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Abstract - Research on medical imaging contrast 

agents to improve diagnostic performance and 

optimize treatment strategies has been ongoing for a 

long time. Recently, hybrid imaging technology in 

which two different devices such as PET/CT, 

SPECT/CT, and PET/MRI are fused is emerging as a 

new trend in medical imaging. The high spatial 

resolution of Magnetic Resonance Imaging (MRI) 

and the high-sensitivity molecular-level information 

of Positron Emission Tomography (PET) by these 

convergence devices are leading to the development 

of new hybrid imaging technologies along with 

hybrid contrast agents. To create a hybrid contrast 

agent for simultaneous PET-MRI devices, the 

radiotracer for PET should be combined with the 

MRI contrast agent. The most common approach to 

achieve this is to coat radioisotopes to the surface of 

small superparamagnetic iron oxide (SPIO) particles. 

These contrast agents are used for pH change 

monitoring, non-invasive angiography, and early 

imaging diagnosis of atherosclerosis. In addition, 

tumor detection and cardiovascular imaging are 

becoming important research areas for the 

development of simultaneous PET/MRI imaging  
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systems and hybrid contrast agents. Therefore, tumor 

detection and cardiovascular imaging are major areas 

for development of simultaneous PET/MRI imaging 

systems and hybrid contrast agents. The goal of 

developing hybrid contrast agents for this purpose is 

to combine high spatial resolution, high sensitivity, 

and morphological and functional information. The 

future prospect is considered to be the development 

of a multimodal hybrid contrast agent that detects 

diseases early, provides information before and after 

surgery for treatment, and provides treatment 

prognosis. 
  
 Key word: Medical Imaging, Simultaneous 

PET/MRI, Contrast agents, Hybride contrast agents  
 

I. Introduction 

Imaging technology plays an important role in 

medical diagnosis[1]. In the field of medical image, 

imaging techniques such as Computed Tomography 

(CT), Magnetic Resonance Imaging (MRI), Positron 

Emission Tomography(PET), and Single-Photon 

Emission Computed Tomography(SPECT) have 

provided clinicians with information of the human 

body[2]. The limited information provided by single 

modal medical images cannot meet the need of 

clinical diagnosis which requires a large amount of 

information, making medical image fusion research 
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become a hot field[3]. Medical image fusion can be 

divided into single-mode fusion and multimodal 

fusion. Due to the limitation of the information 

presented by single-modal fusion, there are many 

researchers engaging in the study of multimodal 

fusion[2]. Different imaging methods keep different 

characteristics, and different sensors obtain different 

imaging information of the same part. The purpose of 

the fusion is to obtain better contrast, fusion quality, 

and perceived experience[4]. The result of the fusion 

should meet the following conditions: (a) the fused 

image should retain the information of source images 

completely; (b) the fused image should not produce 

any synthetic information, such as artifacts; and (c) 

bad states should be avoided, such as misregistration 

and noise[5]. With the recent advent of “hybrid” 

imaging devices that combine PET and MRI 

modalities, it is now possible to perform both 

diagnostic tests simultaneously on the same system, 

avoiding multiple tests and improving registration 

performance[6]. It is useful for planning radiation 

treatment. With the advent of these hybrid PET-MRI 

devices, “hybrid” PET-MRI contrast agents are being 

developed in preclinical settings[7]. Tendency to 

combine two contrast agents are more and more to 

overcome the limitations of a single device. These 

hybride contrast agents are aimed to obtain 

Molecular and cellular imaging[7]. Macromolecules 

and cells require ligands for selective binding, and 

these ligands must be conjugated with MR and PET 

contrast agents[8]. They open up new diagnostic and 

research possibilities and provide access to functional 

and molecular imaging in particular. The purpose of 

this paper is to review the literature on hybrid PET-

MRI contrast agents, discuss the clinical applications 

of hybrid PET-MRI contrast agents, and review the 

prospects. 

 

II. Developing a hybrid PET-MRI 
contrast agent 

1. Simultaneous PET-MRI 

The major technical challenge from the PET 

perspective was that photomultiplier tubes (PMTs), 

used until recently in virtually all commercially 

available PET scanners, are very sensitive to even 

small magnetic fields and cannot be operated inside 

modern preclinical or clinical high-field MR 

devices[9]. To overcome this limitation in the early 

days of PET/MRI, long optical fibers were used to 

channel the light from the scintillator crystals placed 

inside the MR system to PMTs located at a safe 

distance[9]. Several generations of small animal 

imaging devices have subsequently been built using 

PMTs in an effort to increase the PET performance in 

terms of the spatial resolution uniformity and axial 

coverage. All these efforts required substantial 

modification of the PET detectors to maximize 

compatibility with existing MRI devices. 

Alternatively, minimally modified PET detectors 

have been integrated in specialized MRI scanners. In 

spite of this very important pioneering work, 

PET/MRI would have likely failed to transition from 

small animal to human imaging if it were not for the 

emergence of MR-compatible photon detector 

technology that allowed the placement of the PET 

detectors inside the magnet's bore. Fortunately, solid-

state photon detectors have reached a level of 

maturity that allowed them to replace PMTs for this 

application. Avalanche photodiodes (APDs) were the 

first such photon detectors that were demonstrated to 

work even inside ultra-high-field magnets and were 

used to build MR-compatible PET inserts for small 

animal imaging. More importantly, this technology 

allowed Siemens to build the first PET/MRI 

prototype scanner for human brain imaging. This 

device was called BrainPET and was designed to fit 
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into the bore of the standard 3T whole body MRI 

scanner. Although only a handful of BrainPET 

prototypes were ever built and only three of them are 

still in use, these inserts have been used for many 

studies ranging from those aimed at investigating the 

mutual interference between the two devices and the 

performance of the APD-based PET detector 

technology. It is developing methods to use the 

information obtained from one device to improve the 

other modality, and demonstrating the tremendous 

potential of PET/MRI through proof-of-principle 

studies in small animals, non-human primates, and 

humans. Additional challenges such as the need to 

carefully shield the PET detectors to minimize the 

electromagnetic interference with the MR system or 

to control for temperature variations in the detectors 

caused by the eddy currents induced by the switching 

MR gradients had to be considered when using these 

solid- state photon detectors. More recently, Geiger 

mode APDs (also called solid-state photomultipliers 

(SSPM), silicon photomultipliers (SiPMs) or multi-

photon pixel counters (MPPC)) have emerged as 

very promising candidates for replacing APDs as the 

photon detector of choice for simultaneous PET -MR 

imaging and several groups have developed small 

animal scanners using this technology. There are also 

now companies that offer MR-compatible PET 

inserts designed to operate inside existing small 

animal MRI devices[10]. 

2. PET and MRI contrast agent 

Recently, medical imaging using hybrid technology 

has been widely accepted and used in clinical 

practice. Since simultaneous PET/MRI offers 

significant advantages over well-established PET/CT, 

including superior contrast and resolution and 

reduced ionizing radiation[11], simultaneous 

PET/MRI is useful in oncological imaging of areas 

such as the brain, head and neck, liver , and pelvis. 

