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Abstract

Manganese-enhanced magnetic resonance imaging (MRI) is an established neuroimaging method 

for signal enhancement, tract tracing, and functional studies in rodents. Along with the increasing 

availability of combined positron emission tomography (PET) and MRI scanners, the recent 

development of the positron-emitting isotope 52Mn has prompted interest in the use of Mn2+ as a 

dual-modality contrast agent. In this work, we characterized and compared the uptake of 

systemically delivered Mn2+ and radioactive 52Mn2+ in the rat brain for MRI and PET, 

respectively. Additionally, we examined the biodistribution of two formulations of 52Mn2+ in the 

rat. In MRI, maximum uptake was observed one day following delivery of the highest MnCl2 dose 

tested (60 mg/kg), with some brain regions showing delayed maximum enhancement 2–4 days 

following delivery. In PET, we observed low brain uptake after systemic delivery, with a maximum 

of approximately 0.2 %ID/g. We also studied the effect of final formulation vehicle (saline 

compared to MnCl2) on 52Mn2+ organ biodistribution and brain uptake. We observed that the 

addition of bulk Mn2+ carrier to 52Mn2+ in solution resulted in significantly reduced 52Mn2+ 

uptake in the majority of organs, including the brain. These results lay the groundwork for further 

development of 52Mn PET or dual Mn-enhanced PET/MR neuroimaging in rodents and indicate 

several interesting potential applications of 52Mn PET in other organs and systems.
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1. Introduction

The T1-weighted signal-enhancing MRI contrast agent manganese (Mn2+) has been studied 

and applied in preclinical animal models and human subjects for imaging liver disease, 

cancer, cardiac viability, and brain function and structure (1–4). To avoid the toxic effects of 

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

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

(LumenHance®) have been approved for use in human patients (5). Because unchelated 

Mn2+ can be transported via Ca2+ channels, uptake and resulting T1 enhancement can 

indicate function and highlight structure in the heart and brain. Therefore, it has been 

applied in a variety of preclinical functional imaging studies, primarily in rodents (6–8). 

Mn2+ enhancement in the myocardium reflects viability, while uptake in the brain can reflect 

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

enhancement and cytoarchitecture visualization (7, 9). MnCl2 biodistribution studies in rats 

have also indicated high uptake of Mn2+ in a variety of other organs and glands including the 

liver, kidney, salivary glands, and pancreas (10).

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

imaging by several groups, including our own (11–16). Two factors have played a role in 

recent development of 52Mn as a PET contrast agent: first, the general interest in and 

investigation of longer-lived radiometals for antibody-based PET imaging (17, 18), and 

second, the development of simultaneous PET/MRI systems (19), with 52Mn2+ having 

potential as a dual-modality signal-enhancing contrast agent. Because PET imaging typically 

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

application of Mn2+-based imaging of function and viability that have been developed in 

preclinical models with manganese-enhanced MRI (MEMRI).

In the setting of neuroimaging, methods for MEMRI in the rodent have been developed for a 

variety of applications, including generalized cytoarchitecture enhancement, activation 

studies, and neuronal tract tracing (2, 9). Along with determining the best way to deliver 

Mn2+ for appropriate brain uptake and enhancement, several methods have already been 

proposed to minimize toxicity while delivering the maximum dose possible for sufficient 

imaging contrast (9, 20). For instance, intrathecal injection and osmotic pumps are intriguing 

alternative methods for Mn2+ administration (21, 22). Several other works also assert that 

slow systemic delivery via tail vein infusion can sufficiently reduce toxicity without the need 

for more specialized delivery techniques (23, 24). Specifically, one such study examined the 

effect of varying the time between contrast administration and imaging, and confirmed a 

correlation between R1 relaxation rate (R1=1/T1) and ex vivo elemental analysis of Mn 

uptake (24). This work showed maximum T1 change at one day following contrast 

administration, but did not address slightly later time points between 2–4 days, which are of 

interest to further reduce the potential combined effects of Mn2+ and isoflurane (for imaging 

anesthesia) on animal health. An additional motivation in our laboratory is related to the 

uptake of Mn2+ in specific brain regions, such as the striatum, for imaging grafted stem cells 

(12).
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Compared to MEMRI, 52Mn PET has been much less thoroughly investigated in terms of 

contrast agent delivery, 52Mn biodistribution, PET image acquisition, and image 

reconstruction and analysis techniques. Few published studies address 52Mn PET, with the 

majority of these works focusing on production and separation of the isotope rather than in 
vivo imaging applications (11, 14, 15). As demonstrated by Topping and colleagues (11) and 

confirmed in our recent studies (12), relatively low brain uptake of 52Mn2+ (less than 0.5% 

ID/g) is observed in vivo. To improve brain uptake, 52Mn2+ supplementation with bulk 

MnCl2 may potentially increase circulation time and therefore allow more 52Mn2+ to be 

transported or diffuse into the brain, both of which are mechanisms of brain Mn2+ uptake 

(11, 25–28). The supplementation of 52Mn2+ with MnCl2 could also be of interest for 

simultaneous PET/MRI studies, further prompting more thorough investigation of this 

contrast agent preparation.

