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7.1 THE NECESSITY OF DUAL MODALITY IMAGING

The desired goal in clinical diagnosis is the early detection of a disease at the
vascular, cellular, or genomic level rather than at the systematic or symptom-
atic level, in order to positively influence the course of the disease. Nonin-
vasive functional and morphological imaging increases the chances of
accomplishing this aim [1].

The enormous development of image fusion techniques (mixing two or
sometimes three different images from different devices such as computed
tomography (CT), magnetic resonance imaging (MRI), single-photon emis-
sion computed tomography (SPECT), positron emission tomography (PET),
ultrasound (US), and optical imaging (OI)) over the past 20 years has shown
that the fusion of images from complementary modalities offers a more
complete and accurate assessment of disease than do images from a single
modality [2]. Image registration and image fusion techniques have been suc-
cessful in fusing images of the brain from different modalities, but they have
achieved rather limited success for other parts of the body. The combination
of CT and PET was introduced commercially in 2001, followed by CT and
SPECT in 2004, and simultaneously PET/MRI [2,3]. However, the idea of
combining PET and MRI imaging devices in a single system was first re-
commended in the early mid-1990s by Hammer and Hammer et al. [4,5].
As we will discuss briefly in the following sections of this chapter, each imag-
ing modalities have their own merits and limitations and disadvantages, and in
order to overcome these limitations, a combination of two or three modalities
may provide better results with less limitations. Using dual modalities not only
is because of overcoming the limitation of each modality but also could be the
best way to manipulate the whole capabilities of the contrast agents and to
defeat their physical restrictions.

In each imaging modality and in order to have a better contrast, we have
to use specific agents. In the United States, we can use microbubbles [6] or in
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CT, we used bromide and iodine complexes or tantalum, tungsten, and bis-
muth enteric [7,8], whereas in SPECT and PET, we need gamma emitter
radioisotopes (' ''In, ©’Ga, and *™Tc) [9-11] and positron emitter radioiso-
topes such as ®' Cu, ®*Cu, ®®*Ga, and '®F [12-15]. In targeted imaging nuclear
medicine, there is always a possibility that the biomarker detached from the
radioisotope and what we see is the radioisotope alone and not the radio-
labeled biomarker; therefore, it is necessary to have or to compare the images
(or the biodistribution pattern) of patients or rodents after injection of free
radioisotopes [12,16]. On the other hand, we may have the same problem in
MR molecular imaging; as you know, we have two types of contrast agents
in MRUI: one is paramagnetic agents such as Gd*" (gadolinium (III) chelates)
compounds or Mn”" that are known as positive contrast agents and increase
the signal intensity [17,18]. As shown in Fig. 7.1, the signal intensity in the
uptake area is increased when we used positive contrast agents.

This brightness in the images can be also because of the fat or the bone (it
depends on the image parameters in MRI such as echo time and repetition
time that are known as TE and TR, respectively) as shown in Fig. 7.1.
Therefore, in MR, we always should compare or sometimes subtracts pre-
injection images from postinjection images as it happens in MRI angiogra-
phy. We have the same challenge for negative contrast agents such as iron

2.5, 1.8, 15, 0.1 (mM)

Fig. 7.1 Upper image: MR-T, images of a glioblastoma patient before and after Gd
injection. Notice the contrast enhancement due to the large magnetic moment of
Gd (available in http://home.physics.wisc.edu/gilbert/radio.htm). Down: different
concentrations of Magnevist as common MRI contrast agents.
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Fig. 7.2 Different images of superparamagnetic iron oxide nanoparticles (SPION) after
injection intravenously. As clearly indicated, the SPIONS and air can simply
misunderstand in T,-weighted images.

oxide nanoparticles that produce dark spots in the MR images as demon-
strated in Fig. 7.2.

Therefore, using dual-modality contrast agents not only integrates the
benefit of both modalities but also can verify what we see in the both probes
together and not the specific agents that were detached from the biomarker
(free radioisotopes or free iron oxide).

7.2 MOLECULAR IMAGING

Currently, most of the clinicians are trying to reach a successful targeted and
personalized treatment, believing that molecular imaging plays a very crucial
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role in achieving this aim. The biological targets, understanding its complex-
ities for diagnosis, and treatment of the disease are visualized using it [19-21].
As the Society of Nuclear Medicine has described, molecular imaging can
lead to the visualization, characterization, and measurement of biological
processes at the molecular and cellular levels in humans and other living sys-
tems; therefore, imaging of biological targets results in early detection of var-
1ous diseases effectively [22]. Each of the mentioned modalities (CT, MRI,
SPECT, PET, US, and optical imaging (OI)) has its own pros and cons.
Fig. 7.3 shows briefly a comparison between SPECT or PET and MRI.