Nanoscale particles can exhibit special physical and 

biological behaviors and unique interactions with 

biomolecules [12]. Nanoparticles have a large surface 

area and unique functions that alter pharmacokinetics, 

prolong vascular circulation time, improve 

extravasation capacity, ensure enhanced 

biodistribution in vivo, and induce sustained and 

controllable delivery[13]. In addition, when a specific 

targeting ligand is conjugated to a nanoparticle, the 

nanoparticle can realize its target binding ability to a 

diseased region[14]. Nanocarriers penetrate through 

microvessels with improved permeability and are 

then absorbed into cells, resulting in highly selective 

payload accumulation at the target site[15]. Over the 

past few decades, many traditional medical imaging 

techniques have been established for routine 

laboratory and clinical use. These imaging 

techniques, including optical imaging (OI), computed 

tomography (CT), magnetic resonance imaging 

(MRI), ultrasound (US), and PET-single photon 

emission computed tomography (PET/SPECT) 

radionuclide imaging, have been widely applied in 

small-scale experiments and have shown excellent 

performance[16]. Molecular imaging differs from 

conventional imaging in that it is used to image 

specific targets or pathways using probes known as 

biomarkers. Biomarkers must interact very 

specifically with their surrounding environment and 

change their image in response to molecular changes 

occurring within the region of interest (ROI). 

Molecular imaging agents are endogenous molecular 

or exogenous probes used to visualize, characterize, 

and quantify biological processes in living systems. 

Different imaging techniques in terms of sensitivity, 

resolution, and complexity often require specific 
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contrast agents to achieve satisfactory contrast 

enhancement in visualization reconstructions [16].  

2.1. PET Radiotracers 

A PET radiotracer (also known as PET tracer) is a 

positron-emitting radiopharmaceutical used in 

positron emission tomography (PET). Each tracer 

consists of a positron-emitting isotope (radioactive 

tag) bound to an organic ligand (targeting agent). The 

ligand component of each tracer interacts with a 

protein target, resulting in a characteristic 

distribution of the tracer throughout the tissues. The 

ideal PET radiopharmaceutical should only interact 

with the protein target and not give accumulation 

phenomena. For example, the pre-eminent PET 

radiotracer fluorodeoxyglucose (FDG) is comprised 

of a fluorine-18 isotope bound to 2-deoxy-2-glucose, 

an analog to glucose. The 2-deoxy-2-glucose ligand 

is a substrate for the hexokinase/glucokinase 

enzymes involved in the early carbohydrate 

metabolism; Thus, FDG is chemically linked to 

cellular metabolic activity. It serves as a particularly 

good tracer agent because it tends to stay "trapped" 

within metabolically active cells due to the absence 

of the hydroxide group ("deoxy-"). There is an 

increasing list of chemical compounds which are 

being used for PET imaging. 

Table 1 shows the compounds and radioactive 

isotopes of PET contrast agents currently developed 

and used. 

Table 1. Compounds and radioactive isotopes of 
contrast agent for PET 
chemical compounds radioactive isotope 
Acetate C-11 
choline C-11 
fludeoxyglucose F-18 
sodium fluoride F-18 
fluoro-ethyl-spiperone F-18 
methionine C-11 

prostate membrane antigen PSMA, Ga-68 

DOTATOC, DOTATATE Ga-68 
florbetaben, florbetapir F-18 
rubidium Rb-82 chloride 
ammonia N-13 
FDDNP F-18 
Labeled water O-15 

FDOPA F-18 
 

The synthesis of PET tracers begins in cyclotrons 

with the formation of small molecules called 

precursors. For example, the isotope carbon-11 can 

be produced both as carbon dioxide (C-11 CO2) and 

as methane (C-11 CH4), respectively the most 

oxidized and the most reduced chemical form. 

2.2. MRI contrast agents 

Most MRI contrast agents are paramagnetic 

gadolinium ion complexes or superparamagnetic 

(iron oxide) magnetite particles. Paramagnetic 

contrast agents are usually made from dysprosium 

(Dy3+), the lanthanide metal gadolinium (Gd3+), or 

the transition metal manganese (Mn2+) and have 

water-soluble properties. The metal atom of choice 

most commonly used in MRI contrast agents is the 

lanthanide ion gadolinium, which has a high 

magnetic moment and is the most stable ion with an 

unpaired electron. The presence of unpaired electrons 

gives these contrast agents paramagnetic properties. 

Gadolinium has 7 electrons, dysprosium has 4 

electrons, and manganese has 5 unpaired electrons. 

Contrast agents containing gadolinium shorten the T1 

and T2 relaxation times of adjacent water protons. 

These effects increase the signal intensity of T1-

weighted images and decrease the signal intensity of 

T2-weighted images[17,18]. T1 shortening occurs at 

lower gadolinium concentrations, whereas T2 

shortening occurs at higher gadolinium 

concentrations, which is of limited clinical use due to 

the increased risk of toxicity. Therefore, in 

conventional clinical practice T1 is evaluated after 
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the administration of extracellular agents[19]. Contrast 

agents containing transition metal ions, such as high 

spin manganese, and superparamagnetic iron oxide 

such as iron oxides, affect the T2 relaxation strongly 
[20,21]. 

(1) Gadolinium 

Gadolinium cholate is a coordination complex 

consisting of a gadolinium ion bound to a 

hexadentate organic chelating agent such as 

diethylenetriaminepentaacetic acid. Chelates of 

gadolinium are frequently utilized as magnetic 

resonance imaging(MRI) contrast agents and can be 

used to track nanoparticle-mediated drug delivery. 

Gadolinium chelate is a coordination complex 

consisting of a gadolinium ion bound to a 

hexadentate organic chelating agent such as 

diethylenetriaminepentaacetic acid. Chelates of 

gadolinium are frequently utilized as magnetic 

resonance imaging(MRI) contrast agents and can be 

used to track nanoparticle-mediated drug delivery. 

Table 2 all trials on the list are NCI-supported 

clinical trials, which are sponsored or otherwise 

financially supported by NCI. 

Table 2.  NCI-supported clinical trials 

N
o 

clinical trials 

1 Brain-Directed Stereotactic Radiation Therapy with or 
without AgulX Gadolinium-Based Nanoparticles for 

the Treatment of Brain Metastasis 
2 

Seterotactic Magnetic Resonance-Guided Adaptive 
Radiation Therapy with pr without AgulX for the 
Treatment of Central Lung Tumors and Locally 
Advanced Pancreatic Ductal Adenocarcinoma 

3 Convection –Enhanced Delivery of Topotecan in 
Treating Patients with Recurrent or Progressive WHO 

Grade III-IV Dlioma 
4 An Investigational Scan (Fluciclovine F-18 PET) for 

the Diagnosis of Cervical or Endometrical Cancer 

5 Rapid Motion-Robust Quantitative DCE-MRI for the 
Diagnosis of Cervical Cancer 

6 Disposable Perfusion Phantom for Accurate DCE-MRI 
Measurement of Pancreatic Cancer Therapy Response 

7 
[18F]FMISO-

PET/MRIScanfortheMonitoringofTreatmentResponsei
nPatientswithHER2+StageII-

IIIBreastCancerReceivingTherapybeforSurgery 

8 Arterial Spin Labeled MR Imaging for Assessment of 
Therapy Response in Patients with Metastatic Renal 

Cell Carcinoma 
9 MR with Gadobenate Dimeglumine or Gadoxetate 

Disodium for the Diagnosis of Liver Metastases from 
Coleretal Cancer 

1
0 

Magnetic Responance Imaging for Imaging of Tumor 
Microenvironment of Metastasis in Patients with 

Operable Breast Cancer 
1
1 

Advanced MRI Scan Befor and After Radiation 
Therapy for the Detection of Intracranial Metastasis 

1
2 

Abbreviated MRI Protocol for the Diagnosis of 
Woman with Findings Highly Suspicious for Breast 

Cancer 1
3 

Whole-Body MRI for the Detection and Assessment of 
Therapy Response in Multiple Myeloma 

1
4 

Contrast-enhenced MRI in Detecting Denign and 
Malignant Liver Lesions 1

5 

18F-DCFPyL PET/MRI for the Diagnosis of Prostate 
Cancer 1 PET/MRI Scan for the Evaluation of Resectable Stage 

1
7 

Pron to Supine MRI Scan for the Imaging of Breast 
Cancer Tumors, P2S2 MRI study 

1
8 

Effect on Body Movement and Mental Skills in 
Patients Who Received Dadolinium-based Contrast 

Media for Magnetic Resonance Examination Multiple 
Times Within 5 Years 1

9 
Diffusion MRI for the Assessment of Response during 
Chemoradiation Treatment in Patients with Heas and 
Neck Squamous Cell Cancer That Is Metastatic to the 

2
0 

Advanced Perfusion MRI Scan for the Study of 
Treatment Response and Progression in Glioblastoma 

 

(2) Microbubbles 

Microbubbles were initially used as contrast agents 

in ultrasonography, allowing the study of enhanced 

lesions with relatively safe and rapid clearance. 

