior studies81,85 (using the Kurve ViaNase device) 
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failed to be efficacious when applied in a second device (Impel Neuropharma POD device)51. This 

can be particularly challenging in an expanding area of device development with a wide range of 

device costs, where a single N2B specific device (e.g.  Kurve ViaNase90, Impel NeuroPharma 

Precision Olfactory Delivery Device51, OptiNose Bi-directional Delivery Device91) can cost tens of 

thousands of dollars per unit. Techniques that allow us to screen delivery devices and protocols 

could enable more successful N2B delivery (device performance, delivery conditions, formulation 

characteristics, etc.) in a timely and cost-effective manner and thus reduce the time for translation 

for N2B therapeutics. 

 

The current study utilized IRDye800- or F-18-labeled molecules to follow aerosol deposition in 

nasal cavity models. We opted to modify and customize vibrating mesh nebulizers, which are 

commercially available, low cost (~$200), and can be optimized for aerosol delivery to the nasal 

cavity92,93. Nebulizers of interest were adapted with 3D-printed covers and tested in simulated 

N2B delivery models to prepare for in vivo imaging studies. IRdye800-insulin was used to 

qualitatively validate deposition in model nasal regions of interest for a cross-sectional phantom 

before progressing to F-18 for sensitive detection in more complex models. F-18 is a positron-

emitting radionuclide that can be accurately measured in deep, attenuating structures with high 

resolution. For that purpose, molecules were radiolabeled with F-18 and imaged with positron 

emission tomography (PET) to quantify deposition and localization in a CT-derived nonhuman 

primate (NHP) nasal cavity phantom. The levels of F-18 in all delivery components were carefully 

measured. Finally, we tested the translation of the approach in a live Rhesus Macaque. Rhesus 

Macaque’s nasal cavity is similar to a human’s (large vestibule, simple, < 3 unbranched 

turbinates) and have a similar airflow pattern during inhalation (airflow through bottom 2/3 of cavity, 

close to ventral floor94), making NHPs an appropriate model for aerosol deposition studies 

intended for translation.  

 

4.2 Materials and Methods 

 
4.2.1 Model Preparation 

 
4.2.1.1 Custom 3D-printed Nebulizer Accessories and Delivery Apparatus  

 

Three commercial vibrating mesh nebulizers were selected for modification, namely the Aura 

(Aura Medical, New York, United States), Flyp (Convexity Scientific Inc., Connecticut, United 

States), and Omron MicroAir (Omron, Kyoto, Japan) nebulizers. PET was intended to determine 
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where aerosol was deposited in the models, and therefore a safe way to deliver radioactive 

aerosol was required. To this end, custom fitted nebulizer covers were designed based on the 

original mouthpiece/cover for each device in Autodesk Inventor software (San Rafael, California, 

United States) to keep the aerosol completely enclosed. The covers were 3D printed on a J750 

PolyJet 3D-Printer (Stratasys, Rehovot, Israel) from VeroClear material aside from the cover-

device interface, at which we included a blend of VeroClear and Shore70 material to improve the 

seal between them. Support material was removed by hand or via Balco WaterJet (Stratasys, 

Rehovot, Israel). 

 

4.2.1.2 2-Compartment Cavity 

 

A two-compartment cavity was constructed to test the aerosol output of our 3D cover-fitted 

nebulizers in a semi-sealed aerosol delivery system. The box (5.5 x 5 x 5 cm) was divided into 

left and right chambers by a “septum”, akin to a nasal cavity. Each chamber had a circular 

opening. We used a Stratasys J750 to 3D print the phantom using VeroClear material. After 

printing, support material was manually removed before placing the phantom in an alkaline bath 

(2% NaOH, 1% Na2SiO3 in water) for 10 minutes followed by a brief rinse in de-ionized (DI) H2O 

to dissolve remaining support material.  

 

4.2.1.3 Rhesus Macaque Nasal Cavity Phantom 

 

A non-human primate nasal cavity model was generated to investigate aerosol deposition 

patterns in the nasal cavity. A soft tissue mask was rendered using a head-focused CT scan 

(CERETOM NL3100, Neurologica, Danvers, Massachusetts, United States) of a 4.7 kg Rhesus 

Macaque in Materialise Mimics software (Belgium, https://www.materialise.com). The major 

airways were preserved by thresholding the mask according to the software’s definition of 

children’s skin. Holes in the mask were filled and unwanted material (e.g., intubation tube) was 

removed in Meshmixer (San Rafael, California, United States). The Standard Tessellation 

Language (STL) file was then imported into Autodesk Inventor to reduce the model to only the 

nares and nasal cavity (6.5 x 3.8 x 3.8 cm). Two copies of the phantom were printed – a two-part 

model separated at the midline and another cut into cross sections (1 cm thick cross sections, 

most anterior section 1.5 cm). We printed the phantom out of Shore70 material on the Stratasys 

J750. Support material was removed using the alkaline bath method described above. The two-

part model was combined to be a single unit with a continuous cavity using superglue. 
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4.2.1.4 Phantom Experiments  

 
4.2.1.4.1 Tracer Preparation 

 
4.2.1.4.1.1 IRdye800-insulin  

 

Insulin was labeled with IRdye800 to qualitatively evaluate aerosol output to a nasal cavity 

phantom in a semi-sealed aerosol delivery system. To prepare for conjugation, 8 mg human 

recombinant insulin (Millipore Sigma, Burlington, Massachusetts, United States) was dissolved in 

0.1 M HCl and added to sodium phosphate buffer (pH 7.8, 0.15 M) in a 1:2 ratio to reach the 

desired volume. IRdye800-NHS (0.05 mg; LI-COR Biosciences, Lincoln, Nebraska, United 

States) was dissolved in a small volume of dimethylformamide (20 mL) and added to the insulin 

vial. The conjugation mixture incubated at room temperature for 1 hour while rocking. Free dye 

was removed from the mixture via dialysis purification (3500 MWCO) in phosphate buffered saline 

(PBS) overnight at 4°C, with a buffer change at 2 hours. The presence of dye inside the dialysis 

cassette the following day confirmed that remaining dye was conjugated to insulin. An ultraviolet–

visible spectrophotometry measured protein concentration and the dye-protein molar ratio for the 

labeled product using the Bradford Protein Assay (SpectraMax M3, San Jose, California, United 

States) and A280 and Amax measurements as used in Beer-Lambert’s Law (NanoDrop One, 

Thermo Fisher, Waltham, Massachusetts, United States), respectively.  A280 and Amax values were 

0.071 and 0.135 for the labeled delivery product, indicating that ~1 in 23 insulin molecules were 

labeled with a fluorophore on average. 

 

4.2.1.4.1.2 F-18-fluoride, F-18-FDG 

 

F-18 is a useful radionuclide due to its low cost, availability, and high spatial resolution using PET 

scanners. We acquired F-18-fluoride and [F-18]-2-deoxy-fluoroglucose (F-18-FDG) from Cardinal 

Health (East Lansing, Michigan, United States) to assess aerosol distribution in delivery in the 

Rhesus Macaque nasal cavity phantom and delivery components. The tracers were unmodified 

aside from dilution via PBS prior to use.  
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4.2.1.4.1.3 Deposition Testing  

 
4.2.1.4.1.3.1 2-compartment Cavity 

 

The rate of aerosol production was tested for each device. This an important metric for N2B 

delivery, as studies show that shorter nebulization times help to minimize the dose lost to 

mucociliary clearance to the GI tract91. We measured the time required to aerosolize DI H2O by 

measuring changes in the weight of a filled nebulizer (0.25, 0.5, 1 mL loading volume) while it was 

operating. Aerosol production rate was tested over three separate days for each nebulizer to verify 

consistency in performance. 

 

To confirm that 3D cover-fitted nebulizers perform to standard in our semi-sealed aerosol delivery 

system, we delivered aerosolized IRdye800-insulin to the two-chambered cavity and followed with 

fluorescence imaging to evaluate delivery. IRdye800-insulin (450 mL loading volume) aerosol was 

delivered via tubing directly from the nebulizer cover to the left opening of the two-compartment 

cavity. Medical grade compressed air was used to carry aerosol towards the box at 0.1 liters per 

minute (LPM). Following delivery (5 minutes), each face of the box was imaged via 800 nm laser 

on the Pearl Trilogy Small Animal Imaging System (LI-COR Biosciences, Lincoln, Nebraska, 

United States). Positioning and imaging properties were maintained for all images. Semi-

quantitative analysis of deposition was performed by drawing a region of interest (ROI) around 

the box face closest to the camera and summing the signal for each face in LI-COR Biosciences’s 

Image Studio Software. 

 

4.2.1.4.1.3.2 Rhesus Macaque Nasal Cavity Phantom  

 

After demonstrating that dye-labeled molecules could be successfully deposited as aerosol via 

our delivery apparatus, the next step was to predict what fraction and in what pattern aerosol 

would be deposited in the Rhesus Macaque nasal cavity. We used IRdye800-insulin to validate 

protein deposition in nasal cavity regions of interest before progressing to the use of radiotracer 

to sensitively quantify the levels deposition in the phantom. IRdye800-insulin (120 mg/mL, 450 

mL) was loaded into the Omron nebulizer medicine cup as solution and administered to the cross-

sectioned phantom as aerosol. Following 5 minutes of aerosol delivery at varying flow rates, the 

cross-section model was disassembled, and each component was imaged on the Pearl Trilogy 

Small Animal Imaging System. Positioning and imaging properties were maintained for all images.  
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The carrier gas flow rate which resulted in the greatest ratio of fluorescence in the upper nasal 

cavity/lower or anterior nasal cavity was selected for the radiotracer experiments (data not 

shown).  

 

Next, we used F-18-labeled radiotracers (n=2 F-18-Fluoride, n=2 F-18-FDG) to sensitively 

quantify and characterize aerosol deposition from our apparatus in our Rhesus Macaque nasal 

cavity phantom (Figure 4.1). Physiological conditions were simulated in the phantom by coating 

the interior passages with silicone oil (Sigma-Aldrich, St. Louis, Missouri, United States), as is 

standard practice for aerosol deposition studies. Prior to dosing, a µCT (Quantum GX, 

Figure 4.1. 3D-printed phantom of Rhesus Macaque nasal cavity. The phantom was designed using 
a CT scan of a Rhesus Macaque and printed using a Stratasys J750 PolyJet 3D-Printer. A. View of 
phantom on µCT bed, with fiducial markers identified with arrows (capsules in gray, point sources in 
black). B. Axial view of phantom. C. Sagittal view of phantom. 
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PerkinElmer, Waltham, Massachusetts, United States) was used to confirm that passages were 

open and clear of obstruction by the silicone oil. Mixed VivoTrax (Magnetic Insight, Alameda, 

California, United States) and tracer were loaded into PE-60 tubing, sealed with hematocrit 

sealant, and taped to the phantom as fiducials. 