In order to obtain all the required information about the biological pro-
cesses and function of an organ, we need to combine two or more modalities
for using the advantages of them and weakening the disadvantages. This
approach causes a better reliability of the images [19]. Table 7.1 describes
the different types of devices used in molecular imaging and expresses their
advantages and disadvantages. Also, it mentions briefly some current probes
utilized in that imaging device.

7.3 MULTIMODALITY IMAGING

Concerning the advantages and disadvantages of imaging modalities for the
combination of anatomical, functional, and molecular information,

High Senswt\vity

Fig.7.3 On the left, a picture of PET/MRI and the positive and negative points of PET and
SPECT devices and, on the right, MR image and its positive and negative points.



Table 7.1 Molecular imaging system and their advantages and disadvantages

Device Probes Advantage Disadvantages Ref.
Computed High atomic number Best clinical spatial resolution Poor sensitivity (requires [8,23-25]
tomography elements such as (0.5-1 mm), no limitation in large mass of imaging
(CT) bromide and iodine depth, good temporal agents), ionizing
complex, iodinated resolution, clinical utility, radiation, limited soft
nanoparticles, gold widely available, relatively cost- tissue resolution, limited
nanoparticles, alkaline effective, highly efficient molecular imaging
earth-based applications
nanoparticles
Ultrasound systems | Microbubbles Low cost, portable, safe (the lack of | Low numbers of retained [23,26,27]

ionizing radiation), high frame
rate (widely available real-time
imaging modality (200 {/s)), and
has a better depth of penetration
than optical imaging, the spatial
resolution about 0.01-0.1 mm
for superficial (few mm depth)
applications and 1-2 mm for
deeper (few cm depth)
applications, flow information,
good temporal resolution,
quantitative data, real-time
practice, noninvasiveness,
relatively inexpensive cost

contrast agents, high
background from freely
circulating
agents(waiting period),
limited field of view, the
lack of quantitative
ability, possible immune
responses, low
sensitivity (at least 10
bubbles needed)

Continued
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Table 7.1 Molecular imaging system and their advantages and disadvantages—cont'd

Device

Probes

Advantage

Disadvantages

Optical imaging
and optical
bioluminescence

MRI

SPECT

PET

Fluorophore,
fluorescent protein,
luciferin, quantum
dot, etc.

Gadolinium complexes,
Dotarem, Gadovist,
iron oxide
nanoparticles
(USPIO, SPION),
manganese
complexes, cobalt
nanoparticles,

Most of the
radionuclides that
emitted gamma rays

99 67 . 111
("™Tc, *'Ga, 'In,
123

D)

Radionuclides that
emitted positrons
(68Ga, 76BI‘, ()4mTC,
e, BN, 1O, B,
64Cy)

Safe (nonionizing), high
sensitivity, low cost, portable,
vascular and intravascular
signals, high temporal sensitivity

No limitation in depth, high spatial
resolution, safe, good soft tissue
contrast, provides both
anatomical and functional
information

No limitation in depth, high
sensitivity and quantifiability,
potential to detect multiple
probes simultaneously in
contrast to PET (cocktail
therapy or using two or more
radionuclides simultaneously)

No limitation in depth, high
sensitivity and quantifiability
(10~'2 M), metabolic imaging,
better spatial resolution than
SPECT (5-7 mm)

Low depth resolution
<1 cm, poor spatial
resolution, surface-
weighted imaging,
autofluorescence,
tomography challenges

Low sensitivity(107> M),
relatively long
acquisition time, no
direct quantitative data,
requires expensive
equipment

Low spatial resolution
(8=10 mm clinical),
lower sensitivity than
pet (107" M), the lack
of anatomical
parameters

The lack of anatomical
parameters, requires
specialized equipment,
requires radionucleotide
facilities, requires
expensive equipment

[23,29,30]

[23,29,30]
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PET/CT

PET/MRI

Au nanoparticles labeled
with positron emitters

Magnetic nanoparticles
labeled with positron
emitters

Better attenuation correction,
time of flight, relatively cheaper
than PET/MRI and variable,
relatively faster techniques than
PET/MRUI, advantages to
detect corticallesions, lung
lesions and lymph nodes (PET/
CT superior to PET/MRI)