However, it may also be useful as a vascular MRI 

contrast agent without structural modifications or 

with the addition of an agent with magnetization 

sensitivity such as a hyperpolarized gas (3He or 129Xe) 

that increases detection. Adding radioactive isotopes 

is straightforward, making hybrid contrast agent 

development a straightforward procedure [22]. 
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Figure 1. Examples of microbubble contrast agent[22] 

(3) Superparamagnetic iron oxide NPs (SPIONs) 

SPIONs are a promising and multifunctional tool in 

various cancer therapies and may help to overcome 

the limitations of conventional therapies. Moreover, 

it is still necessary to develop new methods of 

treatment with expected properties, such as lower 

toxicity, long-lasting effectiveness and higher 

selectivity. Analyzing the literature data, we found 

that currently SPIONs are used in the transport of 

drugs, immunotherapy and hyperthermia. The main 

aim of this review is to present various cancer 

treatment therapies utilizing SPIONs, the importance 

of the experiments carried out by research groups and 

further perspectives in the nanotechnological use of 

SPIONs.  

 

Figure 2. Examples of SPIONs [23]  

Table 3. Superparamagnetic iron oxide agents 

available for MRI cell trafficking[24]  

 
(CLIO crosslinked iron oxide, MION monocrystal line iron oxide 
nanoparticles, MPIO micrometer-sized paramagnetic iron oxide, 
SPIO superparamagnetic iron oxide, USPIO ultrasmall 
superparamagnetic iron oxide) 

3. PET tracer combined with MRI contrast 
agent 

Iron oxides (IONPs) are favored for T2 and T2*-

weighted MRI imaging. There are several methods 

for the chemical synthesis of iron oxide nanoparticles. 

Among these methods, coprecipitation of Fe2+ and 

Fe3+ ions in a basic aqueous medium (NaOH or 

NH4OH solution) is the simplest, but generally 

polydisperse non-crystallized nanoparticles are 

obtained[25]. To avoid these disadvantages, iron oxide 

nanoparticles that are monodisperse and of uniform 

crystallinity were prepared using a thermal 

decomposition method. Then, the hydrophobic iron 

oxide nanoparticles can be coated with phospholipids, 

silica, or an amphiphilic polymer as a shell to exhibit 

excellent solubility and biocompatibility in vivo[25]. 

In the simultaneous PET/MRI units, the PET is 

placed within the MR bore. To acquire simultaneous 

PET/MRI images, a combined imaging agent must be 

metabolized simultaneously in the body[26]. Therefore, 

the MRI and PET contrast agents should be 

synthesized as one agent. Used N-(p-

maleimidophenyl) isocyanate (PMPI) to crosslink 

magnetic nanoparticles (MNPs) for MRI imaging 

with fluorodeoxyglucose (18F-FDG) for PET imaging 

as a single contrast agent for combined PET/MRI 

imaging (Figure 3). 
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Figure 3. 18F-FDG labeled MNPs[27] 

III. Hybrid PET-MRI contrast 
agents and their applications 

Currently, hybrid imaging technology that combines 

positron emission tomography (PET) and magnetic 

resonance imaging (MRI) is receiving great attention 

not only in clinical applications but also in preclinical 

fields. Several prototypes based on different types of 

PET detector technology have been developed in 

recent years, some of which have been used in first 

preclinical studies. We searched papers published 

between the 1990s and 2022 in scholar google, 

Cohrane review, PubMed, EMBASE, and NIH with 

search keywords in the order shown in Figure 4. 

Search keywords are "Medical imaging, contrast 

media, contrast agent, radioisotopes, radiotracer, 

nuclear medicine, PET, MRI, PET/MRT, PET 

radiotracers, MRI contrast media, MRI contrast agent, 

simultaneous PET/MRI, hybrid contrast media, 

hybrid contrast agent, hybrid PET/MRI contrast 

media, PET/MRI contrast agent, angiography, brain 

scan, cardiovascular angiography, molecular imaging 

agent, NMP probe". A literature search yielded 128 

abstracts, of which 23 were duplicates. We reviewed 

75 abstracts according to exclusion criteria.  

 
Figure 4. Flowchart of literature searching process 

Table 4 shows hybrid PET/MRI contrast agents for 
tumor imaging through a literature search. 

Table 4. Hybrid PET/MRI contrast agents for tumor 
imaging 

Nano 
structure 

MRI 
Component 

PET 
Component 

Chelator Biological 
Traget 

Hyaluronic 
acid+chitosan 

Gd-
DAPA 

18F-FDG No 
chelator 

Passive 
targeting 

Iron oxide + 
ligands 
(_NH -

Iron 
oxide 

11C No 
chelator 

Passive 
targeting 

Iron oxide + 
micelle  

Iron 
oxide 

64Cu DOTA Passive 
targeting Iron oxide + 

dextran  
Iron 
oxide 

64Cu DTCBP Passive 
targeting Iron oxide + 

HSA 
Iron 
oxide 

64Cu DOTA Passive 
targeting Iron oxide  

+ mannose 
Iron 
oxide 

64Cu NOTA Passive 
targeting 

Iron oxide + 
micelle  

Iron 
oxide 

64Cu NOTA Oleanolic 
acid 

Iron oxide + 
PASP 

Iron 
oxide 

64Cu DOTA RGD* 

Iron oxide + 
PEG 

Iron 
oxide 

64Cu NOTA Anti 
EGFR Iron oxide + 

PLGA 
 + lipids + 

Iron 
oxide 

64Cu DOTA Passive 
targeting 

Iron oxide +  
polyglucose  

Iron 
oxide 

89Zr Desferri- 
oxamine 

Passive 
targeting 

Iron oxide + 
silica 
 + PEG 

Iron 
oxide 

68Ga DO3A Passive 
targeting 

Liposome  Gd-
DTPA 

89Zr no chelator Octerptid 

Liposome  Gd3+ 64Cu DOTA Passive 
targeting 
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Liposome + 
nEG  Gd3+ 64Cu DOTA Passive 

targeting 
Melanine NP 
+ PEG 

Fe3+ 64Cu No 
chelator 

RGD* 

Mesoporous 
silica NP 

Gd3+ 64Cu DOTA Passive 
targeting Micelle Fe3+ 89Zr Desferrio- 

xamine 
Passive 
targeting 

MnMEIO + 
SA 

MnMEIO 124I No 
chelator 

Passive 
targeting 

 HSA: Human serum albumin, RGD: Arg-Gly-Asp, PEG: 
Polyethylene glycol, PLGA: polyactic-co-glycolic acid, nEG: n-
ethylene glycol spacers, MnMEID: Mn-doped magnetism 
engineered iron oxide, PASP: polyaspartic acid, DTCBP: 
dithiocarbamatebisphosphonate, EGFR: epidermal growth factor 
receptor, NOTA:1,4,7-triazacyclonane-1,4,7-triacetic acid, DOTA: 
1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid, DOTAG 
A: 1,4,7,10-tetraazacyclododecane-1-glutaric anhydride-4,7,10-
triacetic acid, NODAGA: 2,2’-(7-(1-carboxy-4-(2,5-dioxopyrrolid 
in-1-yl)oxy)-4-oxobutyl)-1,4,7-triazonane-1,4-diyl) diacetic acid, 
NODAGA: 2,2’-(7-(1-carboxy-4-((2.5-dioxopyrrolidin-1-yl)oxy)-
4-oxobutyl)-1,4,7-triazonane-1,4-diyl) diacetic acid, DO3A: 1,4,7-
tris(carboxymethylaza)cyclododecane-10-azzacetylamide, FDG: 
flurodeoxyglucowe 

Table 5 shows the various application fields of 

hybrid PET-MRI contrast agents. 