 

The delivery apparatus, utilizing the Omron nebulizer, delivered 408 MBq F-18-fluoride or F-18-

FDG (450 mL) as aerosol inside of a glove box with 0.1 LPM airflow to the left nare of a supine-

positioned nasal cavity phantom for 5 minutes (Figure 4.2). During dosing, the door to the glove 

box (similar to a screw-on lid) was slightly loosened and a 40 LPM vacuum was attached to the 

glove box gas port to direct residual aerosol to a gas drying column for capture (filled 1:3 activated 

charcoal to desiccant). Immediately afterwards, the dosing apparatus was disassembled, and 

deposited activity was measured via dose calibrator (Capintec, Inc., West Sussex, United 

Kingdom) for each component. For nebulizer cover quantification, activity was estimated via dose 

calibrator and corrected using a PET-derived calibration curve due to geometric restrictions. A 

15-minute PET scan was acquired of the nasal cavity phantom using a 7T Bruker BioSpec 70/30 

MRI with PET insert (Bruker, Billerica, MA, USA). After the phantom decayed, it was imaged again 

via CT to include the fiducials for registration and analysis.  
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PET data was reconstructed via Maximum-Likelihood Expectation-Maximization (MLEM) 

algorithm at 0.75 mm voxel size with 12 iterations. Corrections for dead-time, scatter, randoms, 

and decay correction were performed. Tracer deposition was analyzed in PMOD 4.2 (PMOD 

Technologies LLC, Zürich, Switzerland) as percent of the loaded dose for the phantom and 

delivery components. The boundaries of the olfactory epithelium are still debated; therefore, the 

upper nasal cavity was used as a surrogate for the OE as is standard in gamma scintigraphy 

literature93. The volume of interest (VOI) for OE analysis is given as percent of dose deposited in 

the phantom and included the dorsal meatus, lateral wall of the middle turbinate, and 1/5 of the 

dorsal septum95,96. 

Figure 4.2. Administration set-up for nose-to-brain (N2B) aerosol delivery. For radiolabeled 
materials, delivery was performed inside of a glove box placed in a fume hood for an additional layer of 
aerosol containment. Aerosol was administered at 0.1 liters per minute airflow from a compressed air 
tank. Tracer which leaks from the phantom or dosing components post-dose are scavenged by a 40 
liter per minute vacuum at the glove box air port and funnels. 
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4.2.2 Primate Experiment 

 

Primate studies, including F-18-FB-insulin synthesis, were conducted at Charles River 

Laboratories in Mattawan, Michigan. Volume of interest analyses were by inviCRO (Boston, 

Massachusetts, United States).  

 

4.2.2.1 Tracer Preparation - F-18-FB-insulin 

 

A1,B29-di(tert-butyloxycarbonyl)insulin (DBI) was prepared using human recombinant insulin 

(Millipore Sigma, Burlington, Massachusetts, United States) to protect nucleophilic GlyA1 and 

LysB29 amino groups and facilitate functional group binding to the B-chain’s N-terminus 

phenylalanine using previously published methods97-99. This approach conserves binding affinity 

for the insulin receptor. DBI was purified using semipreparative high performance liquid 

chromatography (HPLC, Agilent 1260 infinity II, Agilent, Santa Clara, California, United States), 

desalted via size exclusion chromatography (SEC), and lyophilized for travel to Charles River 

Laboratories (Mattawan, Michigan, United States).  
 

F-18-fluoride was produced on-site via the 18O(p,n)18F nuclear reaction at the Charles River 

Laboratory cyclotron (Mattawan, Michigan, United States). F-18-fluoride was eluted via 

tetrabutylammonium mesylate (1 mL, 0.03 M in anhydrous methanol) and dried (70°C and a 

stream of nitrogen for 5 min, followed by heating to 100°C under vacuum for 10 minutes, thencool 

to 50°C) before adding a mixture of 4-(ethoxycarbonyl)-N,N,N-trimethylbenzenaminium triflate in 

anhydrous dimethylsulfoxide (4.5-5.5 mg/500 µL solution) and heating for 10 minutes at 90°C. 

Tetrapropyl ammonium hydroxide in acetonitrile (0.52 mL, 0.04 M) was added to the cooled 

(40°C) solution and then heated (120°C for 6 minutes, cooled to 50°C) before adding N,N,N’,N’-

Tetramethyl-O-(-N-succinimidyl)uronium tetrafluoroborate (TSTU, 9-11 mg) in anhydrous 

acetonitrile (0.6 mL) and heating again (70°C for 6 minutes, then 90°C for 5 minutes). The 

resulting reaction mixture containing F-18-Succinimidyl-fluorobenzoate (F-18-SFB) was purified 

using semipreparative HPLC and lyophilized prior to quality control testing. Chemical and 

radiochemical purities/identities were analyzed using an Agilent 1100 HPLC (Agilent, Santa Clara, 

California, United States) equipped with a radioactivity detector and an ultraviolet (UV) detector. 

Radiochemical purity for F-18-SFB was typically > 95%, and identity was confirmed by comparing 

the retention time of the radiolabeled product with that of the corresponding unlabeled reference 

standard. 
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F-18-SFB (8140 MBq at start of synthesis) was concentrated by heat (50°C) and a stream of 

argon for 20 minutes in the Pelltier Reactor. A solution of the DBI product (0.5 mg in 100 µL 0.1 

M borate and 100 µL 0.1 M sodium carbonate) was added, heated to 40°C for 30 minutes, and 

manually agitated (at 0 and 15 minutes). Next, the reaction mixture was treated with trifluoroacetic 

acid (in 100 µL DI water) and stirred at 25°C for 5 minutes before use of semi-preparative HPLC 

for purification (Agilent Zorbax SB-CN, 5 µm, 9.4 x 250 mm, eluted with 90:10:0.1 

Water:Ethanol:Formic Acid at a flow rate of 5 mL/min). The purified F-18-FB-Insulin (retention 

time ~13 minutes) was then trapped on a pre-conditioned (6 mL each ethanol then water) Waters 

tC18 Short Plus cartridge, followed by elution with ethanol (0.4 mL), then x1 PBS (pH 8.0, 1.2 mL) 

into the mixing vial. The F-18-FB-insulin formulation was transferred to a sterile dose vial, and an 

aliquot was submitted for quality control testing. Chemical and radiochemical purities/identities 

were analyzed using high performance liquid chromatography (HPLC) on an Agilent 1100 HPLC 

equipped with a radioactivity detector and an ultraviolet (UV) detector.  Radiochemical purity of 

F-18-FB-insulin was > 99% (Table 5.2 in Appendix B), and identity was confirmed by comparing 

the retention time of the radiolabeled product with that of the corresponding unlabeled reference 

standard. For dosing, the product was diluted with saline to reach the desired volume with < 10%, 

w:W ethanol. 

 

4.2.2.2 Deposition Test - Live Rhesus Macaque 

 

Delivery to the olfactory epithelium using the Omron nebulizer with our delivery apparatus was 

tested in a nonhuman primate (NHP). The NHP experiment was conducted at Charles River 

Laboratories (Mattawan, Michigan, United States) with approval from the Institutional Animal Care 

and Use Committee (IACUC). The animal was given a loading dose of anesthesia (10 mg/kg 

intramuscular ketamine) to prepare for the procedure and maintained under isoflurane to effect. 

The primate was also intubated to minimize complications with ventilation and laid supine in a 

PET scanner bed that had been transferred to a table in the adjacent room. The apparatus 

described in Figure 4.3 was used to deliver 450 mL of F-18-FB-insulin at 111.74 MBq (3.02 mCi, 

2.37 TBq/mmol at the end of synthesis) to the left nare (5-minute delivery duration) as aerosol at 

0.1 LPM airflow. A 40 LPM vacuum was used to scavenge escaped aerosol from the primate’s 

nares and mouth during dosing and direct it to a gas drying column for capture (filled 1:3 activated 

charcoal to desiccant). Immediately following dosing on the table, the primate was transferred to 

a MicroPET Focus220 scanner (Concorde Microsystems, Knoxville, Tennessee, United States) 

for a 120-minute head-focused PET and subsequent computed tomography (CT) scan 
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(CERETOM NL3100, Neurologica, Danvers, Massachusetts, United States). The delivery 

apparatus was disassembled and deposition on each component was quantified via dose 

calibrator (ATOMLAB 100Plus, Biodex Medical Systems, Shirley, New York, United States) or 

PET (MicroPET Focus120 scanner for nebulizer cover, gas drying chamber, Concorde 

Microsystems, Knoxville, Tennessee, United States). PET scans were reconstructed via 3D 

ordered subset expectation maximization algorithm (OSEM 3D/MAP) with global deadtime 

correction, scatter correction, and CT-based attenuation correction. Quantification of tracer 

deposition in the nasal cavity and brain were performed using VivoQuant Software (inviCRO) after 

PET and CT images were co-registered and resampled to uniform voxel size (0.6 mm3). The nasal 

deposition VOI was segmented via thresholding while the brain VOI utilized a whole brain 3D 

monkey atlas provided by inviCRO. Percent of the loaded dose was calculated for both volumes 

of interest. For analyses of deposition in the OE, PET and CT images were loaded into PMOD 

4.2 for co-registration and resampling to uniform voxel size (0.6 mm3). OE boundaries were 

manually drawn as described previously and deposition was calculated as the percent of the 

deposited dose.  