Higher soft tissue contrast,
reduced radiation exposure,
advanced MRI techniques such
as perfusion imaging, diffusion
imaging, and MR spectroscopy.
It is superior than PET/CT for
the patients who need multiple
follow-up examinations because
of lower radiation dose (75%
reduction in dose); PET/MRI
showed superior lesion
detectability compared with
PET/CT

Higher absorbed dose
compare with PET/
MRUI, lower soft tissue
contrasts, reduced
sensitivity of detection
of metastases in organs
with high glucose
uptake such as the brain

Had halo artifact, needs
higher technology,
needs more time for
reconstructions and
attenuation correction
calculation, challenging
due to the presence of
magnetic field (needs
avalanche photodiode
(APD)), increased eddy
currents and heating, the
highest costs (5 million
euros)

[31-35]
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multimodality imaging was suggested. In this method, images from different
modalities taken at the same point are combined for using of the strengths of
different modalities and yield a hybrid imaging platform with characteristics
superior to those of any of its constituents considered alone. In fact, utiliza-
tion of the high-resolution information coming from an anatomical or
functional image in order to improve the imaging performance of the
low-resolution modality is the most important feature. Moreover, the com-
bination of anatomical and functional data by multimodal techniques,
enhancement of contrast in molecular imaging, and therefore increasing
of diagnostic capabilities is another benefit [39].

In the first time, the images of different modalities have been acquired
separately and then merged. But because of the different positions of the
patient in the two modalities and also inaccurate coregistration due to move-
ment, the simultaneous acquisition of images was suggested. Therefore
nowadays, the images get together and then fused. For PET/MRI, there
are three different ways to get the images.

In the clinic, the physicians may benefit from not only anatomical
images but also physiological (functional) data from single images. Besides
that, since some contrast agents (CAs) in MRI are negative contrast by
using dual modalities, the physicians may assure about the existence of
the probe.

Furthermore, using and development of dual-modality contrast agents in
some cases such as manipulation of nanoagents will increase the tumor
uptakes and tumor retention due to the faiths of nanoagents.

7.4 PET/MRI

The combining of PET and MRI was presented as an idea even before PET/
CT [40]. Because the primary PET/MRI systems consisted of PET and
MRI elements individually that connected by a table, there were some lim-
itations such as misregistration due to temporal separation of their data
acquisition and the need of a large room for placing them [41]. For removing
these problems, the fully integrated PET/MRI was designed. The main goal
of development of this dual-modality imaging system was benefiting of the
high anatomical spatial resolution and good soft tissue contrast of MRI and
the unparalleled sensitivity and noninvasive functional molecular imaging of
PET [22,42,43]. The other advantage of this hybridization was shorter scan
time [41,44].
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7.5 ADVANTAGES

An integrated PET/MRI may have some benefits over PET/CT imaging
from a scientific and clinical approach:

(1)

()

3)

Real-time image acquisition enables temporal coregistration of
dynamic PET data acquisition and anatomical/functional MRI data
[45]. MRI can provide a range of functional information, for example,
perfusion (microvessel density, vessel leakage, etc.), diffusion (cell den-
sity, microstructure, etc.), and metabolism (cell death, proliferation,
etc.) [46,47].

The greater contrast of MRI soft tissue, even without the use of con-
trast agents, allows enhanced anatomical visualization of soft tissue
structures and bone marrow than CT. Therefore, it is beneficial for
a number of malignant diseases, such as brain tumors; head and neck
cancer; malignant melanoma; malignancies of the prostate, the cervix,
and potentially the breast; liver tumors; and metastatic disease of the
liver [48,49]. But for showing small lung nodules, bone, and bone
structures, CT is still more sensitive than MRI [50].

Also, MRI is capable of measuring other factors that can
characterize malignancies and their patient-specific biological prop-
erties [49]. These factors regularly evaluated today include blood
vessels generated by a tumor and perfusion properties through
dynamic contrast enhancement (DCE) imaging [51]. DCE without
the rather high radiation dose in contrast with CT-based perfusion
measurements can help to evaluate intravascular treatments. Another
MRI method called diffusion-weighted imaging (DWI) provides
information related to tumor cells and the integrity of the cellular
membrane. It has the ability to determine treatment response to che-
motherapy and radiation treatment [44,49,52,53].