In this study, we characterize and directly compare the uptake of 52Mn2+ and non-

radioactive Mn2+ in the rat brain using MRI and PET imaging, using similar contrast 

delivery and image time course protocols for both modalities. With these experiments, we 

aim to provide new knowledge regarding the contrast agent composition, dose, delivery 

method, and imaging time point to maximize contrast enhancement and 52Mn detectability 

in the rat brain. By testing the uptake and biodistribution characteristics of both no-carrier-

added (NCA) and carrier-added (CA) 52Mn2+, we further hope to elucidate whether Mn2+ 

could be used as a dual-modality signal-enhancing contrast agent for PET/MR of the brain 

as well as other organs or systems of interest. For our further pursuit of manganese-based 

imaging of transplanted stem cells (12), the goal of these studies is to select the best contrast 

agent dose, formulation, delivery method, and imaging time point to facilitate sufficient 

Mn2+ supplementation for uptake and detection of cells over-expressing a Mn2+ transporter 

protein.

2. Results

2.1. Brain uptake and efflux measured by MEMRI

To observe the effect of MnCl2 dose and imaging time point on signal enhancement in the 

brain, we administered three doses of MnCl2 to rats (30, 45, and 60 mg/kg, N=3 per dose 

group) using slow i.v. infusion as described above. We then performed T1 mapping with 

MRI over the course of two weeks following MnCl2 administration. R1 relaxation rate (R1 = 

1/T1) in the whole brain and in specific brain sub-regions was estimated from a set of 

variable flip angle spoiled gradient echo (SPGR) acquisitions at each time point.

After T1 mapping and manual segmentation, whole-brain R1 enhancement was measured at 

all time points and doses. Representative R1 maps in a single subject for each dose group 

over the course of 2 weeks are shown in Fig. 1 and Supplementary Fig. 1. General T1 

shortening was observed in the whole brain, with greatest enhancement near the ventricles 

and diffusing throughout neighboring regions over time. The greatest whole-brain R1 

enhancement was observed one day following contrast administration for all doses tested 

(Fig. 2A). Due to a high level of inter-subject variability of uptake, significant differences 

were not observed between dose groups, although there was a clear trend toward increased 

Brunnquell et al. Page 3

Contrast Media Mol Imaging. Author manuscript; available in PMC 2017 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



signal enhancement in the rats from the higher dose groups compared to the 30 mg/kg dose 

group (Figs. 1 and 2A).

Quantification of R1 relaxation rate in specific brain regions was performed via manual 

segmentation of the brain prior to registration to a Sprague Dawley rat brain atlas for 

regional delineation. We then determined R1 enhancement in the striatum, relevant for our 

stem cell imaging work, along with a variety of other brain regions of interest. Median R1 

rates were determined in the striatum, neocortex, olfactory bulb, corpus callosum, basal 

forebrain, globus pallidus, thalamus, hippocampus, hypothalamus, brain stem, cerebellum, 

and trigeminal tract. The maximum R1 relaxation rate measured in each region for each dose 

level is shown in Table 1. Some regions, such as the neocortex, corpus callosum, basal 

forebrain, hippocampus, hypothalamus, and cerebellum, consistently reached maximum 

signal one day following contrast administration (Table 1 and Fig. 2). Other regions, in 

particular the striatum, globus pallidus, thalamus, and brain stem, reached their maximum 

signal level at either 1, 2, or 4 days following contrast administration, depending on dose 

delivered. Together, these results indicate that up to 60 mg/kg MnCl2 can be delivered for 

brain imaging between 1–4 days following contrast administration, depending on the 

enhancement level and brain structure(s) of interest.

2.2. Brain uptake of 52Mn2+ measured by gamma counting

To observe brain uptake of no-carrier-added (NCA, formulated in saline) and carrier-added 

(CA, formulated in 66.7 mM MnCl2 in saline) 52Mn2+, gamma counting was performed on 

resected rat brains at 24 and 48 hours following contrast agent administration (N=3 per 

group, Figure 3B). Significant increases in 52Mn2+ brain uptake were observed in subjects 

delivered NCA 52Mn2+ compared to those delivered CA 52Mn2+, by a factor of greater than 

2.5 at both time points evaluated (Fig. 3A and B, p<0.01). Additionally, a trend toward 

approximately 30% increased uptake at 48 hours compared to 24 hours was observed for 

both contrast agent forms. The results of gamma counting indicate that significantly higher 

brain uptake of 52Mn2+ is observed when administered in no-carrier-added form.