 

4.3 Results  

 
4.3.1 Evaluation of Nebulizers 

 

Device reliability was evaluated for three devices of interest (Aura, Flyp, and Omron MicroAir) by 

testing aerosol production rate over several consecutive days. Device performance was also 

evaluated for 3 small dosing volumes, as the nebulizers tested are intended for treatments 5-10 

mL. The rate of aerosol production was highest for the Omron MicroAir, nearly double the aerosol 

production rate of the other nebulizers (Figure 4.3A). Loading volume did not impact Omron 

performance, but consistency did wane as determined by Tukey’s Test for Nonadditivity (FVolume, 

Omron=0.45, FDay, Omron=54.38, F0.05=10.13). The Aura produced aerosol at a slower rate than the 

Omron but was not influenced by the loading volume and saw no change in consistency over 3 

days (FVolume, Aura=3.24, FDay, Aura=0.84). Unlike its competitors, Flyp’s aerosol production rate was 

impacted by the loading volume and day of use (FVolume, Flyp=5.62, FDay, Flyp=48.23) and had the 

lowest output of the three. Solution pooled atop the vibrating mesh plate which suspended aerosol 

production for each nebulizer tested. This required manual intervention to clear the plate and 

resume delivery. 
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Figure 4.3. Evaluation of nebulizer performance with custom 3D-printed covers. A. Consistency 
of aerosol production rate was tested across three days for each device. B. Custom-fitted covers were 
3D printed for each nebulizer to contain fluorophore- or radiotracer-labeled molecules within the 
administration system. Nebulizers are shown in the left column with the respective cover to their right. 
C. System efficacy was evaluated for each nebulizer-cover pair by quantifying the output of aerosolized 
IRdye800-insulin into a 3D-printed two-compartment cavity. D. Schematic for system testing with two-
compartment cavity. E. Example of deposition imaging for IRdye800-insulin on three sides of the two-
compartment cavity as output by the Omron MicroAir. F. Comparison of output in two-compartment 
cavity by each nebulizer shows that the Omron deposited the greatest amount of material, followed 
closely by the Aura nebulizer. 
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A custom-fitted cover was successfully made for each nebulizer based on the accessories that 

came with the device. Generated aerosol was dispersed and maintained in-line with the aerosol 

output stream to minimize impaction in small-volume radiotracer studies. The Aura and Flyp 

nebulizers generated aerosol from the front face of the device as opposed to the Omron, which 

emitted aerosol from the top. This resulted in top heavy, sometimes unstable devices which 

required additional support. The cover-fitted Omron nebulizer was stable on its own, although it 

was advantageous to tilt the device at a 50° angle from the floor to maintain a steady aerosol 

stream and reduce residual dose loss to back-flow in the medicine cup. Further, we faced 

additional challenges with forming a seal around the aerosol-generating region of the nebulizer 

for front-facing styles. Gravity acting on extended regions of the cover introduced gaps at the 

cover-nebulizer interface that contributed to aerosol leakage. 

 

The modified nebulizers were tested using IRdye800-insulin delivered as aerosol to the two-

chambered cavity (Figure 4.3C). Fluorescence imaging showed similar IRdye800-insulin 

deposition in the cavity for the Aura and Omron devices (0.97:1.00 of maximum deposition), but 

not for the Flyp (0.04).  Further inspection showed that the aerosol was caught in an eddy inside 

of the delivery chamber of the Flyp’s 3D-printed cover and was unable to leave the cover with or 

without supplied carrier air. 

 

Of the three nebulizers evaluated, the Omron MicroAir performed best for aerosol production rate 

and aerosol output to a cavity model using our delivery approach. Additionally, challenges with 

aerosol leakage or clogging of the vibrating mesh plate were least prevalent for the Omron. 

Although the consistency in device performance waned over the days tested, the reduced rate of 

aerosol production approximated the other two nebulizers. Therefore, the Omron was selected 

for further evaluation using the nasal cavity phantom and live rhesus macaque. 

 

4.3.2 F-18-tracer Aerosol Deposition in the Rhesus Macaque Nasal Cavity Phantom 

 

The proportion of tracer deposited in each delivery component was calculated as a percentage of 

the starting dose (408 MBq). For all F-18-Fluoride and F-18-FDG trials (n=4), the amount in 

components were as follows: 41.01% ± 22.60 in the nebulizer’s medicine reservoir, 8.26% ± 6.09 

in delivery tubing, 67.03% ± 56.02 in the nebulizer cover, and 1.09% ± 0.99 in or on the nasal 

cavity phantom (Figure 4, ± 95% confidence interval). On average, 114.80% ± 78.33 of the starting 

dose was recovered. For all trials except one, total dose recovered was less than 100% (Figure  
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4.4A). Contamination on the exterior of the phantom accounted for 54% ± 8 of the phantom 

deposited doses, primarily observed at the nasopharynx exit and corners of the phantom. Taken 

together, 0.59% of the starting dose was delivered to the nasal cavity on average. Region of 

interest analysis revealed that 5% ± 6 of the dose that reaches the phantom nasal cavity is 

deposited in the olfactory epithelium (representative scan shown in Figure 4.4C). Tracer was 

detected in the olfactory epithelium for all trials. Tracer deposited outside of the OE can be seen 

the maxillary sinus and on the medial ethmoturbinate, which projects obstructively into the nasal 

Figure 4.4. Deposition fraction results for F-18-labeled tracers delivered to phantom or primate 
nasal cavity as aerosol. A. Quantification of the proportion of aerosol deposited on each component 
of the delivery system for phantom experiments trials (1-4). Note that the sum of each component 
approximates 100% or less for all trials except #2. Primate results shown for comparison, where dose 
deposited in the delivery tubing was measured with the medicine reservoir. B. 3D printed nebulizer cover 
shown in camera image (right) and PET scan following aerosol delivery. Maximum intensity projection 
shown in middle, with sagittal cross section shown at the right. C. Co-registration of PET and CT images 
showing F-18-fluoride (color bar) deposited inside the nasal cavity phantom (grayscale). The dotted box 
highlights the region of interest for olfactory epithelium; arrows indicate contamination. The PET signal 
is overlaid on CT scan at 75% fusion. Scale bar = 1 cm. D. F-18-FB-insulin deposition (color bar) in live 
Rhesus Macaque (grayscale). Deposition primarily occurred on the rostral surface of the medial 
ethmoturbinate. No deposition was found in the olfactory epithelial region, which is highlighted by the 
dotted box. The PET signal is overlaid on µCT scan at 75% fusion. Scale bar = 1 cm.  

0

20

40

60

80

100

120

140
Pe

rc
en

ta
ge

 o
f s

ta
rti

ng
 d

os
e 

de
po

si
te

d

Trial

Medicine reservoir

Nasal cavity

Delivery tubing

Nebulizer cover

1        2        3 4 Primate

A

C

B

D

Camera PET MIP

k
B

q
/c

c

0

148

PET
C

T
 

P
E

T
 +

 C
T

 
P

E
T

7
5

%
 f
u

s
io

n
H

U

-660

182

k
B

q
/c

c

0

148
C

T
 

P
E

T
 +

 C
T

 
P

E
T

k
B

q
/c

c

0

0.01

H
U

-660

1070

7
5

%
 f
u

s
io

n



 74 

atrium. Tracer that was not accounted for via dose calibrator or PET imaging was likely settled 

inside of the glovebox or became sequestered in the glove box’s scavenging unit.   

 

4.3.3 Deposition in Live Rhesus Macaque 

 

Tracer precursor A1,B29-di(tert-butyloxycarbonyl)insulin (DBI) was prepared in advance of the 

study to facilitate day-of-experiment synthesis of F-18-FB-insulin, an insulin PET tracer with 

conserved binding affinity for the insulin receptor99 (See Supplementary Materials and Methods 

for details). F-18-FB-insulin aerosol was successfully delivered to a Rhesus Macaque in the 

amount of 0.28% (peak at 2 minutes) of the loaded dose (111.1 MBq, 3 mCi) using our nebulizer 

system. Deposition at the olfactory epithelium was estimated to be 0.84x10-6 % of the dose 

deposited in the nasal cavity. Recovered amounts in various dosing components added to 82.9% 

of the starting dose. Amount in components were as follows: 52.9% in the nebulizer’s medicine 

reservoir and delivery tubing, 28.6% in the nebulizer cover, and 1.1% in the gas drying column. 

Impaction of aerosol occurred primarily on the most rostral end of the medial ethmoturbinate 

(Figure 4.4D).  Under these conditions, no uptake was detected in the brain over 120 minutes. 

 

4.4 Discussion 

 

This research provides a pathway to screen aerosol delivery devices in preparation for N2B 

delivery studies. We used translational molecular imaging techniques to identify primary sites of 

aerosol deposition following delivery with vibrating mesh nebulizers. This work was done as a first 

step towards establishing an imaging protocol for tracking the fate of N2B delivered molecules in 

the clinic that may ultimately avoid clinical anomalies and prospective method failures when 

applied. 

 

Our NHP phantom predicted the primary site of aerosol impaction in the primate. Figure 4.4C 

shows that the highest concentration of F-18-fluoride aerosol deposited at the medial 

ethmoturbinate and maxillary sinus. These findings were consistent with the primate imaging 

results, where F-18-FB-insulin impaction occurred at the rostral end of the medial ethmoturbinate. 

This is not unsurprising, as this is a site of high particle deposition for both man and primate due 

to aerodynamics in the nasal cavity94. However, the phantom predicted aerosol penetration 

deeper into the nasal passages, including 5% of the deposited dose in the OE, which was not 

observed in the primate scan (0.84x10-6 % in the OE). Additionally, the proportion of aerosol 



 75 

deposited in the nose differed between the phantom and subject (0.59% vs 0.28%). One reason 

for this discrepancy could be the clearance of deposited material to the nasopharynx by 

mucociliary clearance95,100 prior to detection, which is reported to occur within the first 15 minutes 

following deposition91. It was not possible to dose the primate while in the scanner, introducing a 

delay between delivery start and scan start times. It is possible that a proportion of the deposited 

dose was removed and/or diluted beyond detection in the mucosa before we began collecting 

data. Aerosol delivery during imaging may be a goal for future studies to improve our 

understanding of the deposition fraction, subsequent clearance, and how to modulate these 

factors to work in our favor. 

 

Our decision to use a simplified nasal cavity phantom introduced both benefits and drawbacks. 

Airway models are generally created using many samples to account for morphological 

differences between subjects, which can be quite varied for the upper respiratory tract. Our model 

is based on a single subject, which may limit its predictive power. We reduced the model to include 

the nares and airways only, which limited us to test approaches that deliver aerosol directly into 

the nostril as opposed to testing accessories that fit to the head or face. Further, the semi-rigid 

material (Shore70) used to 3D print the phantom made it difficult to insert or adhere tubes, tips, 

etc. into the nostril of the phantom where soft tissue would stretch. We did treat the interior of the 

nasal passages with silicone oil to mimic the nasal cavity mucus layer. However, this is still an 

oversimplification that reduces the complex physiological environment of the nasal cavity. The 

nasal cycle, mucociliary clearance, and the pressure differentials inherent to the respiratory tract 

are absent from this model and will likely impact success in vivo77.   