Table 5. Applications of Hybrid PET/MRI contrast 
agents 
Hybrid Agent MRI 

Component
s 

PET 
Component

s 

Application 

SPIO-64Cu(+/-
Cu2+)[28, 29] 

SPIO 64Cu 

Stem cell 
monitoring, 

Wilson’s 
disease 

Gd-DOTA-
4AMP-F[30] 

Gd 18F In vivo pH 
 measurements 

18F-lipid-
labled  

Microbubbles[31

] 

Microbubbles 18F 
Non-invasive 
angiography 

64Cu-labled-
magnetic-

nanoparticle[32] 
SPIO 64Cu Atheromatous 

palque imaging 

124I-SA-
MnMEIO[33] 

SPIO 124I Lymph node 
imaging 

RGD-PASP-
IO  

combined with 
64Cu[34] 

PASP-IO 64Cu 
Tumor 

neoangiogenesi
s imaging 

18F-FDG 
labeled MNPs 

[34] 

Iron oxcid 18F molecular 
imaging 

IV. Discussion 

1. Physicochemical property monitoring via 
"smart" contrast agents 

"Smart" hybrid contrast agents are triggered by 

environmental factors or enzymatic activity. The MR 

relaxivity of “smart” agents can be altered in the 

presence of enzymes, specific pH, specific metal ion 

concentration, partial oxygen pressure or specific 

temperature. Iron oxides (IONPs) are favored for T2 

and T2*-weighted MRI imaging. There are several 

methods for the chemical synthesis of iron oxide 

nanoparticles. Among these methods, coprecipitation 

of Fe2+ and Fe3+ ions in a basic aqueous medium 

(NaOH or NH4OH solution) is the simplest, but 

generally polydisperse non-crystallized nanoparticles 

are obtained[35]. To avoid these disadvantages, iron 

oxide nanoparticles that are monodisperse and of 

uniform crystallinity were prepared using a thermal 

decomposition method. Then, the hydrophobic iron 

oxide nanoparticles can be coated with phospholipids, 

silica, or an amphiphilic polymer as a shell to exhibit 

excellent solubility and biocompatibility in vivo[35]. 

In the simultaneous PET/MRI units, the PET is 

placed within the MR bore. To acquire simultaneous 

PET-MRI images, a combined imaging agent must be 

metabolized simultaneously in the body[18]. Therefore, 

the MRI and PET contrast agents should be 

synthesized as one agent. Here, we used N-(p-

maleimidophenyl) isocyanate(PMPI) to crosslink 

magnetic nanoparticles(MNPs) for MRI imaging 

with fluorodeoxyglucose(18F-FDG) for PET imaging 

as a single contrast agent for combined PET/MRI 

imaging (Figure 3) .  

2. Vascular and atheroma imaging 

2.1. Imaging of Atherosclerosis 

Noninvasive imaging of atherosclerosis could 

potentially move patient management towards 

individualized triage, treatment, and followup. The 

newly introduced combined positron emission 

tomography(PET) and magnetic resonance 
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imaging(MRI) system could emerge as a key player 

in this context. Both PET and MRI have previously 

been used for imaging plaque morphology and 

function: however, the combination of the two 

methods may offer new synergistic opportunities. It 

will give a short summary of current relevant clinical 

applications of PET and MRI in the setting of 

atherosclerosis. Additionally, our initial experiences 

with simultaneous PET/MRI for atherosclerosis 

imaging were presented. Future potential vascular 

applications exploiting the unique combination of 

PET and MRI was discussed[36]. 

2.2. Imaging of Atherosclerosis 

Fluorine 18–labeled sodium fluoride PET/MRI 

characteristics were associated with the culprit 

atherosclerotic plaques in the carotid circulation of 

study participants with acute neurovascular 

syndrome; PET/MRI was also usable in the 

assessment of carotid stenosis, high-risk plaque 

features, and plaque biologic activity. Fluorine 18–

labeled sodium fluoride PET/MRI characteristics 

were associated with the culprit carotid vessel in 

study participants with acute neurovascular 

syndrome[37]. 

3. Oncology 

Hybrid imaging, incorporating positron emission 

tomography(PET) and magnetic resonance 

imaging(MRI), has the advantages of high-resolution 

anatomical data from MRI and functional imaging 

data from PET, with the potential to improve 

diagnostic evaluation of various types of cancer.     

Clinical oncology applications of this newest hybrid 

imaging technology are evolving, and efforts are 

underway to adapt the role of PET/MRI in routine 

clinical use. Papers published to date suggest that 

PET/MRI may play an important role in evaluating 

patients with certain types of malignancies involving 

anatomical locations such as the pelvis and liver. In 

this paper, we reviewed the currently published 

PET/MRI literature for specific oncology 

applications. 

3.1. Breast cancer 

The value of FDG-PET in local breast cancer 

evaluation is still controversial. The primary utility of 

PET is believed to be in the evaluation of distant 

metastatic disease. It has been shown in PET/CT that 

PET has higher sensitivity and specificity in 

detecting distant disease as well as assessing 

response to treatment compared to conventional 

imaging[38]. Similarly, the role of MRI in breast 

cancer evaluation has also been established, 

suggesting its usefulness for lesion characterization, 

multiple disease detection, and diagnosis of 

unsuspected contralateral cancer. However, a recent 

study by Grueneisen et al[39] showed that integrated 

PET/MR provides no advantage over MRI alone for 

local staging evaluation. Additionally, it is not yet 

clear whether the aforementioned potential 

segmentation errors in bone evaluation for PET/MR 

may reduce the value of this technique compared to 

PET/CT, which has been shown to be superior to 

conventional imaging. PET/MR may eventually 

appear to be of value in breast cancer management, 

but currently its role is limited and largely 

undefined.[40] 

3.2. Lung cancer 

Lung cancer is the leading cause of cancer-related 

deaths worldwide. Additionally, lung metastases 

frequently occur with many cancer types, and 

detection and accurate characterization of pulmonary 

nodules is critical in oncologic imaging. 
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Characterization of pulmonary lesions, which are 

commonly found incidentally on imaging studies, is 

very important for appropriate patient 

management[41]. PET/CT has been shown to be 

useful in characterization of pulmonary lesions with 

an overall sensitivity and specificity approaching 90% 

for solitary pulmonary nodules >10 mm[42]. However, 

FDG-PET is limited in evaluating pulmonary nodules 

<1 cm. MRI also is limited in the detection of small 

pulmonary lesions. Thus, diagnostic CT is still 

considered the method of choice for detection of 

small pulmonary lesions. A recent study compared 

the differences in image quality, lesion detection rate, 

and radiotracer uptake of the pulmonary lesions in 

patients with different types of malignancies using 

PET/CT and PET/MRI[43]. In this study, PET/MR 

consisted of a coronal 2-point Dixon 3D VIBE T1W 

MR in shallow respiration for attenuation correction 

and a fat-suppressed CE 3D VIBE pulse sequence 

performed in deep inspiration while imaging the 

lungs. A total of 47 pulmonary lesions with various 

sizes (mean size ± SD: 10.0 ± 11.4 mm; range 2–

60 mm) were detected. All patients underwent a 

separate low-dose CT in deep inspiration; Additional 

CE diagnostic CT was performed in some patients. 