2.3. In vivo brain uptake of 52Mn

In vivo full-body PET/CT was performed in six rats at various time points following 

administration of CA 52Mn2+ (N=1) and NCA 52Mn2+ (N=5). In order to examine brain 

uptake dynamics of the two formulations of 52Mn2+, ROI-based analysis on full-body PET 

images was used to compare brain uptake between two subjects delivered CA and 

NCA 52Mn2+, respectively, at multiple time points up to 7 days following administration. 

PET acquisition times ranged from 30–60 minutes due to the relatively long half-life 

of 52Mn (t1/2=5.59 days). In the subject delivered CA 52Mn2+, brain uptake between 0.08–

0.10 %ID/g was observed, with maximum uptake measured at the earliest time point (24 

hours) post injection (Fig. 3C). As expected, in the subject delivered NCA 52Mn2+, higher 

brain uptake of 0.10–0.16 %ID/g was observed. Surprisingly, the maximum brain uptake 

was measured at 2 hours following contrast administration, rather than at 48 hours, as 

gamma-counting results would suggest. Notably, we observed several regions of 

high 52Mn2+ uptake in the head and neck, including the pituitary and the submandibular 

glands (Fig. 4A).
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After observing maximum uptake of NCA 52Mn2+ at the 2 hour imaging time point, we 

further investigated the uptake dynamics of NCA 52Mn2+ in four additional subjects (Fig. 4). 

PET/CT images were acquired at multiple time points over the course of 8 hours and at 24, 

48, and 72 hours (N=3 at 72 hour time point) following contrast administration. In these 

subjects, ROI-based time activity curves indicated uptake of 52Mn2+ in the first hour 

followed by a steady, slow decrease in retention over the course of 3 days (Fig. 4A and B). 

In order to understand the source of the discrepancy between brain uptake dynamics with 

gamma counting and PET/CT imaging, ROI-based analysis of submandibular glands and 

pituitary uptake was also performed on all subjects. Due to high uptake in these regions, 

signal spillover could affect quantification of adjacent brain uptake measurements (Fig. 4A). 

The submandibular glands exhibited uptake over the course of 4 hours, reaching maximum 

uptake of 0.869 %ID/g at 4 hours following contrast administration and followed by a slow 

decrease over the next 72 hours (Fig. 4C). Similarly, the pituitary showed maximum uptake 

at 4 hours, reaching 0.512 %ID/g. These signal levels correspond to 5.3 and 3.1 times the 

whole-brain average uptake at that time point, respectively. Together, these results indicate 

that although maximum brain uptake of 52Mn is measured in PET/CT 1–4 hours following 

administration, measurements may be skewed to higher than ground truth due to spillover 

effects from nearby high signal regions.

2.4. 52Mn full-body biodistribution

Due to the extensive application of MnCl2 as an MRI contrast agent in recent decades, the 

biodistribution of Mn2+ for rodent MRI has been previously investigated (10). However, the 

biodistribution and organ uptake of NCA and CA 52Mn has not yet been established in the 

literature. Therefore, in order to more thoroughly characterize this new PET agent prior to 

application for imaging tasks, ex vivo measurements of NCA and CA 52Mn2+ uptake in 

major organs were made at 4 and 48 hours following contrast delivery (Fig. 5A). At four 

hours following 52Mn delivery, the highest uptake of NCA 52Mn2+ was observed in the 

kidney (3.02 %ID/g), liver (2.75 %ID/g), pancreas (1.74 %ID/g), stomach (1.50 %ID/g), and 

submandibular gland (1.36 %ID/g). Interestingly, unlike in other organs, high pancreas and 

submandibular gland uptake was maintained at the 48-hour time point (2.49 and 1.24 %ID/g, 

respectively). Intestine uptake also remained relatively consistent from 4 to 48 hours 

following delivery (1.00 and 0.75 %ID/g, respectively). After CA 52Mn2+ delivery, the 

highest uptake was observed in the pancreas (1.94 %ID/g), which had approximately 2.5 

times higher uptake than the next highest uptake observed in the submandibular gland 

(0.79 %ID/g). The uptake of CA 52Mn2+ was significantly reduced compared to the uptake 

of NCA 52Mn2+ at both time points in all organs tested with the exception of the bone, tail, 

blood, pancreas (significant difference at 4 hour time point only), and intestine (significant 

difference at 48 hour time point only) (p<0.05).