There are a lot of papers about evaluating and determining the applica-
tion of PET/MRI. Some studies comparing whole-body MR with
PET/CT have shown potential advantages of MR particularly regard-
ing the early detection of brain, liver, and bone marrow metastases [45].
For T-staging of tumors, PET/MRI is very accurate in some cancers
such as head and neck cancer and primary bone and soft tissue tumors
[54]. But for N-staging, the performances of MRIand PET/CT are sim-
ilar. It should be mentioned that the use of new lymphotropic superpar-
amagnetic nanoparticles can offer new opportunities for detection of’
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nodal micrometastases that is not possible with PET/CT [55]. For
M-staging, it has been claimed that MRI may provide higher accuracy
for detection of lesions, particularly in the brain, liver, and bone [55].

Furthermore, PET/MRI offers interesting opportunities for the use
of dual-modality probes in both research and clinical fields [10].

In recent years, interest of hybrid imaging specially PET/MRUI in
cardiovascular studies is increasing. This is because of MR-based
motion correction of PET images that allows improved evaluation
of myocardial perfusion, providing viability information in plaque
imaging and MR angiography [56].

Further interesting applications of PET/MRI are the early diagnosis
of neurodegenerative disorders and dementia [57], the detection of epi-
leptic foci [58], and the monitoring of glucose metabolism and cerebral
blood flow or oxygen consumption for the investigation of focal brain
ischemia [49].

In fully integrated systems, MRI could also be used to provide a gating
signal in addition to imaging. This is however only advantageous when
MR data acquisition, MR gating data, and PET data are acquired
simultaneously and for similar amounts of time; as otherwise, MR 1is
just an expensive device to provide gating information for PET.

The main advantage of MR is a lack of ionizing radiation especially for
a patient with a nononcological disease or a potentially curable onco-
logical disease.

Combined PET/MRI may decrease the imaging time; thus by reduc-
ing appointment periods, department logistics have to be improved
[45,59].

7.6 CHALLENGES IN PET/MRI

The integration of PET and MRI has been an ongoing research topic for the

last 20 years. Vandenberghe and Marsden, in the review paper published in

2015, discussed these challenges in details exhaustively [60]. As we stated in
the beginning of this chapter, the first idea of combining PET and MR into
the single device is triggered in the mid-1990s, but after 15 years of devel-

opments, the human systems were capable of sequential simultaneously PET

and MRI [61,62]. The main reason for slow progress in the development of
PET/MRI is that integration of PET and MR is much more complex than
PET/CT [63]. For PET-MRUI, due to the presence of magnetic fields, the
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technical problem of system integration is more challenging [64]. There are

different solutions for the PET/MRI system configuration. A technically

relatively simple approach for PET/MRI is to place the MRI and (mini-
mally modified) PET components in-line in a similar configuration to

PET/CT (which does not allow simultaneous acquisition and will increase

the acquisition times but the positive point is that it does not require the

development of a completely new MRI-compatible PET system) like what

Philips Company has done in the beginning (as shown in Fig. 7.4)

[60,61,65]. Briefly, the main challenges in the integration of PET and

MRI in a single gantry are the following:

(1) MRI-compatible PET detectors: One of the main challenges in totally
integrated PET/MRI system is developing a PET detector compatible
with MRI. Before developments in photomultiplier tubes (PMT), the
conventional detectors cannot operate accurately in or even near a
magnetic field specially between 0.5 and 10 T (indeed, the paths of
electrons are perturbed by the magnetic field) [60]; the performance
of standard PMTs is severely degraded and affected in even a weak mag-
netic field (about millitesla (mT) magnetic field strength) [60,66],
whereas some solutions have been proposed.

(a) Shielding electronics against the magnetic field for avoiding the
effects of the changing gradient field and radio-frequency pulses
of MRI.