 

Reducing dose loss to deposition on the medicine cup or nebulizer cover would be an important 

improvement for future studies. The nebulizer cover was critical to minimizing contamination and 

dose loss to the environment. However, the nebulizer cover contributed significantly to dose loss 

as the delivery component with the largest fraction of deposition. We observed that aerosol in the 

enclosed space of the cover settled on the cover’s interior surface or on the rim of the nebulizer’s 

medicine cup as droplets. Minimizing dose loss is of high importance due to the time and monetary 

investments required to produce PET tracers, and compounds with the existing challenge of low 

nasal delivery fractions from nebulizers91. Small volume nebulizers may be the preferred route for 

nuclear imaging techniques to reduce dose loss and improve the amount of material we can 

deliver to the subject.  
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If commercially available vibrating mesh nebulizers are of interest, a device which draws solution 

from the lowest point in the medicine cup may be preferred to other styles. The Omron’s vibrating 

pin, which helps to produce the aerosol, was elevated relative to the rest of the medicine cup. At 

loading volumes greater than 500 mL, liquid would flow to the back of the reservoir where it 

became unavailable for use. Still, with all the nebulizers tested, a small amount of the dose was 

left in the medicine cup and therefore omitted from delivery. This geometry is challenging for 

quantification of deposited fraction as well. For this study, a single device was used for all trials 

including the medicine cup. If backflow occurred, the residual dose from one trial could assimilate 

with the dose in a subsequent trial such that the sum of activity in all delivery components post-

dose is larger than the starting dose. It is believed this was the case for trial 2 of 4 (Figure 4.4A), 

leading to an overestimation of the average recovered dose. Separate nebulizers for each trial 

(per day) would eliminate this challenge in the future. Options for reducing the severity of dose 

loss can be explored in future work and may include coating the medicine cup with a material to 

reduce nonspecific binding of therapeutic molecules or modifying the shape of the medicine cup 

through post-design modifications, including adding dental acrylic to reduce dose residence space 

and improve the fraction that contacts aerosol-producing mechanisms.   

 

This work identified methods for characterizing a N2B aerosol delivery protocol and pointed to 

obstacles to delivery in vivo. While primary sites of deposition were predicted, the details of the 

deposition patterns were not effectively predicted by the model, and therefore the phantom cannot 

be used to replace in vivo testing. Quantification of the delivered fraction is still required to 

determine device efficacy for the subjects of interest and can be achieved using the translational 

methods outlined here. Still, this approach may be useful to identify major barriers to success 

prior to lengthy animal studies. We believe this approach can be used to adapt existing, accessible 

technologies to new purposes and reduce barriers to access in the clinic. 
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 CHAPTER 5: PET IMAGING OF F-18-FB-INSULIN DELIVERED NOSE-TO-BRAIN IN 

PRIMATES 

 

5.1 Background 

 

Although the brain is not dependent on insulin for glucose metabolism, insulin plays a variety of 

critical roles in the brain. Insulin receptors (IRs) are widely and heterogeneously distributed 

throughout the brain101. IR expression has been found in every cell type of the CNS102, including 

at particularly high densities in the dentate gyrus, hippocampus, hypothalamus, and olfactory 

bulb103. Central nervous system (CNS) insulin is implicated in the regulation of mood2,102, 

metabolism104, learning and memory, and neuroprotection, among many other functions102. For 

example, loss of IR and insulin-like growth factor-1 receptors (IGF-1R) in the hippocampus and 

amygdala lead to anxiety-like behavior104 in mice, in alignment with findings that supplemental 

nose-to-brain (N2B) insulin improved mood in depressed subjects105. The same knockout mice 

displayed impaired metabolism and performance on cognitive tasks104. These findings agree with 

a body of literature demonstrating improved performance on metabolically demanding cognitive 

tasks following supplemental insulin exposure for individuals with51,103,106-109 or without110 disease.  

 

Some have called Alzheimer’s Disease (AD) the third type of diabetes due to its shared 

characteristics of insulin resistance and cognitive/emotional disturbances111. AD patients have 

higher plasma insulin and lower CSF levels in a pattern that intensifies with the severity of their 

clinical impairment111. This is exacerbated by lower levels of IRs in regions responsible for higher-

order cognition as shown in post-mortem brain tissue112. Interestingly, dysregulation of insulin 

activity is not restricted to the CNS in AD – whole body insulin resistance is also lower for those 

in preclinical AD stages113. A study questioning insulin dysregulation as a driver of cognitive 

dysfunction demonstrated that patients recently diagnosed with type 2 diabetes or prediabetes 

(but not mild cognitive impairment) display regional hypometabolism patterns that match those in 

early AD, predominantly in the frontal, temporo-parietal, precuneus, and cingulate cortical 

areas114. It is unsurprising, then, that diabetes is a major risk factor for AD2. Given that 

supplemental insulin improves performance on memory tasks, mood, and glucose utilization in 

key processing areas, some have recommended the restoration of CNS insulin levels to that of 

healthy controls as a tool to manage AD symptoms51,103 much like peripheral insulin for diabetes.  
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N2B delivery of insulin has gained attention as a route to noninvasively improve CSF insulin levels 

without perturbing peripheral insulin homeostasis. As an AD treatment, N2B insulin improved 

recall performance, capacity for self-care, and preserved performance on the cognitive subscale 

of the Alzheimer’s Disease Assessment Scale (ADAS-cog). These improvements correlated with 

glucose utilization and arrest of atrophy in characteristic AD hypometabolic regions as determined 

by F-18-FDG PET85 and MRI107. Inspired by the outcomes of N2B insulin clinical trials in patients 

with early AD52,81,85,115,116, the National Institutes of Health has awarded substantial funding 

towards the development of N2B insulin as an AD treatment52. N2B insulin has several qualities 

that make it a desirable and convenient therapeutic beyond benefits to cognition. The intranasal 

route for therapeutics is attractive for its ability to overcome barriers associated with standard oral 

medication, reportedly improving patient compliance117. Insulin reached the CNS quickly, peaking 

significantly above baseline within 30 minutes of dosing and nearly doubling endogenous insulin 

concentration in the CSF following a 40 IU dose68. Perhaps most importantly after improved 

cognition, insulin afforded neuroprotection from amyloid-beta and phosphorylated tau, the 

pathophysiological hallmarks of AD, via engagement at the IR and its downstream signaling118,119. 

Overall, N2B insulin treatment has been associated with enhanced attention, memory, and other 

higher-order cognitive functions in subjects without perturbing peripheral insulin or glucose 

levels52,69,120-122.  

 

Efforts to demonstrate the clinical efficacy of N2B insulin as AD treatment have yielded 

inconclusive results. The most notable example comes from the Phase 2/3 clinical trial published 

by Suzanne Craft and others in 202051. This study was intended to investigate the safety and 

efficacy of N2B insulin treatment for patients with AD or MCI over 12 months. Although the trial 

methods originally mirrored earlier studies that revealed efficacy for improving recall and cognitive 

preservation (ADAS-cog and Activities of Daily Living scale)81,85,107, a surprise change in delivery 

device was needed due to inconsistent performance. The primary outcomes of the trial were 

derived from the patient group receiving insulin via the newer device (n=240). The results 

ultimately showed no benefit from N2B insulin on cognitive tests (4 administered), CSF 

biomarkers (4 tested), or cortical preservation from atrophy. However, those that received insulin 

via the original device (n=42), which had been previously validated by the same researchers, 

showed modest improvements in amyloid-beta clearance, improved performance on cognitive 

tests, and preserved hippocampal volume51. It is unclear whether the lack of treatment effect was 

a consequence of administration device design or technique123, lack of efficacy of intranasal 

insulin, or something else. This study highlights the need to “verify… devices’ ability to deliver 
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compounds to the central nervous system directly”51. Without a method to validate transfer from 

the device to the target site, there is no way to eliminate device performance as the source of 

treatment failure. However, tracking the distribution of small volumes through narrow, bony 

structures is challenging in living subjects. 

 

A noninvasive method to track the deposition and transfer of N2B therapeutics in living subjects 

is needed. Positron emission tomography (PET) can noninvasively and quantitatively evaluate 

the kinetics of F-18-FB-insulin in deep tissues. Thus, we evaluated dynamic PET imaging as a 

method to characterize N2B F-18-fluorobenzoyl-insulin (F-18-FB-insulin) delivery, deposition, and 

brain uptake in non-human primates (NHPs). We piloted three F-18-FB-insulin delivery 

approaches using clinically relevant tools – one method delivering the radiolabeled insulin as in 

liquid form, and two delivering the radiotracer in aerosol form. F-18-FB-insulin localization 

following delivery was characterized using co-registered MR images and a Cynomolgus Macaque 

brain atlas. These methods were expected to highlight challenges to effective N2B delivery, which 

may help to eliminate ambiguity in future studies. 

 

5.2 Materials and Methods 

 

5.2.1 Synthesis of F-18-FB-insulin 

 

F-18-FB-insulin was synthesized at Charles River Laboratories (Mattawan, Michigan, United 

States) via the same methods described in section .3.1, which are known to conserves receptor 

binding at affinity rates comparable to human recombinant insulin99. A summary of the 

radiochemistry results can be found in the Tables section (Appendix B).  

 

5.2.2 Subject Preparation 

 

Rhesus Macaques (1 male, 1 female) were used for aerosol delivery experiments, while 

Cynomolgus Macaques (1 male, 1 female) were used in experiments that delivered F-18-FB-

insulin as a solution. The change to Cynomolgus was required due to pandemic supply chain 

issues. Subjects were assigned to experiments as shown in Table 5.1 (Appendix B), with order 

alternating by sex for each experiment. 

 



 83 

Prior to dosing, the animal was given a loading dose of anesthesia (10 mg/kg intramuscular 

ketamine) and maintained under isoflurane to effect. Subjects were also intubated to minimize 

complications with ventilation. To minimize the delay between dosing and imaging, subjects were 

positioned in the Siemens MicroPET Focus 220 (Concorde Microsystems, Knoxville, Tennessee, 

United States) scanning bed and transferred to an adjacent room for the dosing procedure. All 

procedures involving animal subjects were conducted at Charles River Laboratories (Mattawan, 

Michigan, United States) and approved by their Testing Facility Institutional Animal Care and Use 

Committee.  