Qualitative observations of CA and NCA 52Mn2+ biodistribution with in vivo PET/CT 

generally agreed with ex vivo biodistribution studies (Fig. 5B). At 24 hours following 

NCA 52Mn2+ delivery, high uptake was observed in the liver, kidneys, salivary glands, 

gastrointestinal tract, pancreas, and spleen. At the same time point following CA 52Mn2+ 

delivery, uptake was primarily observed in the contents of the intestinal tract and cecum as 

well as in the vicinity of intervertebral and synovial joints (Fig. 5C). Signal persisted in the 
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gastrointestinal tract (NCA) and joints (CA) at later imaging time points (data not shown). 

Increased uptake of CA 52Mn2+ compared to NCA 52Mn2+ was observed in synovial and 

intervertebral joints at all in vivo imaging time points. In all subjects imaged with full-body 

PET/CT, we observed activity pooling in the tail at the injection site to varying degrees. This 

was possibly caused by movement of the injection needle during the slow infusion, which 

lasted between 15–45 minutes depending on bulk MnCl2 dose, and could be a contributor to 

the inter-subject variability of uptake measurements observed in vivo.

3. Discussion

In this work, we investigated the effects of contrast agent vehicle, dose, and acquisition time 

point on brain uptake and retention of Mn2+-based contrast agents for MRI and PET. The 

bulk doses of Mn2+ systemically delivered for MEMRI in the rodent brain are known to 

cause somnolence as well as side effects in the liver, heart, and brain (29, 30). By using a 

bulk MnCl2 delivery protocol that utilized slow infusion while maintaining body 

temperature and hydration, we observed minimal behavior and health side effects, even at 

the highest dose tested (60 mg/kg). Although we observed lethargy in rats immediately after 

delivery and recovery from anesthesia, all subjects recovered to normal demeanor and 

activity levels in less than 24 hours. Our observations support the methods used by other labs 

in rats, in which even higher total doses of 110–175 mg/kg MnCl2 were delivered (24, 31). 

In all measurements of Mn uptake in this work, inter-subject variability was observed. With 

whole-body PET/CT, we noted activity pooled in the tail, most likely caused by the needle 

moving slightly during the slow 15–45 minute infusion of contrast agent. This likely 

occurred in all subjects to some extent, not just those imaged with PET/CT, and therefore 

could be one source of inter-subject variability of brain uptake dynamics (along with normal 

biological and physiological variations). For gamma counting and PET/CT studies that 

require trace amounts of 52Mn2+, rather than large doses of bulk MnCl2, a faster infusion of 

NCA 52Mn2+ would likely be advisable. We hypothesize that this would minimize errors 

with needle placement, reducing the Mn2+ delivered to the tail rather than the blood pool and 

minimizing variability between subjects.

In MRI studies, we observed that greater MnCl2 dose resulted in increased R1 enhancement, 

in the whole brain and in a variety of individually analyzed brain regions. This maximum 

enhancement occurred at one day following contrast administration for the whole brain on 

average as well as for a majority of brain regions. The delayed maximum enhancement 

observed in some regions, most notably the striatum, thalamus, globus pallidus, and brain 

stem, may be a result of more prolonged uptake over greater than 24 hours and/or slower 

Mn2+ efflux from these brain regions. This indicates that neuroimaging studies focused on 

these regions may perform favorably at these later time points due to both increased 

enhancement and reduced combined negative effects of bulk MnCl2 administration and 

isoflurane anesthesia for imaging on study subjects.

The spatial pattern of R1 enhancement observed was characterized by a small amount of 

generalized enhancement with increased enhancement near the ventricles. This pattern 

agreed with other studies that show saturable active transport of Mn2+ to the brain 

parenchyma across the BBB with additional uptake via diffusion through the blood-CSF 
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barrier, linearly correlated with the blood concentration of Mn2+ (25–29). Furthermore, we 

observed slow reduction of Mn2+ enhancement in the brain, consistent with previous studies 

establishing diffusion as the primary efflux mechanism (29, 32).

In gamma counting studies we observed that supplementing 52Mn2+ with bulk MnCl2 

(CA 52Mn2+) resulted in reduced brain uptake by an average factor of greater than two. This 

is most likely due to competition between cold Mn2+ and 52Mn2+ for Mn2+ transporters into 

the brain (26, 29). At both 4 and 48 hours following contrast delivery, ex vivo biodistribution 

studies showed low plasma activity (<0.025 %ID/g) independent of contrast agent dose. 