(b) The new generation of detectors, avalanche photodiode detectors
(APD), can be used as a detector in PET instead of photomultiplier

MRI

Fig. 7.4 The primary PET/MRI imaging system from Philips Company.
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tubes (PMT) [67]. Magnetic fields do not affect these new detectors
[68,69]; therefore, they can be placed in MRI magnet without any
degradation in performance. In addition, the potential of another
type of detector entitled silicon photomultiplier (SiPM) as possible
replacements in PET has been confirmed recently [6].
The gradient magnetic field in MRIis one of the other interferences in PET
system. Since the fast switching of magnetic fields can induce eddy cur-
rent loops in conductive components, heating, and mechanical vibra-
tion, it must be solved, for example, by shielding electronics that was
mentioned in the previous item [60].
In addition, RF interference created by the MRI transmit coil may affect
electronic components. RF shielding around PET is the effective way
to decrease its effect. But unfortunately, the shielding can induce eddy
currents and heating individually [60].
Space and time constraints: Additional challenge is placing the PET detec-
tors inside the limited space of MRI gantry that imposes other chal-
lenges to the detector technology [60]. Limited space for the PET
detectors inside the MRI gantry adds another important challenge
for the detector technology. In a sequential system, the PET and
MRI need to be at a significant distance from each other, and therefore,
the total acquisition time will be the sum of the PET acquisition time
and MRUI acquisition time, which leads to longer acquisition time in
comparison with PET/CT scanners. Both factors (acquisition time
and required installation space) are less important in small animal imag-
ing [60].
As attenuation correction for PE'T images is very vital, since one of the
causes of image degradation in all nuclear medicine emission imaging
techniques especially PET is variable photon attenuation in different
tissues [49,60]. It should be mentioned that MR images give the infor-
mation about tissue proton densities and magnetic relaxation times, not
photon attenuations [45,49]. Although the attenuation correction
methods proposed by combined MRI/PET systems based on segmen-
tation methods of MR images for preparing the attenuation map totally
are developed enough to use them clinically, the problem is not yet
completely solved and remains an active area of research [60,70,71].
Because the PET imaging takes time usually long, motion problem is
inevitable [71]. That leads to blurring of tumors in PET images even
may entirely obscure the presence of smaller lesions [70]. Also, in
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the case of motion with large amplitude, it causes the severe artifacts

[71]. In total, motion can be one of the sources of errors in both lesion

localization and quantification [72]. Three major types of motion are

the following [70]:

(a) Gross motion, head movement or subtle patient repositioning due
to discomfort

(b) Periodic movement, cardiac and respiratory motion

(c¢) Internalshifting and distortion in the pelvic and abdominal regions

For motion solving:

(a) The first way is using high spatial resolution MR image to correct
for PET motion with affectedly reduction of the spatial blurring
and artifacts associated with PET movement of solid organs
[71]. But inappropriately, this imaging covers a large field of view
(FOV) and takes a few minutes that cause motion individually
[70].

(b) Another solution is the use of external tracking devices and video
cameras to record the movements for using in cardiac and respi-
ratory gating in order to motion correction in PET/MRI [73,74].

(7) Quantitative imaging: In a PET/MRI system, the derivation of attenu-
ation correction maps from either transmission imaging, emission data,

or MR images is complex [75,76].

7.6.1 PET/CT or PET/MRI

There are still argues about which combination gives better results and bet-
ter sensitivity or specificity, but recent studies confirm that a hybrid PET/
MR facilitates the accurate registration of metabolic and molecular aspects
of the diseases with exact correlation to anatomical findings, improving the
diagnostic value in identifying and characterizing of malignancies and
tumor staging [77]. However, in comparison with PET/CT, PET/MRI
is a relatively expensive and time-consuming examination 78], but recent
studies showed that PET/MRUI is comparable with PET/CT in the eval-
uation of colorectal cancer metastases, with a markedly higher accuracy
when using combined imaging data than the modalities separately
[79,80]. There are several studies that concluded that PET/MRI had supe-
riority over the PET/CT; for example, Binse et al. in 2016 used '**I for
thyroid cancer and tried to compare their results between PET/CT and
PET/MRI, and they concluded that PET/MRI of the neck was found
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to be superior to PET/CT in detecting iodine-positive lesions. That was
attributed to the higher sensitivity of the PET component [81]. In another
study carried out by Sabet et al. in 2016, they tried to compare their results
in detection of pancreatic cancer after injection of “*Ga-DOTATOC,
between PET/CT and PET/MRI images. And they found that PET/
MRI was superior to PET/CT in terms of sensitivity (91% vs. 55%), neg-
ative predictive value (96% vs. 82%), and diagnostic accuracy (97% vs.
85%). “®*Ga-DOTATOC-PET/MRI could determine the entity (physio-
logical vs. pathological) and origin (pancreatic vs. extrapancreatic) of upper
abdominal increased DOTATOC uptake in significantly more patients
compared with ®*Ga-DOTATOC PET/CT, resulting in considerable
reduction in inconclusive PET images [82]. In the study performed by
Afshar-Oromieh et al. in 2014, they tried to compare their results in pros-
tate cancer detection after injection of “®Ga-PSMA, and they concluded
that PCa was detected more easily and more accurately with *®Ga-PSMA
PET/MRI than with PET/CT and with lower radiation exposure. Con-
sequently, this new technique could clarify unclear findings on PET/CT
[32]. With PET/MRI, different diagnostic sequences, higher contrast of
lesions, and higher resolution of MRI enabled a subjectively easier evalu-
ation of the images [32].