Diagnostic CT and/or low-dose CT at full inspiration 

was considered the reference standard, which 

classified 24 pulmonary lesions malignant[44],  most 

likely unspecific/benign, and 2 indeterminate. Lesion 

SUVs measured on PET/CT and PET/MR were 

significantly correlated (r = 0.9; P = 0.0001). While 

the quality of PET images was similar on PET/CT 

and PET/MR, the image quality of CT was superior 

to Dixon and VIBE MRI for nodule visualization. 

More lesions were detected on the CE VIBE than on 

the Dixon, but a greater number of indeterminate 

lesions were seen on MR images. For lesions <1 cm, 

the MR detection rate was significantly lower than 

CT (P < 0.0001), but there was a high correlation in 

the size of the pulmonary lesions detected by CT and 

MR. Thus, while an additional imaging sequence is 

essential for detection of pulmonary lesions, the 

diagnostic value of CE MRI is still inferior to CT, 

especially for detection of small pulmonary lesions. 

CT detected 66 pulmonary nodules in 85% of the 

patients, whereas water and in-phase MR images 

detected 56 and 58 pulmonary nodules, respectively, 

in 83% of the patients, and the size of the nodules 

was significantly smaller on water and in-phase 

phase MR images compared with CT (P < 0.05 and P 

< 0.01, respectively)[41]. In this study, while the 

detection rates for pulmonary nodules were lower for 

MRI, there was no statistically significant difference 

between MRI and low-dose CT on a patient-based 

analysis. Thus, PET/MRI using a dedicated 

pulmonary imaging protocol takes much longer than 

PET/CT and does not provide any advantage in 

thoracic staging in NSCLC patients in comparison 

with PET/CT. However, the performance of whole-

body PET/MR in detection of M stage may prove to 

be different and, at the minimum, it may increase the 

confidence of CT-negative/PET-positive findings 

such as lesions in the bone marrow. In addition, MRI 

may be able to more reliably stage organs such as the 

brain, adrenal glands, and the liver in these 

patients[45]. 

3.3. Gastrointestinal malignancies 
As the liver is a common site for metastatic disease 

in many primary tumors, an area of interest and 

potential benefit of PET/MR compared to PET/CT is 

to evaluate liver lesions. In the only study comparing 

PET/MR combined with contrast-enhanced CT 

(PET/CECT), PET/MRI with T1-W/T2-W sequences 

had comparable diagnostic accuracy to PET/CECT 

for the detection of liver metastases[46]. The authors 

concluded that the non-contrast PET/MR protocol 

was more sensitive but less specific for liver lesion 
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evaluation than PET/CECT. Dynamic contrast 

enhanced MRI(CEMRI) sequences have been 

recommended to significantly improve the 

characterization of liver lesions[47]. There are several 

studies comparing liver MRI and contrast enhanced 

CT(CECT) to detect metastases, and many studies 

show improved sensitivity and specificity of CEMRI 

compared to CECT[48]. Integrating MR with 

hepatobiliary contrast agents (e.g., gadoxetate 

disodium) and DWI can provide optimal sensitivity 

and specificity for detection and characterization of 

metastatic liver lesions. For colorectal cancer, 

optimal diagnostic accuracy is essential given the 

current treatment paradigm of resection of liver 

metastases in selected patients with one to multiple 

liver metastases. PET/CT has been shown to be 

useful in detecting extrahepatic disease for early 

staging[49]. Due to variable uptake of FDG in some 

colorectal liver lesions, low spatial resolution for 

small lesions, and reduced uptake of FDG in lesions 

after treatment, PET/CT may be limited in assessing 

liver disease burden for surgical staging purposes[50]. 

The use of PET to rule out extrahepatic involvement 

combined with MRI for liver evaluation may provide 

the most accurate imaging option that provides both 

accurate liver evaluation and sensitive detection of 

extrahepatic disease. No studies have evaluated the 

diagnostic accuracy of PET/MR or compared it with 

other imaging modalities for detecting and 

diagnosing liver lesions in colorectal cancer staging. 

A potential area of synergy between PET and MRI is 

in early staging and assessment of response to 

neoadjuvant therapy, with the goal of predicting 

complete pathological response in some patients with 

rectal cancer[51]. MRI evaluation of tumor regression 

can help predict survival, and a decrease in tumor 

SUV after chemoradiation is associated with an 

increased likelihood of complete pathological 

response[52]. Although neither modality has been 

demonstrated to reliably predict pathological 

response as a stand-alone, combining information 

from both modalities may help identify patients with 

a complete response. 

3.4. Prostate cancer 
Hybrid PET/MR of the prostate has the advantage of 

combining high-resolution MR images, functional 

studies, and metabolic/molecular PET imaging[53].    

There is moderate agreement between diffusion 

limitation on DWI and uptake of [18F]fluorocholine 

in prostate cancer[54] and [18F]fluorocholine-PET/CT 

and PET/CT in prostate cancer[55]. There is a 

significant correlation between MR and SUV. A 

recent study in men with recurrent prostate cancer 

showed better detection of prostate bed recurrence 

with MRI and better detection of pelvic lymph node 

metastases with [11C]choline-PET[56]. These results 

suggest that PET and MRI are complementary in 

assessing the extent of pelvic disease. Compared to 

PET/CT, PET/MR is most likely to improve T 

stages.The use of [11C]choline-PET/MR rather than 

[11C]choline-PET/CT[57] seems to improve the 

anatomical assignment of lesions, especially in the 

bone and prostate or surgical bed. Other novel PET 

tracers, such as 68Ga-labeled prostate-specific 

membrane antigen(PSMA) using PET/MR, have 

been shown to be promising for evaluating prostate 

cancer[58]. 

3.5. Hematologic malignancies 

Imaging is important in initial staging, therapy 

response evaluation, and follow-up in lymphoma. 

Several studies have evaluated MRI and PET in 

multiple myeloma for assessment of disease activity. 
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In a small study of patients with biopsy-proven 

myeloma, whole-body MRI with diffusion slightly 

outperformed PET/CT, displaying higher sensitivity 

(69% vs. 59%) and specificity (83% vs. 75%). In 

another study of patients undergoing PET and spine 

MRI, MRI again performed slightly better than 

PET[59]. This slight superiority of MRI compared to 

PET held true in another longitudinal study of 

patients evaluated after treatment[60]. There are no 

studies to date that have compared simultaneous 

PET/MRI to PET/CT or whole-body MRI alone in 

myeloma patients. 

4. Prospects 

In the future, translational stem cell research will 

benefit from innovative applications of PET/MR. 

Experiments demonstrating the differentiation of 

stem cells to dopaminergic neurons and their 

function might be replicated in humans by 11C-2β-

carbomethoxy-3β-(4-fluoro) tropane PET and 

perfusion-weighted MRI[61]; 

1. Accumulation of implanted iron-labeled stem cells 

in border zones of brain tumors[62] and migration of 

such stem cells to ischemic lesions can be 

demonstrated[63], 

2. and experiments to even detect the mobilization of 

endogenous neural stem cells and their migration to 

and proliferation around ischemic lesions (3′-deoxy-

3′-fluorothymidine PET and MRI of iron oxide–

labeled cells) might be established [64].. 

The viability of stem cells can be documented by 

MRI combined to PET imaging of reporter genes [65]. 

Another interesting field is angiogenesis, which can 

be investigated by PET of 18F-galacto-RGD and 

dynamic contrast-enhanced MRI, and might be a new 

target for selective tumor therapy[65]. 