These results indicate that, at the contrast doses and measurement times used for 

biodistribution studies in this work, adding bulk MnCl2 to 52Mn2+ prior to delivery does not 

significantly increase 52Mn2+ circulation time, which was previously hypothesized as a 

potential method to increase overall 52Mn brain uptake (11).

Regarding the timing window of maximum 52Mn2+ uptake in the brain, there was a 

disagreement between ex vivo gamma counting and in vivo PET imaging. Gamma counting 

experiments of the excised brain indicated a non-significant increase in brain activity from 

24 to 48 hours, while ROI-based analysis of in vivo PET/CT indicated maximum brain 

uptake within the first eight hours. Based on imaging studies in six subjects, we observed 

maximum brain uptake 1–4 hours following NCA 52Mn2+ administration. However, the 

ROI-based brain uptake measurements may be artificially high due to spillover from nearby 

high-signal regions such as the submandibular glands and pituitary. An additional source of 

timing discrepancy may be the inter-subject variability of 52Mn delivery, which could affect 

the dynamics of 52Mn brain uptake through saturable transporters or the blood-CSF barrier. 

Nevertheless, this maximum uptake of approximately 0.2% ID/g may be too low for 

many 52Mn2+ neuroimaging applications, and alternate delivery methods such as blood-

brain-barrier disruption or direct CSF delivery of 52Mn2+ may be worthy of future 

investigation. In studies in which an accumulation of 52Mn2+ is expected in a specific brain 

region of interest, such as for stem cell tracking, systemic delivery may prove sufficient 

when the appropriate formulation and imaging time point are utilized (12).

Systematic studies of 52Mn biodistribution in the rat, which have not previously been 

described in the literature, indicate patterns of retention and uptake that may be of interest 

for imaging applications outside the central nervous system. Although biodistribution 

studies were not the intended emphasis of this work, the interesting results warrant further 

discussion and investigation. We observed that the preparation of 52Mn2+ in MnCl2 solution 

caused reduced uptake in the majority of organs as well as kidney and liver excretion of 

much of the injected activity over the course of 4–48 hours following administration. 

Interestingly, full-body PET/CT after administration of CA 52Mn2+ showed uptake in 

intervertebral and synovial joints. Although this work does not focus on musculoskeletal 

applications of 52Mn PET, this uptake pattern may be of interest to other preclinical imaging 

researchers and warrants further investigation. Because Mn is an important osteotropic 

element, irregularity or change in 52Mn uptake in joints and bone may be indicative of 

underlying skeletal deficiencies or of response to treatment thereof, respectively (33).
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In both CA and NCA preparations, 52Mn uptake greater than 0.5 %ID/g was observed in the 

liver, kidney, pancreas, and salivary glands. These results are in qualitative agreement with 

reports in the literature of Mn2+ biodistribution studies after non-radioactive MnCl2 

administration (10). Interestingly, uptake in the pancreas and salivary glands was maintained 

until the later 48 hour time point after delivery of NCA 52Mn2+. We hypothesize that the 

long-term retention of 52Mn2+ in the pancreas and salivary glands, particularly following 

delivery of NCA 52Mn2+, may be attributable to the higher endogenous levels of manganese 

present in glandular organs such as these (10). Exchange between the endogenous and 

exogenous pools of Mn2+ following NCA 52Mn2+ administration would result in 

mitochondrial localization and sequestration (34). In the case of CA 52Mn2+, uptake may not 

be sustained for as long for several reasons. Because the secretory cells of the pancreas and 

salivary glands have mechanisms for Ca2+ efflux to maintain homeostasis, the higher levels 

of Mn2+ accumulating in the cell cytoplasm following CA 52Mn2+ delivery may exit the 

cells via this same pathway (35, 36). Furthermore, radiolabeled Mn2+ efflux may be 

stimulated by high extracellular Mn2+ concentrations, as has been observed in cultured rat 

astrocytes (37). This 52Mn2+ efflux would likely be far less dramatic following delivery of 

trace 52Mn2+ levels in the NCA formulation, resulting in greater retention of 52Mn2+ in the 

cell.