 

5.2.3 F-18-FB-insulin Delivery to Subjects 

 

 

 

5.2.3.1 Delivery of F-18-FB-insulin as Aerosol via Standard Tubing 

 

Delivery of aerosolized F-18-FB-insulin to the Rhesus Macaque nasal cavity was conducted using 

a modified Omron MicroAir vibrating mesh nebulizer (Omron Healthcare, Hoffman Estates, 

Figure 5.1. Workflow for F-18-FB-insulin dosing and imaging by dynamic PET and CT in Rhesus 
and Cynomolgus Macaques. Radiotracer was delivered in aerosol (Rhesus Macaques) or liquid 
(Cynomolgus Macaques) form prior to 120 minutes of dynamic PET imaging, followed by CT. The 
aerosol delivery tools and set-up can be viewed in Figure 4.3. PET, CT, and MR images (acquired 
separately) were resampled to uniform voxel size and co-registered for analysis. A fluoroscope was 
used to place the catheter used in delivery methods 2 and 3, which is visible between the black 
arrowheads in the dotted box. Example cribriform plate (green), whole brain (yellow), and brain atlas 
(multicolored) volumes of interest are shown. Atlas quantification was only performed in subjects 
receiving liquid dosing by catheter. 
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Illinois, United States). The apparatus described in Figure 4.1 was used to deliver 450 mL of F-

18-FB-insulin at 4.4 mCi (162.8 MBq, 52002 Ci/mmol at the end of synthesis) to the supine 

subject’s left nare (5-minute delivery duration) as aerosol at 0.1 or 2 liter per minute (LPM) airflow 

based on optimization studies. A vacuum (40 LPM) was used to scavenge escaped aerosol from 

the primate’s nares and mouth during dosing and direct it to a gas drying column for capture (filled 

1:3 activated charcoal to desiccant). Immediately following dosing, the delivery apparatus was 

disassembled and the fraction of radiotracer deposition on each component was quantified via 

MicroPET Focus 120 (nebulizer cover, gas drying chamber) or dose calibrator (Biodex ATOMLAB 

100 Plus or Capintec CRC-15).  

 

5.2.3.2 Delivery of F-18-FB-insulin as Aerosol via Catheter 

 

Rhesus Macaques were positioned prone on the bed of a OEC 9800 Plus C-arm fluoroscope 

(Skanray Americas, Romeo, MI, United States) for catheter placement. A surgeon from Charles 

River Laboratory used a rhinoscope to guide a 3.3f guide catheter with a radio-opaque tip 

(PediaVascular, Cleveland, Ohio, United States) and a 0.014 floppy wire to the ethmoid sinus, 

confirming placement via fluoroscope. The catheter was fitted to the dosing assembly with a 

shortened 1000 µL pipette tip to direct aerosolized F-18-FB-insulin to the target site with 0.5 

mL/minute airflow, as identified in optimization studies (n=3). Aerosol was directed into one nostril. 

Three levels of vacuum were tested at the opposite nostril in efforts to mimic bidirectional flow in 

an anesthetized subject, which has demonstrated deposition in the upper nasal cavity77,92. In 

addition to the funnel vacuum placed above the subject’s face to scavenge leaking aerosol, a 

nasal vacuum line was either inserted with a seal (high vacuum), positioned adjacent to the nostril 

with no seal (medium vacuum), or not included at all (low vacuum). The nasal vacuum line was 

joined with the funnel scavenging line and directed to a scavenging gas drying chamber with 40 

LPM airflow as described previously. Dose lost to deposition on dosing components were 

quantified as a percentage of the administered dose as described earlier. 

 

5.2.3.3 Delivery of F-18-FB-insulin as Liquid via Catheter 

 

The same methods as described previously were used to place a catheter in the ethmoid sinus 

of Cynomolgus Macaques. The free end of the catheter was connected to a dose-filled syringe 

that delivered 450 µL of F8-FB-insulin as solution over 4 minutes by syringe pump (7.5 mL/hour 

rate). Immediately following dosing, subjects were transferred to the MicroPET Focus 220 
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scanning bed by study personnel and residual activity in the catheter was quantified by dose 

calibrator.  

 

5.2.4 Imaging  

 

Immediately following dosing, subjects were transferred to a MicroPET Focus 220 scanner for a 

120-minute head-focused PET scan and subsequent computed tomography (CT) scan (120kVp, 

4mAs, four seconds, 0.625 mm slice thickness, posterior possa filter) on the CERETOM NL3100 

scanner (Neurologica, Danvers, Massachusetts, United States). Each subject underwent a single 

magnetic resonance (MR) imaging session to acquire a 3D T1 Fast Field Echo (FFE) sequence 

(TE = 7.021 ms, TR 14.13 ms, 2 mm slice thickness, 2 averages, flip angle = 8). Images were 

acquired using a 1.5T mobile MR scanner (Intera, Phillips Medical System). 

 

5.2.5 Image Reconstruction and Co-registration 

 

The PET images were reconstructed (OSEM 3D/MAP) into static (1x 120 minute summed bin) 

and dynamic (6x 0.5 minute, 3x 1 minute, 2x 2 minute, 22x 5 minute bins) series corrected for 

decay, scatter, and attenuation by CT. The imaging bed was removed from the CT images. PET 

and CT images were co-registered and resampled to uniform voxel size (0.6 mm3) once the 

imaging bed was removed from the CT.  

 

5.2.6 PET Image Analysis  

 

Initial analyses consisted of F-18-FB-insulin quantification in the nasal cavity, cribriform plate, and 

brain in all subjects. Whole brain VOIs were determined using a species-specific 3D brain atlas 

provided by inviCRO (Boston, Massachusetts, United States), and a Charles River surgeon 

generated the cribriform plate VOI via skull segmentation. Iso-contouring was used to create a 

background VOI for each subject such that the remaining voxels represented activity present in 

the nasal cavity. If contamination on the exterior of the subject was observed, the contamination 

was accounted for using an iso-contoured VOI that was subtracted from the nasal cavity as well. 

The total administered dose was corrected by subtracting residual dose lost to dosing 

components from the starting dose. A mixed effects model (unequal n/condition) was used to test 

dosing method as a factor in residual dose lost to deposition in delivery components followed by 

a post-hoc Tukey’s test to compare mean values directly. 
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F-18-FB-insulin was quantified in both static and dynamic PET reconstructions for these regions 

as percent of the total administered dose (also referred to as the injected dose or %ID), %ID/mm3, 

and standard uptake values (SUV) in VivoQuant (inviCRO). SUV values are corrected for the 

subject body weight and VOI size, while %ID/mm3 are only corrected for VOI size. For dynamic 

time-activity curves (TACs), mean and standard error of the mean (SEM) values were calculated 

per timepoint and delivery condition.  

 

For the liquid delivery by catheter group, Cmax and Tmax were determined for the field of view, nasal 

cavity, cribriform plate, whole brain, and individual brain atlas regions as %ID, %ID/mm3 atlas 

region volume, and SUV time-activity curves (TACs). Mean and standard error were calculated 

for SUV TACs, normalized SUV (nSUV) TACs, and Cmax and Tmax per region (n=48) and TAC 

type. For nSUV, activity in each atlas region was divided by the whole brain F-18-FB-insulin 

activity at the same timepoint. F-18-FB-insulin half-life was estimated for the nasal cavity, 

cribriform plate, and whole brain by fitting a one-phase decay model to averaged TACs (%ID/mm3) 

via least squares regression in GraphPad Prism, starting from Tmax=27 minutes post-dose onset. 

AUC was calculated as SUV*minutes for regional SUV time-activity curves, which are normalized 

by subject body weight. The area of a triangle from (0,0) to (12, F-18-FB-insulin activity@ T=12min) 

was added to the area under the curve for each region to correct for radiotracer transfer not 

captured by imaging. Mean, SEM, and AUC (SUV*minutes and VOI/Whole brain*minutes) values 

were calculated and plotted in GraphPad Prism. Regional AUCs were compared by Tukey’s test 

for both measurements. 

 

A translation was applied to the co-registered PET, CT, and MR images to improve orientation for 

viewing and figure generation. Iso-contouring was used to generate a CNS volume of interest 

based on the MR scan (cut-off value of 206 AU, restricted to intracranial and intravertebral 

compartment), which was only used to generate figures. PET voxels outside of the CNS volume 

of interest were set to zero to reduce spillover from radiotracer concentrated in the nasal cavity 

and improve visualization in the CNS for a subset of images. The batlowK colorbar was used124 

for the PET data, and grayscale for the CT and MRI. Images were generated in PMOD 4.2. 
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5.3 Results 

5.3.1 Radiochemistry  

 

Synthesis of F-18-FB-insulin was completed within 81 minutes on average (n=8), with a 

radiochemical yield of 11.5% (corrected for decay) and radiochemical purity 99.97%. With an 

average specific activity of 80,779 Ci/mmol (equivalent to 2,988,811.50 MBq/mmol), starting 

doses (0.45-0.9 mL) were 1.11 mCi on average. In one experiment, the full product was used due 

to low yield (0.3%, highlighted with a star in Tables 5.2 and 5.3). Synthesis results for each 

experiment can be viewed in section the Tables section (Appendix B).  
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5.3.2 Tubing Aerosol Delivery 

 

 

 

Starting doses for aerosol delivery via standard tubing averaged 4.4 mCi (162.8 MBq, n=2), in 

which 10.0% (± 9.7 SEM) was detected in the field of view (FOV) per the static PET scan (Figure 

5.2). Nearly half of the dose (55.6 ± 1.6 SEM) was lost to the loading syringe, nebulizer, and 

scavenging accessories. An additional 22.4% (± 3.0 SEM) was impacted in the nebulizer cover 
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Figure 5.2. Summary of deposited radiotracer fraction in dosing components (top) and subject 
(bottom) for all delivery methods. Quantification of signal in subject determined by static PET images. 
For aerosol delivery experiments, the nebulizer and its accessories are included in the dosing 
components category. Values given as mean ± standard error (SEM). 
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and unavailable for delivery to the subject. Average deposition in the nasal cavity and brain were 

9.8% (± 9.4 SEM) and 2.0x10-4% per static PET scans, respectively, for aerosol delivery by 

standard tubing. The subject that received F-18-FB-insulin aerosol via 2 LPM airflow achieved a 

Cmax of 15.3% ID in the nasal cavity and 0.01% ID in the brain at t=16 minutes post-dose onset 

and decreased from there. No signal was observed in the cribriform plate of either subject, or the 

brain of the subject that received F-18-FB-insulin aerosol via 0.1 LPM airflow. Dose deposited in 

the subject was primarily concentrated in the anterior nasal cavity, distant from the targeted 

olfactory epithelium. F-18-FB-insulin did penetrate deeper into the nasal cavity with 0.1 LPM 

airflow, seen as accumulation at the rostral medial turbinate. It is important to note that nearly 

500x the activity was detected in the FOV for the 2 LPM condition. Characterization of radiotracer 

distribution in CNS subregions was not pursued due to the low overall activity in the brain. 