V. Conclusion 

The development of PET/MR simultaneous and 

sequential scanners represents major technological 

achievements in hybrid imaging. Thus, many hybrid 

contrast agents are developing in oncology and 

cardiovascular imaging. The clinical role of 

combined PET/MR in oncology applications is 

evolving with the potential to improve diagnostic 

accuracy for specific applications. Although current 

data are limited, there are certain indications that are 

particularly promising for PET/MRI. Pelvic 

malignancies including cervical cancer, rectal cancer, 

and prostate cancer may benefit from the increased 

soft-tissue contrast provided by MRI compared to CT. 

Liver evaluation with state-of-the-art MRI combined 

with FDG-PET for staging of metastatic disease, 

especially in select patients with colorectal cancer 

and neuroendocrine tumors, may be of benefit. 

PET/MRI may yield similar results with less 

radiation than PET/CT in younger patients with 

potentially curable malignancies such as lymphoma 

who will undergo multiple PET studies over their 

course of treatment. While PET/MRI is the most 

recent clinical hybrid imaging modality to be 

developed, it is not currently widely available and 

may not outperform PET/CT in some instances, such 

as pulmonary nodule evaluation and detection of 

small pulmonary metastases. Widespread adoption of 

PET/MRI into routine clinical practice will require 

the identification of specific indications that benefit 

sufficiently from PET/MRI to justify the added cost 

and complexity of both equipment acquisition and 

imaging interpretation. 

Competing interests 

The authors declare that there are no competing 

interests. 

[Reference] 

[1] Martin Gotthardt, Chantal P. Bleeker-Rovers, et 
al., “Imaging of Inflammation by PET, 



55                                                                      SJMI(2022) 01; 43-58 

 

 

Conventional Scintigraphy, and Other Imaging 
Techniques”, J. Nuclear Medicine, (2010) Vol. 51, 
PP. 1937-1949. 
https://doi.org/10.2967/jmumed.110.076232 

[2] Blake, Pamela, Johnson, Britta, VanMeter, John 
W., “Positron Emission Tomography (PET) and 
Single Photon Emission Computed Tomography 
(SPECT): Clinical Applications”, Journal of Neuro-
Ophthalmology, (2003), Vol. 23, PP. 34-41 
https://doi.org/10.1097/00041327-200303000-00009. 

[3] Bing Huang, Feng Yang, Mengxiao Yin, 
Xiaoying Mo, et al.,”A Review of Multimodal 
Medical Image Fusion Techniques”, Computational 
and Mathematical Methods in Medicine, (2020) Vol. 
2020, Article ID 8279342, 16 page.  
https://doi.org/10.1155/2020/8279342 

[4] Keda Ma, Kai Zeng, Zhou Wang, “Perceptual 
Quality Assessment for Multi-Exposure Image 
Fusion”, IEEE Transactions on Image Processing, 
(2015) Vol. 24, Issue 11, PP. 3345 – 3356 
https://doi.org/10.1109/TIP.2015.2442920 

[5]Yaxuan Lu, Weijum Li, Xin Ning, et al., “Blind 
image quality assessment based on the multiscale 
and dual-domains features fusion”, Concurrency and 
Computation Practice and Experience, (2021) 
https://doi.org/10.1002/cpe.6177 

[6] Bernd J. Pichler, Martin S. Judenhofer, Hans F. 
Wehrl, “PET/MRI hybrid imaging: devices and 
initial results”,  European Radiology  (2008) Vol. 
18, PP. 1077-1086. 
https://doi.org/10.1007/s00330-008-0857-5 

[7] Megan A. Hahn, Amit K. Singh, Parvesh Sharma, 
et al., “Nanoparticles as contrast agents for in-vivo 
bioimaging: current status and future perspectives”, 
Analytical and Bioanalytical Chemistry, (2011) Vol. 
399, PP. 3-27.  
https://doi.org/10.1007/s00216-010-4207-5 

[8] Jeff W. M. Bulte, Dara L. Kraitchman, “Iron 
oxide MR contrast agents for molecular and 
cellular imaging”, NMR Biomed. (2004)  Vol. 17m 
PP.484–49. 
https://doi.org/10.1002/nbm.924 

[9] Ciprian Catana, Yibao Wu, Martin S. Judenhofer, 
et al., “Simultaneous Acquisition of Multislice PET and 
MR Images: Initial Results with a MR-Compatible PET 
Scanner”, Journal of Nuclear Medicine (2006) 
Vol. 47, PP. 1968-1976. 
https://jnm.snmjournals.org/content/47/12/1968 

[10] GilJae Lee, Hwunjae Lee, Gyehwan Jin, 
“Analysis of Fitting Degree of MRI and PET 

Images in Simultaneous MR-PET Images by 
Machine Learning Neural Networks”, J. Med. 
Imaging(ScholarGen), Vol.3, PP. 43-61.  
https://doi.org/10.31916/sjmi2020-01-05 

[11] Y. Shao, S. R. Cherry, K. Farahani, and K. 
Meadors, “ Simultaneous PET and MR 
imaging” Phys. Med. Biol (1977) Vol. 42, PP. 1965–
 1970 .https://doi.org/10.1088/0031-9155/42/10/010 

[12] R. R. Raylman, S. Majewski, S. K. Lemieux, et 
al., “ Simultaneous MRI and PET imaging of a rat 
brain” Phys. Med. Biol. (2006) Vol. 51, PP. 6371–
 6379. https://doi.org/10.1088/0031-9155/51/24/006 

[13] Zhiliang Cheng, Ajlan Alzaki, James Z. Hui, 
Vladimir R. Muzykantov, et al., “Multifunctional 
Nanoparticles: Cost Versus Benefit of Adding 
Targeting and Imaging Capabilities”, Science (2012) 
Vol. 338, Issue 6109, PP. 903~910. 
https://doi.org/10.1126/science.12263 

[14] Emanuela Fabiola Craparo, Maria Luisa Bondi, 
et al., “Nanoparticulate Systems for Drug Delivery 
and Targeting to the Central Nervous System”, CNS 
Neuroscience & Therapeutics (2011) Vol. 17, Issue 6, 
pp. 670~677. 
https://doi.org/10.1111/j.1755-5949.2010.00199.x 

[15] Li Chen, Weiqi Hong , Wenyan Ren, Ting Xu, 
Zhiyong Qian, et al., “Recent progress in targeted 
delivery vectors based on biomimetic nanoparticles”, 
Signal Transduction and Targeted Therapy (2021) 
Vol. 6, pp. 1~25. 
https://doi.org/10.1038/s41392-021-00631-2 

[16] Lidia Cuncha, Iidiko Horvath, Sara Ferreira, 
Joana Lemos, et al., “Preclinical Imaging: an 
Essential Ally in Modern Biosciences“, Molecular 
Diagnosis & Therapy (2014) Vol. 18,  pp. 153~173. 
https://doi.org/10.1007/s40291-013-0062-3 

[17] Mitchell DG, “Liver I: Currently available 
gadolinium chelates”, Magn Reson Imaging Clin N 
Am.(1996) Vol. 4, PP. 37–51. 1996.PubMed/NCBI 

[18] Wood ML and Hardy PA, “Proton relaxation 
enhancement”, J Magn Reson Imaging. (1993) Vol. 
3, PP. 149–156.  
https://doi.org/10.1002/jmri.1880030127 

[19] Gandhi SN, Brown MA, Wong JG, Aguirre DA 
and Sirlin CB, “MR contrast agents for liver 
imaging: what, when, how”, Radiographics (2006) 
Vol. 26, PP0. 1621–1636. 
https://doi.org/10.1148/rg.266065014 

[20] Shokrollahi H, “Contrast agents for MRI”, 
Mater Sci Eng C. (2013) Vol. 33, PP. 4485–4497.  