MR imaging in the majority of the organs in which high 52Mn2+ uptake was observed has 

previously been pursued experimentally and in clinical imaging settings (38–40). For 

diagnostic purposes, 52Mn2+ uptake may be reflective of acinar cell function in both the 

pancreas and salivary glands and β–cell function in the pancreas (38, 39). Particularly in 

NCA formulation, 52Mn uptake in the pancreas and salivary glands may increase the 

potential for PET-based diagnosis or disease monitoring, as much lower contrast doses 

would be required for PET than for MnCl2-enhanced MR studies. Furthermore, a shorter-

lived isotope of manganese without confounding gamma emissions, 52Mn (t1/2 = 46 min, β+ 

= 97%) can also be produced on low-energy medical cyclotrons by the 50Cr(d,n) 

and 54Fe(p,α) reactions. The production of this isotope is currently underway at our 

institution, which may lead to greater clinical translatability of NCA Mn-based PET 

imaging.

4. Conclusions

MEMRI has been established as a useful preclinical neuroimaging method for observing 

brain tissue enhancement, neuron tract tracing, functional imaging, and stem cell detection. 

However, the doses required for T1-weighted signal enhancement are prohibitive for 

translation of these applications. Heightened interest in 52Mn PET imaging has resulted in 

its investigation as a novel imaging method with potential for reduced bulk Mn2+ dose, 

complementary imaging characteristics, and applications in simultaneous PET/MR. In these 

studies we have investigated several methods for preparation, delivery, and detection of 

Mn2+-based contrast agents with quantitative MEMRI and 52Mn PET. We observed that 

while the whole brain and many brain regions reach maximum R1 in MEMRI at 24 hours 

following MnCl2 delivery, several specific sub-regions show maximum enhancement at later 

time points. However, at the tracer doses of 52Mn2+ delivered for PET imaging, brain uptake 

was insufficient for practical application in most neuroimaging studies (in the case of an 
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intact blood-brain barrier). With PET/CT and ex vivo gamma counting, we observed that the 

supplementation of tracer doses of 52Mn with MnCl2 reduced activity uptake in the brain 

and nearly all other organs. For this reason, along with the reduced bulk Mn2+ dose, 

NCA 52Mn2+ holds greater potential as the preferable contrast agent form for imaging 

applications. Despite a lack of promise in our 52Mn2+ neuroimaging results, these studies 

highlight several interesting areas of further study of 52Mn PET, including investigating 

specific 52Mn2+ uptake in the salivary glands, pancreas, and joints. In the future, additional 

development of methods to increase 52Mn2+ uptake in the brain could be of great interest.

5. Experimental

5.1. Animal experimentation

All animal experimentation was performed following NIH guidelines and in accordance with 

protocols approved by the University of Wisconsin Institutional Animal Care and Use 

Committee. Adult female Sprague Dawley rats were used for experiments. Rats were housed 

under controlled temperature and light conditions and had free access to food and water. 

Upon completion of experimentation, rats were euthanized by slowly introducing CO2 to the 

rat in an enclosed chamber.

5.2. Systemic delivery of Mn

In preparation for imaging, rats were delivered Mn2+ in the form of MnCl2 and/or 52Mn2+ in 

solution. Animals were anesthetized with light isoflurane (0.5–2% in oxygen) and placed on 

a warming pad to maintain body temperature. Contrast agent, prepared as described below, 

was delivered via tail vein with an infusion pump at a rate of 2 mL/hr. Following infusion, 

the infusion line was flushed with heparinized saline and animals were delivered 5 mL pre-

warmed saline subcutaneously.

Prior to MRI, doses of 30, 45, and 60 mg/kg MnCl2 at a concentration of 66.7 mM in bicine-

buffered saline were delivered to 9 animals (N=3 per group). 52Mn was prepared as 

described previously, with an average specific activity of 0.8 GBq/µmol (13). No-carrier-

added (NCA) 52Mn2+ was prepared by diluting 52Mn2+ in saline to 1.5 mCi/mL (55.5 

MBq/mL) then delivered at a dose of 2 mCi/kg (74 MBq/kg, N=6 for ex vivo gamma 

counting and N=4 for in vivo PET/CT). Alternatively, 52Mn2+ was diluted in 66.7 mM 

buffered MnCl2 solution at a concentration of 0.37 mCi/mL (13.7 MBq/mL). In this 

preparation, animals were delivered 2 mCi/kg (74 MBq/kg) 52Mn2+ in approximately 45 

mg/kg MnCl2, which corresponds to the average dose used for MEMRI studies (N=6 for ex 
vivo gamma counting and N=1 for in vivo PET/CT). This contrast agent preparation is 

herein referred to as carrier-added (CA) 52Mn2+.