 

5.3.3 Catheter Aerosol Delivery 

 

The average starting dose for aerosol delivery by catheter was 1.7 mCi (62.9 MBq, n=3). Only 1.9 

µCi (± 1.0 SEM) was detected in the field of view (FOV) for the static PET reconstruction, 

amounting to 0.17% (± 0.09 SEM) of the starting dose (Figure 5.2). Aerosol accumulation on the 

surfaces of dosing components such as the loading syringe (20.5% ± 13.0 SEM), nebulizer 

(42.5% ± 7.1 SEM), nebulizer cover (46.05% ± 12.2 SEM) and scavenging components (0.09% 

± .05 SEM) contributed to the low delivery efficiency.  

 

A range of deposition patterns were observed in the nasal cavity. In the most successful case, F-

18-FB-insulin can be seen in the superior meatus and distributed around the medial turbinate. In 

the worst case, which occurred under low vacuum conditions, F-18-FB-insulin is primarily 

observed on the exterior of the primate and was observed in the procedure room following dosing. 

Both cases were assumed to be contamination from aerosolized F-18-FB-insulin leakage from 

the dosing apparatus, as contamination by exhaled aerosol was not observed in other 

experiments. 

 

Despite the low delivery efficiency, F-18-FB-insulin was detected in the brain of all subjects, albeit 

at low concentrations (range 0.0011-0.0047% ID). Nearly 8.7 million F-18-FB-insulin molecules 

were estimated in the brain (0.0027% ID ± 0.00011 SEM) per the static PET image and specific 

activity for the set of experiments. For the dynamic PET reconstructions, 0.47% (± 0.41 SEM) of 
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the delivered dose was detected in the nasal cavity (PET frame 1, 30 second duration) 12.5 

minutes following dose onset. Nasal cavity Cmax increased to 0.50% (± 0.41 SEM) with longer 

acquisition frames (1 minute) at 17 minutes post-dose onset. Brain Cmax was 4.0x10-5% (± 2.2x10-

5 SEM) at 38.57 minutes (± 9.28 SEM), but no F-18-FB-insulin was detected in the cribriform plate 

in any scan. As before, characterization of radiotracer distribution in CNS subregions was not 

pursued due to the low overall activity in the brain. 
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5.3.4 Catheter Liquid Delivery 

Figure 5.3. F-18-FB-insulin is detected in the cribriform plate and brain following delivery by 
catheter. The majority of radiotracer delivered in liquid form via catheter (A) is retained in the nasal 
cavity in the first PET frame (B). C-D. Radiotracer levels in cribriform plate (C) and whole brain (D) over 
time. E. Average quantification of F-18-FB-insulin in the PET FOV and sites of interest at t=27 minutes 
post-dose, where brain uptake is highest (Cmax, n=3). D. Co-registered MR, CT, and PET images in 
coronal and sagittal slices at the first PET frame (left) and Cmax (right) from a representative scan. The 
white VOI outlining the brain and spinal cord was used to mask all PET voxels outside the VOI to zero 
in rows 3 and 4 to improve visualization of F-18-FB-insulin in the CNS. The batlowK colorbar is used. 
Plots B-E given as mean ± standard error (SEM). %ID = Percentage of the administered dose, p.i = post 
administration onset. Scale bar = 1 cm. 
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Static PET reconstructions estimate F-18-FB-insulin in the nasal cavity, cribriform plate, and brain 

to be 37.21% (± 8.73 SEM), 8.6x10-4 % (± 3.6x10-4 SEM), and 0.34% (± 0.13 SEM) of the starting 

dose delivered to subjects by liquid instillation (367 µCi ± 254 SEM, Figure 5.2). In the first 

dynamic PET frame (t=12.5 minutes), 71.47% (± 15.18 SEM) of the delivered dose (%ID) was 

detected in the nasal cavity (Figure 5.3), accounting for 99.44% of the total signal in the FOV. At 

the same time, 0.0036% of PET-detected tracer was in the cribriform plate and 0.38% in the brain, 

accounting for 0.0026% (± 0.0021 SEM) and 0.27% (± 0.21 SEM) of the starting dose, 

respectively. On average, the whole brain time-activity curve (TAC) peaked at 0.69% ID (Figure 

5.7 in Appendix B) within 27 minutes of dose onset, which constitutes 0.97% of the dose initially 

detected in the nasal cavity. Whole brain F-18-FB-insulin concentration was highest in the first 

PET frame for 2 of the 3 experiments, indicating that intranasally delivered insulin reaches the 

brain within 13 minutes of dosing. Interestingly, the 2 scans with SUVmax in the first frame were 

acquired in the female subject (Tmax range for all brain regions = 12.5-22 minutes), while the male 

subject had a much wider Tmax range (22-87 minutes for all brain regions) with the cribriform plate 

Tmax lagging at 87-minutes post-dose. On average, F-18-FB-insulin concentration in the brain was 

17-fold higher than the background of the scan.  

 

The PET image was dominated by F-18-FB-insulin concentrated in the nasal cavity prior to 

masking outside of the CNS (Figure 5.3). Unlike the other F-18-FB-insulin administration methods 

tested, delivery of tracer in liquid form consistently distributed tracer through the nasal cavity, 

including to the upper nasal cavity where the olfactory epithelium is located. Tracer was observed 

primarily within the subject as viewed by CT (Figure 5.3F), although contamination was visible on 

the exterior of the head in one of the three subjects. Signal was observed in the cribriform plate 

in early PET frames. Doses with higher starting activities may help to visualize activity in different 

brain regions in the future.  
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Accumulation and clearance of F-18-FB-insulin occurred at different rates for the various regions 

of interest. A one-phase decay model fit to averaged regional TACs indicate similar half-lives for 

the nasal cavity (29.95 min), cribriform plate (20.45 min), and whole brain (30.62 min). The decay 

model fit the averaged nasal cavity and whole brain TACs well (R2 > 0.99), but less so for the 

cribriform plate (R2 < 0.90), reflected in a wider confidence interval for the cribriform plate half-life 

(95% CI 13.12-31.45 min). Differences in F-18-FB-insulin kinetics were easily visualized in 

averaged nSUV atlas region TACs (VOI/whole brain, Figure 5.4). Half-lives quantified by the same 

approach (R2 0.62-0.99) differentiate regions with high F-18-FB-availability into high-retaining 

regions and those with kinetics similar to the whole brain. For example, the fronto-orbital gyrus, 

inferior temporal gyrus, and anterior cingulate cortex demonstrated sustained activity above the 

whole brain concentration throughout the dynamic PET scan, but show steeper SUV clearance 

slopes than other regions highlighted in Figure 5.4. Alternatively, the amygdala, hindbrain, 

hippocampus, and dentate gyrus cleared tracer slower than the whole brain at later timepoints, 

demonstrated by their longer half-lives (mean range 40-55 minutes). The oscillating pattern 
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Figure 5.4. F-18-FB-insulin levels over time in brain atlas regions. Brain illustration highlighting the 
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H. Dentate Gyrus. High activity regions that composed of a combination of the regions highlighted in the 
figure (e.g. Forebrain, Limbic Lobe, Temporal Lobe) are not shown. 
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observed for the nucleus accumbens was unique among the other averaged TACs and was 

preserved across individual scans (Figure 5.4A).  

 

F-18-FB-insulin accumulation was highest in the limbic lobe, forebrain, and temporal lobe. Within 

these regions, the F-18-FB-insulin exposure to the inferior temporal gyrus and fronto-orbital gyrus 

was 2-fold higher than was globally available in whole brain (Figure 5.5). Interestingly, the fronto-

Figure 5.5. Brain atlas regions ranked from highest to lowest accumulation of F-18-FB-insulin. 
A. Mean AUC values (n=3) per VOI in rank order from largest to smallest. Significance determined by 
Tukey’s test. Statistical differences were also found for the Forebrain and Nucleus Accumbens but are 
not highlighted on this plot for clarity. 
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orbital gyrus had statistically greater bioavailability than the ventricles, which is the primary 

sampling endpoint for intranasal delivery studies in humans and nonhuman primates. The dentate 

gyrus, hippocampus, amygdala, nucleus accumbens, and hindbrain also demonstrated high 

levels of accumulation. If nSUV TACs are used to calculate the AUC instead of the SUV TAC, the 

top 5-10 accumulating regions are reshuffled such that the anterior cingulate gyrus occupies a 

top 10 position (Figure 5.7 in Appendix B). Top regions for peak concentration (SUVmax) but not 

AUC (e.g., subthalamus, archicortex, and subregions of the caudate nucleus) may function as 

intranasal delivery through-ways that delivered material to other sites (Figure 5.8 in Appendix B). 

Conversely, there was consensus between the regions with the lowest AUC and SUVmax values, 

including the occipital gyrus through the postcentral gyrus regions in Figure 5.5.  

 

5.4 Discussion 

 

This work suggests that intranasal insulin acts at frontal, limbic, and medial temporal regions 

associated with neurodegeneration and cognitive dysfunction in mild cognitive impairment and 

Alzheimer’s Disease, in agreement with prior studies. Although insulin was detected in all regions 

of the brain, F-18-FB-insulin was primarily delivered to limbic regions and those receiving olfactory 

nerve (CN I) projections. This finding is supportive of IN delivery as a promising route for AD 

therapeutics, as a recent study categorized AD patients primarily into “temporo-parietal” or “limbic-

predominant” hypometabolic patterns40. Additionally, tau and amyloid aggregations initially 

appear near the entorhinal cortices and associated sites such as the amygdala, hippocampal, 

and parahippocampal regions125. These regions are known to receive CN 1 projections as well. 

Regions with high F-18-FB-insulin availability and long half-lives are suggestive of high binding 

rates and/or recycling of the radiotracer, which is in agreement with reports of high IR density in 

the hippocampus, amygdala, and other temporal regions126. With knowledge of insulin’s 

neuroprotective effects, these results paint an optimistic picture for providing relief to patients 

struggling with cognitive impairment and slowing the rate of neurodegeneration through mitigation 

of damage induced by tau and amyloid-beta.  Without inclusion of CSF, blood, or tissue sampling, 

we cannot make claims regarding the state or activity of F-18-FB-insulin these regions (whether 

bound, degraded, or recycled), but would like to include such methods in future efforts.  