SJMI(2022) 01; 43-58                                                                  56 

 

https://doi.org/10.1016/j.msec.2013.07.012 

 [21] Yurt A and Kazanci N, “Investigation of 
magnetic properties of various complexes prepared 
as contrast agents for MRI”. J Mol Struct. (2008) 
Vol. 892, PP. 392–397. 
https://doi.org/10.1016/j.molstruc.2008.06.024 

[22] Kogan P, Gessner RC, Dayton PA. 
“Microbubbles in Imaging: Applications Beyond 
Ultrasound”, Bubble Sci Eng Technol 2010; 2: 3–8. 
https://doi.org/10.1179/175889610X1273056614910
0. 

[23] Zahra Bakhtiary, Amir Ata Saei, Mohammad 
J.Hajipour, et al., “Targeted superparamagnetic iron 
oxid nanoparticles for early detection of cancer: 
Possibilities and challenges”, Nanomedicine: 
Nanotechnology, Biology and Medicine,  (2016) 
Vol. 12, Issue 2, PP. 287-307. 
https://doi.org/10.1016/j.nano.2015.10.019 

[24] Yuxiang Ye, “Cell therapy in myocardial 
infraction: Emphasis on the role of MRI”, Eur 
Radiol (2008) 18: 548-569. 
 https://doi.org/10.1007/s00330-007-0777-9 

[25] Magdalena S., Seulki Lee, Xiaoyuan Chen, 
“Inorganic Nanoparticles for Multimodal 
Molecular Imaging“, Molecular Imaging, (2011) Vol. 
10, No. 1, PP. 3~16. 
https://doi.org/10.2310/7290.2011.0 

[26] Patrick, John Christian, "Developments in PET-
MRI for Radiotherapy Planning Applications" 
(2017). Electronic Thesis and Dissertation Repository. 
4535. https://ir.lib.uwo.ca/etd/4535 

[27] Gil-Jae Lee, Hwun-Jae Lee, Tae-Soo Lee, 
“Evaluation of Combined Contrast Agent using N-
(p-maleimidophenyl) Isocyanate Linker-mediated 
Synthesis for Simultaneous PET-MRI”, J. Korean 
Soc. Radiol., (2022) Vol. 16, No. 2, PP. 102-113. 
https://doi.org/10.7742/jksr.2020.16.2.103 

[28] Patel D, Kell A, Simard B, Deng J, et at., 
“Cu2+-labeled,SPION loaded porous silica 
nanoparticles for cell labeling and multifunctional 
imaging  probes” .Biomaterials, (2010) Vol. 31, PP. 
2866–2873. 
https://doi.org/10.1016/j.biomaterials.2009.12.025. 
 
[29] Patel D, Kell A, Simard B, et al., “The cell 
labeling efficacy, cytotoxicity and relaxivity of 
copperactivated MRI/PETimaging contrast agents”, 
Biomaterials, (2011), Vol. 32, :1167–1176. 
https://doi.org/10.1016/j.biomaterials.2010.10.013 

[30] Frullano L, Catana C, Benner T, Sherry AD, 
Caravan P., “Bimodal MR-PET agent for 
quantitative pH imaging”, Angew Chem Int Ed Engl, 

(2010) Vol. 49, PP. 2382–2384. 
https://doi.org/10.1002/anie.201000075 

[31] Tartis MS, Kruse DE, Zheng H, et al., “Dynamic 
microPET imaging of ultrasound contrast agents 
and lipid delivery”, J Control Release (2008) Vol. 
131, PP. 160–166. 
https://doi.org/10.1016/j.jconrel.2008.07.030 

[32] Jarrett BR, Gustafsson B, Kukis DL, Louie AY. , 
“Synthesis of 64Cu-labeled magnetic nanoparticles 
for multimodal imaging”, Bioconjug Chem (2008) 
Vol. 19, PP. 1496–1504. 
https://doi.org/10.1021/bc800108v. 

[33] Choi J, Park JC, Nah H, et al., “A hybrid 
nanoparticle probe for dual-modality positron 
emission tomography and magnetic resonance 
imaging”, Angew Chem Int Ed Engl (2008) Vol. 47, 
PP, 6259–6262. 
http://doi.org/10.1002/anie.200801369. 

[34] Sang-Bock Lee, Hwunjae Lee, V. R. singh, 
“Determining the Degree of Malignancy on Digital 
Mammograms by Artificial Intelligence Deep 
Learning”, J. Med Imaging(ScholarGen) (2020) Vol. 
3, PP. 17-32. 
https://doi.org/10.31916/sjmi2020-01-03 

[35] Hung-Vu Tran, Nhat M. Ngo, Riddhiman Medhi, 
et al., “Multifunctional Iron Oxide Magnetic 
Nanoparticles for Biomedical Applications: A 
Review”, Materials (2022) Vol. 15, Issues 2, 503. 
https://doi.org/10.3390/ma15020503 

[36] Rasmus Sejersten Ripa, Andreas Kjaer, 
“Imaging Atherosclerosis with Hybrid Positron 
Emission Tomography/Magnetic Resonance 
Imaging”, BioMed Research International (2015) PP. 
1-8. https://doi.org/10.1155/2015/914516 

[37] Jakub Kaczynski, Stephanie Sellers, Michael A. 
Seidman, et al., “18F-NaF PET/MRI for Detection 
of Carotid Atheroma in Acute Neurovascular 
Syndrom”, Radiology, (2022) Vol. 305, No. 1, PP. 
137-148. https://doi.org/10.1148/radiol.212283 

[38] Dehdashti F, Siegel BA., “Evaluation of breast 
and gynecologic cancers by positron emission 
tomography”. Semin Roentgenol (2002) Vol. 37, 
PP. 151– 168. 
https://doi.org/10.1016/S0037-198X(02)80034-7 

[39] Grueneisen J, Nagarajah J, Buchbender C, et 
al., “Positron emission tomography/magnetic 
resonance imaging for local tumor staging in 
patients with primary breast cancer: a comparison 
with positron emission tomography/computed 
tomography and magnetic resonance 
imaging”. Invest Radiol (2015) Vol. 50, PP. 505– 513. 
https://doi.org/10.1097/rli.0000000000000197 



57                                                                      SJMI(2022) 01; 43-58 

 

 

[40] Moy L, Noz ME, Maguire GQ Jr, et al., “ Role 
of fusion of prone FDG-PET and magnetic 
resonance imaging of the breasts in the evaluation 
of breast cancer”, Breast J (2010) Vol. 16, PP. 369–
 376. 
https://doi.org/10.1111/j.1542-4741.2010.00927.x 

[41] Stolzmann P, Veit-Haibach P, Chuck N, et al., 
“Detection rate, location, and size of pulmonary 
nodules in trimodality PET/CT-MR comparison of 
low-dose CT and Dixon-based MR imaging”, Invest 
Radiol (2013) Vol. 48, PP. 241– 246. 
https://doi.org/10.1097/RLI.0b013e31826f2de9 

[42]  Truong MT, Ko JP, Rossi SE, et al., “Update in 
the evaluation of the solitary pulmonary 
nodule”. Radiographics (2014) Vol. 34, PP. 1658–
 1679. 
https://doi.org/10.1148/rg.346130092 

[43] Rauscher I, Eiber M, Furst S, et al., “PET/MR 
imaging in the detection and characterization of 
pulmonary lesions: technical and diagnostic 
evaluation in comparison to PET/CT”, J Nucl 
Med (2014) Vol. 55, PP. 724– 729. 