5.3. MEMRI

To observe brain Mn2+ uptake with MRI, in vivo R1 mapping was performed using a 4.7 T 

preclinical MRI scanner (Agilent Technologies, Santa Clara, CA, USA). At each imaging 

time point, a series of 3D SPGR images were acquired using the following pulse sequence 

parameters: TR = 5.96 ms; TE = 2.25 ms; flip angles (in degrees) = 3, 7, 12, 18, 25; matrix 

size = 64×128×128; field of view = 35×35×35 mm3; scan time = 4:54 min:sec per flip angle. 
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Additionally, an actual flip-angle imaging (AFI) SPGR scan was acquired for flip angle 

mapping using the following parameters: TR1/TR2 = 5.9/29.5 ms; TE = 2.22 ms; flip angle 

= 55°; matrix size = 64×64×64; field of view = 35×35×35 mm3 (41). R1 times were 

estimated using weighted linear least squares estimation with flip angle correction (42). 

Images were acquired and R1 maps were calculated pre-contrast and at days 1, 2, 4, 7, and 

14 following MnCl2 administration in order to analyze the in vivo dynamics of Mn2+ uptake 

and efflux.

To measure and quantify Mn2+ uptake in the whole brain and individual brain regions, brains 

were manually segmented from surrounding tissue at all imaging time points. Using 

FMRIB’s Linear Image Registration Tool, FLIRT, manually segmented images were 

registered to a Waxholm Space atlas of the Sprague Dawley rat brain (43–47). Following 

registration, the atlas was used to segment the following sub-regions for further 

quantification and analysis: striatum, neocortex, olfactory bulb, corpus callosum, basal 

forebrain, globus pallidus, thalamus, hippocampus, hypothalamus, brain stem, cerebellum, 

and trigeminal tract. T1 mapping, segmentation, registration, and image processing were 

performed in Matlab R2014b (The MathWorks, Natick, MA).

5.4. 52Mn gamma counting of brain uptake

To observe the whole brain uptake of 52Mn2+ following administration of NCA and 

CA 52Mn2+, subjects were sacrificed either 24 hours (N=3 per contrast agent group) or 48 

hours (N=3 per contrast agent group) following intravenous infusion of 52Mn2+. The brain 

was immediately excised and rinsed once in distilled water, the olfactory bulb (and 

trigeminal nerves, if still intact) were removed, and the brain mass was measured. Brain-

average 52Mn2+ uptake was measured by gamma counting using the average of three 2-

minute counts with gating centered on the 744 keV gamma peak. Counting data was 

corrected for known gamma counter efficiency and decay-corrected to injection time to 

calculate the percent injected dose per gram (%ID/g) of brain tissue. A two-tailed Student’s 

t-test was used to compare the brain uptake of 52Mn2+ based on contrast agent form and 

measurement time point.

5.5. 52Mn PET

In vivo 52Mn PET/CT was performed in six subjects (N=5 with NCA 52Mn2+, N=1 with 

CA 52Mn2+) on a Siemens Inveon microPET/CT (Siemens Medical Solutions, Erlangen, 

Germany). PET acquisition time points varied between subjects, as an essential aspect of 

this experiment was to guide the design of a consistent 52Mn PET imaging protocol. In the 

first PET/CT experiment, two subjects were administered 2 mCi/kg 52Mn2+ (one CA, one 

NCA) and 30–60 minute full-body PET/CT scans were acquired 1, 2, 4, and 7 days later 

with a single static time frame. Additionally, the subject delivered NCA 52Mn2+ in this 

experiment was scanned 2 hours following delivery. This scan time point was not feasible 

for the other subject due to the negative combined effects of isoflurane and bulk MnCl2 

immediately after delivery. In a second experiment, four subjects delivered 2 mCi/kg 

NCA 52Mn2+ were scanned for 30–60 minutes at 0.5, 1.5, 3.5, 7.5, 24, 48, and 72 hours 

following contrast delivery. Two of these subjects were additionally scanned at 7 days 

following delivery. For all full-body PET scans, continuous bed motion with 5 passes was 
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used for PET acquisition due to the relative size of the rat compared to the PET scanner field 

of view.

For PET/CT reconstruction, attenuation maps were calculated using manual registration of 

full-body PET and CT images. Attenuation-corrected PET images were then reconstructed 

using a vendor-provided 2-dimensional ordered subset expectation maximization (OSEM) 

reconstruction algorithm. Scatter correction was not applied during reconstruction due to the 

tendency of this correction to reduce detectable signal in low-count brain imaging protocols, 

as has been observed in 15O[H2O] brain activation studies and was expected in this setting 

(48). For each subject and time point, the brain-average %ID/g was calculated by comparing 

the uptake in the manually delineated whole brain to the total delivered activity and 

normalizing by the mass of the brain, assuming tissue density equal to that of water.