 

The quantitative nature of PET imaging enabled us to estimate F-18-FB-insulin concentration in 

specific regions of the CNS over time, compared to former research that relied on discrete 

cerebrospinal fluid sampling68,127, behavioral assays86, or post-mortem tissue analyses127,128. 
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Interestingly, we show that CSF is not a primary accumulation site for N2B insulin, and that fronto-

temporal structures receive substantially more of the peptide. The amount of insulin needed at 

the site of action to improve AD and MCI cognitive performance is not currently known. However, 

differences in CSF insulin concentration for AD patients and healthy controls helps to 

contextualize dosing needs. We found the ventricle Cmax to be 0.010% ID (95% CI 0.006-0.013), 

which would amount to an addition of 23.9 picomol insulin to the CSF, assuming a 40 IU starting 

dose51,85,107 and CSF volume of 0.13 L129. Contextually, assuming similar distribution patterns to 

those found in our study, this addition would increase CSF insulin concentration from 2.5 pM in a 

moderate/severe AD patient130 to 186 pM, closing the gap between AD and healthy control levels 

250-fold. Overall, we achieved a higher maximum uptake than reported in other N2B studies (Cmax 

of 0.639% ID compared to 0.09%)131, which may be due to our dosing approach and ability to 

capture earlier post-dose timepoints than in other studies68. Future studies can incorporate F-18-

FB-insulin into the delivered dose and follow cognitive tasks to determine what levels of insulin 

are needed to induce desired effects, which may vary regionally depending on the AD subtype. 

 

Earlier studies demonstrated a relationship between insulin resistance and reduced metabolic 

activity in the precuneus114 that was preserved from progression following N2B treatment85,107. In 

contrast, we found that F-18-FB-insulin activity in the precuneus was among the lowest of the 

brain atlas regions, both over time and acutely (e.g. AUC and SUVmax), but was present (95% CI 

0.00071-0.0066% ID, Figure 5.9). If our results are indeed representative of the intranasal insulin 

distribution we can expect in man, this may suggest that minor increases in insulin provide 

protective and/or therapeutic effects. However, unappreciated anatomical differences may exist 

for man and Cynomolgus Macaques that play a role in distribution to this site, which may explain 

the discrepancies between the studies. It is also possible that the referenced results were 

gathered from AD or MCI patients with parietal vulnerability, which was recently highlighted as a 

distinct pattern of degeneration40. The method we’ve outlined may help to answers such questions 

related to preferential delivery pathways and treatment responders versus non-responders.   

 

Finally, IN insulin has been shown to travel to the CNS along olfactory and trigeminal (CN V) 

nerves71,132, which terminate at regions we’ve identified as having high F-18-FB-insulin availability. 

CN I projections sites are reflected in this list, as CN I travels ventrally and caudally along the 

fronto-orbital gyrus before diverging to the amygdala and diffusely across the temporal lobe128. A 

recent neuroimaging study found that the anterior cingulate gyrus, fronto-orbital gyrus, inferior 

temporal gyrus, hippocampus, and amygdala are common to 4 olfactory processing pathways in 
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humans. Interestingly, the caudate was also named as a shared node between the 4 olfactory 

networks (top 10 in SUVmax), and the nucleus accumbens was found to be common to two 

pathways133 (top 10 in AUC). These regions speak to 10 of the 11 regions with the highest AUC, 

in which the remaining region (hindbrain) is a known projection site of the trigeminal nerve (pons). 

To this end, our results are in good agreement with prior studies that implicate olfactory and 

trigeminal pathways in N2B transfer of insulin. However, connections between the olfactory bulb, 

fronto-orbital gyrus, and medial temporal lobe were found be disrupted in AD patients134, and may 

reflect structural differences that hinder distribution of N2B insulin. This should be investigated in 

future experiments, as exclusion of patients with this presentation may eliminate potential 

confounds when validating efficacy of N2B insulin if distribution is impaired.   
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APPENDIX 

 

This appendix provides additional graphs and tables that are not required to understand the body 

of the text, by may be of interest.  

 
 
 

Figure 5.6. Max uptake of F-18-FB-insulin (Cmax) given for regions with highest bioavailability 
and whole brain as a percentage of the administered dose (%ID). Values in B have been normalized 
to the VOI volume. Plots given as mean  ±  95% confidence interval (CI), with the mean in the bar for 
each region. 
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Figure 5.7. Brain atlas regions ranked from highest to lowest accumulation of F-18-FB-insulin. 
Analogous plot to Figure 4 with AUC values for whole brain normalized TACs given. Plot shows mean 
± standard error (SEM). 
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TABLES 

 
  

Experiment Species Sex Weight 
(kg) 

Dose volume 
(mL) 

Dose activity 
(µCi) 

Aerosol delivery via standard tubing Rhesus Macaque M 6.1 0.45 1600.46 
Aerosol delivery via catheter Rhesus Macaque M 7.4 0.45 971.31 
Aerosol delivery via standard tubing Rhesus Macaque F 4.8 0.45 2516.68 
Aerosol delivery via catheter (I) Rhesus Macaque F 5.1 0.60 202.40 
Aerosol delivery via catheter (II) Rhesus Macaque F 5.2 0.45 1560.00 
Liquid delivery via catheter* Cynomolgus Macaque M 5.5 0.90 78.65 
Liquid delivery via catheter (I) Cynomolgus Macaque F 5.7 0.44 872.84 
Liquid delivery via catheter (II) Cynomolgus Macaque F 5.8 0.50 148.98 

Table 5.1. Subject assignment for experiments, organized by subject. Run order within experiments alternated by sex.  
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Date Mean SD n SEM CI lower CI upper 
Total synthesis time (min) 80.88 7.83 8 2.77 75.73 86.02 
Starting Activity (mCi) 116.88 72.23 8 25.54 69.38 164.37 
Starting Activity (MBq) 4324.38 2672.53 8 944.88 2566.89 6081.86 
Product Activity (mCi) 8.84 9.09 8 3.21 2.86 14.81 
Product Activity (MBq) 326.75 336.32 8 118.91 105.59 547.91 
Radiochemical Yield (%) 6.91 4.51 8 1.60 3.94 9.88 
Decay-Corrected Yield (%) 11.50 7.45 8 2.63 6.60 16.40 
Radiochemical Purity (%) 99.97 0.10 8 0.03 99.90 100.03 
Concentration (mCi/mL) 8.55 8.19 8 2.90 3.16 13.94 
Concentration (MBq/mL) 316.16 303.02 8 107.13 116.89 515.43 
Total Volume (calculated) 1.50 1.13 8 0.40 0.76 2.24 
Drug Concentration (µg/mL) 2.49 2.30 8 0.81 0.98 4.00 
Drug Concentration (nmol/mL) 0.42 0.39 8 0.14 0.16 0.68 
Total impurity assay (µg/mL) 31.01 30.32 8 10.72 11.06 50.95 
Total impurity assay (nmol/mL) 5.23 5.11 8 1.81 1.87 8.59 
Specific Activity (Ci/mmol) 80778.83 103807.66 8 36701.55 12513.95 149043.71 
Specific Activity (MBq/mmol) 2988811.50 3840888.40 8 1357959.12 463007.54 5514615.46 
Dose Activity (µCi) 1114.62 854.84 8 302.23 552.47 1676.77 
Dose Activity (MBq) 41.24 31.63 8 11.18 20.44 62.04 
Dose Volume (mL) 0.53 0.16 8 0.06 0.43 0.63 

Table 5.2. Summary of F-18-FB-insulin synthesis results across all experiments. Due to the low yield, as much dose as possible was 
administered to the subject on 10/14/2021. CI lower and CI upper denote a 95% confidence interval range. 
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Date 3/26/20 9/15/20 4/22/21 5/13/21 7/2/21 10/14/21* 10/28/21 12/3/21 
Start of Synthesis (SOS) 10:45 10:30 10:27 10:35 10:39 10:37 10:37 10:38 
End of Synthesis (EOS) 12:11 11:49 11:51 11:51 11:49 11:56 12:13 11:55 
Total synthesis time (min) 86 79 84 76 70 79 96 77 
Starting Activity (mCi) 220 194 129 54 158 105 64 11 
Starting Activity (MBq) 8140 7178 4773 1998 5846 3885 2368 407 
Product Activity (mCi) 7.7 25.5 10.4 1.6 18.6 0.2 6 0.7 
Product Activity (MBq) 285 944 383 59 688 7 222 26 
Radiochemical Yield (%) 3.5 13.1 8 2.9 11.8 0.2 9.4 6.4 
Decay-Corrected Yield (%) 6 21.6 13.6 4.7 18.3 0.3 17.2 10.3 
Radiochemical Purity (%) 100 100 100 100 99.73 100 100 100 
Concentration (mCi/mL) 17.9 19.207 8.436 1.284 16.5 0.046 4.427 0.581 
Concentration (MBq/mL) 662.3 710.7 312.1 47.5 609.7 1.7 163.8 21.5 
Total Volume (calculated) 0.4 1.3 1.2 1.2 1.1 4.2 1.4 1.2 
Drug Concentration (µg/mL) 1.66 2.86 0.53 2.92 0.349 ND 6.62 ND 
Drug Concentration (nmol/mL) 0.28 0.48 0.09 0.49 0.06 ND 1.12 ND 
Total impurity assay (µg/mL) 63.09 11 6.52 15.33 13.99 ND 76.1 ND 
Total impurity assay (nmol/mL) 10.64 1.86 1.1 2.58 2.36 ND 12.83 ND 
Specific Activity (Ci/mmol) 64118 39886 93942 2612 280146 ND 3969 ND 
Specific Activity (MBq/mmol) 2372350 1475766 3475864 96639 10365405 ND 146845 ND 
Identity Test Pass Pass Pass Pass Pass Pass Pass Pass 

Table 5.3. Metrics characterizing synthesis results of F-18-FB-insulin by experiment day. Due to the low yield, as much dose as possible 
was administered to the subject on 10/14/2021. 
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 CHAPTER 6: CONCLUSIONS AND FUTURE DIRECTIONS 

 

6.1 Overall Conclusions 

 

Molecular imaging is a critical tool for the management of neurodegenerative disease. The use of 

positron emission tomography (PET) and magnetic resonance imaging (MRI) have helped to 

differentiate patients into Alzheimer’s Disease (AD) subtypes, differentiate patients that may 

benefit from therapies from those that will not, and monitor treatment progression. However, the 

power of PET imaging is challenged by limitations in access that prevent its widespread adoption. 