[44] Koolen BB, Vrancken Peeters MJ, Aukema TS, 
et al., “18F-FDG PET/CT as a staging procedure in 
primary stage II and III breast cancer: comparison 
with conventional imaging techniques”, Breast 
Cancer Res Treat ( 2012) Vol. 131, PP. 117– 126. 
https://doi.org/10.1007/s10549-011-1767-9 

[45] Rauscher I, Eiber M, Furst S, et al., “PET/MR 
imaging in the detection and characterization of 
pulmonary lesions: technical and diagnostic 
evaluation in comparison to PET/CT”,  J Nucl 
Med (2014) Vol. 55, PP. 724– 729. 
https://doi.org/10.2967/jnumed.113.129247 

[46] Reiner CS, Stolzmann P, Husmann L, et al., 
“Protocol requirements and diagnostic value of 
PET/MR imaging for liver metastasis 
detection”. Eur J Nucl Med Mol Imaging (2014) 
Vol. 41, PP. 649– 658. 
https://doi.org/10.1007/s00259-013-2654-x 

[47]  Jadvar H., “Hepatocellular carcinoma and 
gastroenteropancreatic neuroendocrine tumors: 
potential role of other positron emission 
tomography radiotracers”, Semin Nucl Med (2012) 
Vol. 42, PP. 247– 254. 
https://doi.org/10.1053/j.semnuclmed.2012.02.001 

[48]  van Kessel CS, van Leeuwen MS, van den 
Bosch MA, et al., “Accuracy of multislice liver CT 
and MRI for preoperative assessment of colorectal 
liver metastases after neoadjuvant chemothe-

rapy”,  Dig Surg (2011) Vol. 28, PP. 36– 43. 
https://doi.org/10.1159/000322390 

[49] Llamas-ElviraJM, Rodriguez-Fernandez A, et al., 
“Fluorine-18 fluorodeo xy-glucose PET in the 
preoperative staging of colorectal cancer”,  Eur J 
Nucl Med Mol Imaging (2007) Vol. 34, PP. 859–
 867. https://doi.org/10.1007/s00259-006-0274-4 

[50]  Elias D, Youssef O, Sideris L, et al., 
“Evolution of missing colorectal liver metastases 
following inductive chemotherapy and 
hepatectomy”, J Surg Oncol  (2004) Vol. 86, PP. 4–
 9. https://doi.org/10.1002/jso.20039 

[51] Capirci C, Rubello D, Pasini F, et al., “The role 
of dual-time combined 18-fluorideoxyglucose 
positron emission tomography and computed 
tomography in the staging and restaging workup of 
locally advanced rectal cancer, treated with 
preoperative chemoradiation therapy and radical 
surgery”,  Int J Radiat Oncol Biol Phys  (2009) 
Vol. 74, PP. 1461– 1469. 
https://doi.org/10.1016/j.ijrobp.2008.10.064 

[52] Huh JW, Min JJ, Lee JH, Kim HR, Kim YJ., 
“The predictive role of sequential FDG-PET/CT in 
response of locally advanced rectal cancer to 
neoadjuvant chemoradiation”. Am J Clin Oncol 
Cancer Clin Trials  (2012) Vol. 35, PP. 340– 344. 
https://doi.org/10.1097/COC.0b013e3182118e7d 

[53] Wetter A, Lipponer C, Nensa F, et al., 
“Simultaneous 18F choline positron emission 
tomography/magnetic resonance imaging of the 
prostate: initial results”,  Invest Radiol  (2013) Vol. 
48, PP. 256– 262. 
https://doi.org/10.1097/RLI.0b013e318282c654 

[54] Wetter A, Lipponer C, Nensa F, et al., 
“Quantitative evaluation of bone metastases from 
prostate cancer with simultaneous [F] choline 
PET/MRI: combined SUV and ADC analysis”, Ann 
Nucl Med (2014) Vol. 28, PP. 405– 410. 
https://doi.org/10.1007/s12149-014-0825-x 

[55]  Wetter A, Lipponer C, Nensa F, et al., 
“Evaluation of the PET component of simultaneous 
[(18)F]choline PET/MRI in prostate cancer: 
comparison with [(18)F]choline PET/CT”. Eur J 
Nucl Med Mol Imaging (2014) Vol. 41, PP. 79– 88. 
https://doi.org/10.1007/s00259-013-2560-2 

[56]  Kitajima K, Murphy RC, Nathan MA, et al., 
“Detection of recurrent prostate cancer after radical 
prostatectomy: comparison of C-11-choline PET/CT 
with pelvic multiparametric MR imaging with 
endorectal coil”, J Nucl Med (2014) Vol. 55, 



SJMI(2022) 01; 43-58                                                                  58 

 

PP. 223– 232. 
https://doi.org/10.2967/jnumed.113.123018 

[57] Souvatzoglou M, Eiber M, Takei T, et al., 
“Comparison of integrated whole-body 
[11C]choline PET/MR with PET/CT in patients 
with prostate cancer”, Eur J Nucl Med Mol Imaging 
(2013) Vol. 40, PP. 1486– 1499. 
https://doi.org/10.1007/s00259-013-2467-y 

[58] Afshar-Oromieh A, Haberkorn U, Schlemmer 
HP, et al., “Comparison of PET/CT and PET/MRI 
hybrid systems using a 68Ga-labelled PSMA ligand 
for the diagnosis of recurrent prostate cancer: 
initial experience”, Eur J Nucl Med Mol 
Imaging (2014) Vol. 41, PP. 887– 897. 
https://doi.org/10.1007/s00259-013-2660-z 

[59]  Hur J, Yoon CS, Ryu YH, et al., “Comparative 
study of fluorodeoxyglucose positron emission 
tomography and magnetic resonance imaging for 
the detection of spinal bone marrow infiltration in 
untreated patients with multiple myeloma”,  Acta 
Radiol (2008) Vol. 49, PP. 427– 435. 
https://doi.org/10.1080/02841850801898625 

[60] Cascini GL, Falcone C, Console D, et al., 
“Whole-body MRI and PET/CT in multiple 
myeloma patients during staging and after 
treatment: personal experience in a longitudinal 
study”. Radiol Med (2013) Vol. 118, PP. 930– 948. 
https://doi.org/10.1007/s11547-013-0946-7 

[61] Bjorklund LM, Sanchez-Pernaute R, Chung S, et 
al., “Embryonic stem cells develop into functional 
dopaminergic neurons after transplantation in a 
Parkinson rat model”, Proc Natl Acad Sci 
USA.(2002) Vol. 99, PP2344–2349. 

https://doi.org/10/1073/pnas.022438099 

[62] Aboody KS, Brown A, Rainov NG, et al., 
“Neural stem cells display extensive tropism for 
pathology in adult brain: evidence from 
intracranial gliomas”, Proc Natl Acad Sci 
USA. (2000) Vol. 97, PP. 12846–12851. 
https://doi.org/10.1073/pnas.97.23.12846 

[63] Hoehn M, Kustermann E, Blunk J, et al., 
“Monitoring of implanted stem cell migration in 
vivo: a highly resolved in vivo magnetic resonance 
imaging investigation of experimental stroke in 
rat”, Proc Natl Acad Sci USA. (2002) Vol. 99, 
PP.16267–16272 
https://doi.org/10.1073/pnas.242435499 

[64] Rueger MA, Schroeter M., “In vivo imaging of 
endogenous neural stem cells in the adult 
brain”, World J Stem Cells. (2015) Vol. 7, PP, 75–83. 
https://10.4252/wjsc.v7.i1.75 

[65]Chao F, Shen Y, Zhang H, Tian M. “Multimodali 
ty molecular imaging of stem cells therapy for 
stroke”, Biomed Res Int. (2013) Vol. 2013, PP. 
849819. 
https://doi.org/10.1155/2013/849819 