5.6. 52Mn Biodistribution

Biodistribution of 52Mn2+ was measured with ex vivo organ gamma counting in order to 

examine the uptake of both NCA and CA 52Mn2+ in major organs of the rat. 52Mn2+ was 

prepared either at a concentration of 0.33 mCi/mL (12.2 MBq/mL) in saline (NCA) or at an 

activity concentration of 0.37 mCi/mL (13.7 MBq/mL) in 66.7 mM MnCl2. A target 

injection dose of 100 uCi was delivered to rats (N = 3 per time point and per contrast agent 

formulation) via tail vein infusion at a rate of 2 mL/hr for an average of 8–10 minutes. For 

CA 52Mn2+, the added carrier dose corresponded to approximately 4.5 mg/kg MnCl2. 

Animals were sacrificed and organs were harvested at 4 or 48 hours following initiation of 

contrast delivery. For each organ, the sample was weighed and activity was measured by 

gamma counting with a PerkinElmer Wizard 2480 (Waltham, MA, USA) to calculate 

%ID/g. For statistical analysis, a two-tailed Student’s t-test was used to compare the uptake 

of 52Mn2+ at 4 and 48 hours and for the two contrast agent formulations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Representative coronal R1 maps of three subjects delivered different doses of MnCl2 (30, 45, 

and 60 mg/kg). Imaging was performed and R1 maps were calculated prior to contrast 

administration and at five imaging time points over two weeks following administration. 

Higher contrast dose increases signal enhancement, particularly near the ventricles. Two 

weeks following contrast administration, signal enhancement remains, particularly in the 

vicinity of the striatum and globus pallidus.
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Figure 2. 
Uptake of Mn in the whole brain and various brain regions measured with quantitative MRI. 

(A) Whole-brain average R1 relaxation rate reached a maximum 24 hours following contrast 

administration regardless of contrast dose ranging from 30–60 mg/kg MnCl2. Efflux from 

the brain was slow, with some enhancement remaining at the 14 day imaging time point. (B) 

Regional analysis of uptake of 60 mg/kg MnCl2 based on registration and segmentation of 

brain volumes to a rat brain atlas. Some brain regions (neocortex, corpus callosum, basal 

forebrain, hippocampus, hypothalamus, and cerebellum) reached maximum enhancement 

one day following contrast administration, while others (striatum, globus pallidus, thalamus, 

and brain stem) in some cases reached maximum at two or four days post-contrast.
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Figure 3. 
Comparison of brain uptake of no-carrier-added (NCA) and carrier-added (CA) 52Mn with 

ex vivo gamma counting and in vivo PET/CT. We observed higher activity uptake of 

NCA 52Mn in both ex vivo gamma counting measurements of the excised brain at 24 and 48 

hours (A, B) as well as in vivo with PET/CT for up to 7 days following contrast delivery (C). 

Ex vivo measurements are the average of 3 subjects per contrast agent formulation and time 

point, while in vivo PET/CT was performed on one subject per contrast agent formulation in 

this initial comparative imaging study.
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Figure 4. 
In vivo PET/CT of brain uptake of NCA 52Mn in the rat. (A) Coronal, axial, and sagittal 

views of the brain (left to right, respectively) from in vivo PET/CT of a rat four hours 

following administration of no-carrier-added (NCA) 52Mn. Submandibular gland = white 

arrow, pituitary = white arrowhead. (B) In four subjects, average brain uptake reached a 

maximum at four hours following contrast administration, after which a slow decrease in 

brain signal was observed. (C) High 52Mn uptake in the submandibular gland and pituitary, 

up to 0.869 and 0.512 %ID/g respectively, were measured at all imaging time points.
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Figure 5. 
Biodistribution of no-carrier-added (NCA) and carrier-added (CA) 52Mn in the rat. (A) Ex 
vivo biodistribution of NCA and CA 52Mn in the rat at 4 and 48 hours following 

administration; N=3 per contrast agent preparation and time point. A significant increase in 

uptake of NCA 52Mn compared to CA 52Mn was observed at both time points in the 

majority of organs tested (**p<0.05). In the pancreas and intestine, this increase was only 

significant at one time point (*p<0.05 at four hours, #p<0.05 at 48 hours). No significant 

differences were observed in the blood, bone, or tail. (B–C) Representative PET/CT overlay 

MIPs of full-body 52Mn uptake at 24 hours following contrast delivery from one subject per 

contrast agent formulation. (B) In the NCA subject, uptake is observed in the submandibular 
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glands, nasal cavities, liver, kidneys, intestine, pancreas, and spleen. (C) In the CA subject, 

the majority of uptake is observed in the contents of the intestine and in the vicinity of the 

intervertebral and synovial joints.
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