Some of these limitations include the high cost of use, time and monetary costs for experiments 

and analysis, and low availability of sites equipped with the necessary instrumentation and 

personnel. The high cost of a failed study may be a barrier to further PET neuroimaging research 

that is desperately needed. This body of work introduced several methods to lessen that barrier 

through tools that reduce the risk associated with PET neuroimaging. By improving the efficiency 

of pre-clinical imaging, substantial savings are offered in experiment and personnel costs to 

explore and validate novel methods. By optimization dosing and imaging methods in subject 

models, potential pitfalls can be addressed in advance of expensive studies that could improve 

the likelihood of successful implementation. Solutions that utilize tools that are already approved 

for human use and are widely available to scientific professionals improve the likelihood of 

adoption by others, which is a major focus of the work.  

 

6.1.1 Custom Tools for High Throughput PET Neuroimaging in Pre-clinical Models 

 

These studies demonstrated high-throughput PET/MR imaging capable of sensitive quantification 

in phantoms, mice, and rats using the high-throughput accessory system that was designed, 

constructed, and validated for in vivo studies. The new system enabled rapid exchange of subject 

sets to quickly gather robust data from a large cohort of animals. The tools described were built 

from polyvinyl chloride (PVC) and 3D printed parts, which are low cost and accessible at many 

research institutions. This approach is beneficial in several ways. First, imaging more animals in 

a day reduces the number of days needed, reducing statistical error from experimental design. 

Second, subject staging was conducted only once for longitudinal imaging studies, eliminating a 

repeated, time-consuming task from the experiment. Third, cost to conduct the experiment was 

reduced by more than half, including hourly cost of instrument use, consumables, and personnel 

hours. Efficient and organized staging of animals was a benefit of this system that has the 
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potential to be widely applied across fields. Overall, this high throughput approach can serve as 

a platform to bolster future research by enabling quick-turnaround animal trials with increased 

efficiency and reduced error due to experimental design.  

 

PET is more powerful in combination with other imaging modalities. Thus, consideration was 

given for how improvements to the high throughput imaging system could enable more 

widespread application for multi-modality imaging. Given that 3D printers are increasing in 

ubiquity and are inexpensive to use, common 3D-printed materials with desirable properties for 

pre-clinical research were screened for interference with common pre-clinical imaging modalities. 

Materials that were durable and did not interfere substantially with computed tomography, PET, 

or fluorescence imaging were identified. We additionally demonstrated that 3D prints made via 

stereolithography were preferred over fusion deposition modeling for radioactive 

decontamination. This information will be useful for those that wish to implement the methods 

described in Chapter 2, enabling researchers to select the most desirable materials for their 3D-

printing applications. 

 

6.1.2 Nose-to-brain Transfer of PET Agents for Neuroimaging 

 

The use of anatomically informed models to pilot new dosing methods made it possible to identify 

unexpected challenges in nose to brain (N2B) aerosol delivery prior to the start of a costly in vivo 

study. The results presented in Chapter 4 outlined a stepwise approach to evaluate the 

performance of aerosol delivery tools using fluorescent and nuclear imaging agents to quantify 

deposition amounts and patterns. The utility of 3D printed nasal models to predicting primary sites 

of deposition in living subjects was demonstrated. Additionally, challenges posed by device 

design were identified, which could inform future collaborations between academia and industry 

to improve devices using evidence-based approaches. These methods could be applied to 

evaluate aerosol delivery products that may be unvalidated and planned for use in an upcoming 

study or adapted to a new application. This approach is intended to encourage biomedical 

scientists to explore new uses for existing devices, potentially reducing costs for specific-use 

devices, and reducing barriers to clinical translation. 

 

Nose to brain transfer was achieved using existing clinical tools and was validated by PET 

neuroimaging in Cynomolgus Macaques. A range of methods to deliver F-18-FB-insulin to the 

primate nasal cavity were tested and the best method was identified. Ultimately, direct delivery of 
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radiotracer to the upper nasal cavity via catheter resulted in the greatest concentration in the 

brain, detected 27 minutes post-dose on average. F-18-FB-insulin was most available to limbic 

and fronto-temporal regions, which are vulnerable in several neurodegenerative diseases 

including AD. This work demonstrated the efficacy of a noninvasive and translatable method to 

track the fate of intranasal therapeutics following dosing and is believed to be broadly applicable 

for assessment of other therapeutic agents. With this technique, prevailing dose formulations, 

absorption enhancers, and/or delivery approaches can be identified and optimized to reduce the 

barriers to efficacious N2B therapeutics in the clinic. 

 

6.2 Future Directions 

 

All aspects of the research described in this dissertation were conducted with human translation 

in mind. Potential future efforts towards human translation are described below.  

 

6.2.1 High Throughput Imaging Tools   

 

Multi-modal imaging is a rapidly expanding subsegment of the growing clinical and pre-clinical 

imaging pre-clinical markets. Rising incidence rates of disease across the globe is a primary driver 

of growth in these markets and is expected to continue58,61,135. An additional driver of the imaging 

instrument marker is the need for improved efficiency of costly imaging systems, which could be 

achieved by improving the throughput of data acquisition or increasing the value of the instrument 

purchase. Augmentation to existing instruments with accessories that enable efficient data 

collection and enable end users to combine modalities with ease, possibly in novel ways, could 

improve the value of the instrument purchase. Given the existing needs and demonstrated utility 

of our high-throughput imaging system, future efforts will focus on the incorporation of findings 

outlined in Chapter 3 of this dissertation to make the tools widely applicable. In the regard, 

invention disclosures were made along with commercialization efforts as part of the MSU’s 

MTRAC funding to enable future licensing to a key market player or launch a company that will 

sell the product, making it commercially available for use.    

 

This product is expected to be highly valued by customers in this market according to end-user 

interviews and a value-in-use study. Pricing for the full product system (custom beds plus staging 

area) could be set between $3,000 and $6,000 according to the value-in-use study, split between 

the staging area ($1200) and an individual bed ($1200) to remain competitive. This estimate was 
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bolstered by the $3,000 average price point given by end-user interviewees when asked what 

they would be willing to spend for prototype #1 of the technology. Selling for $6,000 would render 

91% of sales revenue as profit production cost for prototype #1, which cost $500 to make for the 

8-bed set and is expected to be reduced for the new prototype. Further funding to evaluate 

alternative methods of production that may be faster and more cost-effective will be sought, which 

may support a lower price point for end users. Ultimately, commercialization of these tools is an 

important step towards dissemination of the methods described and an additional step towards 

reducing the barriers to PET neuroimaging research.  

 

6.2.2 Nose-to-brain Transfer of PET Agents for Neuroimaging 

 

6.2.2.1 Nonhuman Primate Nasal Cavity Phantom 

 

Pilot studies using the nonhuman primate nasal cavity phantom were useful to develop the 

delivery method but have room for improvement in predictions for dose deposition amounts and 

patterns.  The predictive power of the phantom was likely limited by its basis on a single subject, 

and the exclusion of the rest of the face. An improved model would be derived using input from 

several subjects and include the shape of the head/face using varying rigidities to reproduce 

malleable soft tissue. Additionally, this model was intended to simulate aerosol delivery to an 

anesthetized and intubated primate with no nasal breathing. Therefore, simulated breathing was 

not critical to our model. Researchers using the approach we outline to predict aerosol delivery to 

subjects with control over their breathing, like humans, may wish to simulate inhalation and 

exhalation in their phantom136. If these limitations are addressed, prediction of device efficacy in 

vivo may be improved.  

 

6.2.2.2 Stability of F-18-FB-insulin Precursor  

 

Although the F-18-FB-insulin product passed the identity test in all experiments, insulin 

quantification by integration of high-performance liquid chromatography (HPLC) traces proved 

difficult in two of the three final studies. This may be due to storage and/or stability conditions for 

the precursor compounds, as there were 18 months between the first and last dosing 

experiments. Investigating the stability of named compounds would be a worthy future direction, 

to increase shelf life and prioritize only the best reagents for experiments to encourage successful 

results and interpretation. 
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6.2.2.3 CSF and Blood Sampling 

 

Future studies should prioritize quantification of F-18-FB-insulin post-dose in blood and 

cerebrospinal fluid samples. Confirmation by sampling in future studies will help to validate or 

correct image data and compare results to human trials. Additionally, the samples can be 

screened for degradation products to provide information about the pharmacodynamics of the 

tracer. The liquid F-18-FB-insulin catheter delivery approach outlined in this document can be 

used to address these questions.  

 

Comparisons of dose compositions and administration routes as they relate to distribution profiles 

for F-18-FB-insulin would also be of interest. Although we intended to investigate factors with 

improve transfer to brain, this goal was de-prioritized to focus remaining experiments on achieving 

convincing transfer of F-18-FB-insulin to the brain. Similarly, evaluating the impact of dose 

formulation on stability and transport efficiency would be an important route of investigation. Both 

metrics have potential for improvement through the addition of stabilizers or absorption 

enhancers, respectively.  

 

6.2.2.4 Translation to Humans 

 

A natural next step would be to use the liquid delivery by catheter method to image F-18-FB-

insulin in human subjects and evaluate transfer of insulin to various brain regions by this 

approach.  One goal would be to validate the delivery device.   Another goal of such a study would 

be to determine the effect of dose level on delivery, which has been unknown to this point. With 

knowledge of the percent dose deposited and percentage transferred to the brain, alternate 

delivery methods, formulations, etc. can be screened to determine optimal conditions for N2B 

transfer. Our method to calculate half-life in the nasal cavity can be used to identify methods that 

improve residence time, and therefore may improve transfer from nose to brain.   These results 

could be used eventually to design a study that measures improvements in cognitive performance 

with insulin treatment.  

 

The geometry of the nasal cavity is complex and influenced by biological and environmental 

factors that may not be controlled for in the clinic. For example, narrow nasal passageways may 

be further slimmed in a congested patient or obstructed in a patient with a deviated septum. These 

examples have potential to confound the results of a clinical study if they are not investigated in 



 114 

advance, increasing the risk of misleading results for candidate intranasal therapeutics. Given 

that most studies reported in humans have administered intranasal insulin in an aerosolized form, 

which was found to be inefficient, care should be taken to eliminate factors that may render 

ambiguous results. Given the high success of liquid delivery by catheter, tools which support both 

targeted delivery of therapeutic to the upper nasal cavity and compliance in patients should be an 

area of focus for device development.  
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