According to the studies, we decided to collect all important papers that
have been published between 2008 and the end of 2015 and used dual-
modality probes for PET/MRI and SPECT/MRI and evaluated their
detection efficiency and targeting capability (their tumor and target uptakes).
One of the most essential parameters for evaluating the efficiency of a con-
trast agent is their uptakes in tumor in comparison with other organs (espe-
cially crucial organs such as glands). By using dual-modality probe, we can
assess the tumor uptake not only qualitatively but also quantitatively. This is
much important when we have a PET/MRI probe for better uptake assess-
ments. Due to the importance of PET/MRI and because the developments
in dual-modality probes tend to PET/MRI at the end of this section, we
draw your attention to the papers that are studied on the development of
new and novel dual-modality contrast agents in SPECT/MRI and PET/
MRUI. Lahooti et al. extracted important data from the 50 different studies
regarding dual-modality probes in PET/MRI or SPECT/MRI from
2008 to the end of 2015; they gathered all data and explain their results
extensively in a systematic review paper, part of their data represented in
Table 7.2 [44].



Table 7.2 Characterizations of multimodality contrast agents from selected studies

Compound Size Core Coating Targets Uptakes T, or T, contrast agent Applications Ref.
*8Ga-SPION 30 nm Super Polyethylene Sentinel lymph nodes SLN, 123% IA/g T,- and T,*-weighted PET/MRI for SLN [83]
paramagnetic glycol (PEG) (SLN) and iliac Iliac lymph node, imaging mapping
iron oxide lymph nodes 47% 1A/g
nanoparticles Liver, 0.3% IA/g
(SPIONEs) Spleen, 0.1% IA/g
~13 nm Kidneys, 0.05% IA/g 3 h
postinjection (pi)
%8Ga-SPION 85 nm 8.86£1.61 nm PEG Liver and spleen At 1 hpi, T,- and T,*-weighted PET/MRI for the liver | [84]
iron oxide Liver, 56.4% ID/g imaging and spleen
Spleen, 20.8% ID/g
At 2 hpi
Liver, 60.6% ID/g
Spleen, 12.6% ID/g
*5Ga-NOTA- 15.3 nm Fe;O4NPs Not reported Colon cancer cell CT-26 cell line, 8.778% Not reported Dual PET/MRI imaging | [85]
hydrazine- (11.5 nm) (CT-26) and breast SK-BR-3 cell line, 15.491% of colon cancer cell
Fe;O4NPs cancer cell 2 hpi (CT-26) and breast
(GaNHFCNP) (SK-BR-3) cancer cell
(SK-BR-3)
*5Ga-NODAGA- 2.540.1 nm Gadolinium oxide | Polysiloxane U87MG (human Kidney, 22.4% ID/g T,-weighted imaging Dual PET/MRI contrast | [86]

AGuIX

and **Ga-
DOTAGA-
AGuIX

(Gd205)
1.7 nm

primary
glioblastoma
cell line)

Blood, 0.62% ID/g
2 hpi

n=103mM™" s~'and
rn=13.4 mM s
at 60 MHz

agent

Continued



Table 7.2 Characterizations of multimodality contrast agents from selected studies—cont'd

Compound Size Core Coating Targets Uptakes T, or T, contrast agent Applications Ref.
Ga/' In-IONP 100 nm 10 nm Fe,O3 Aminosilane RES and efficient cell | Liver, 2.18 £0.05, T,-weighted imaging Dual PET/MRI contrast | [87]
coating with labeling 2.74+£0.29, and agent
NH, 2.33+0.2% ID/g
Spleen, 1.46£0.02,
4.24+0.21, and
5.06£0.25% ID/g
Kidneys, 4.67 £0.08,
6.340.35, and
7.91£0.34% ID/g
Blood, 4.67£0.52,
1.82+0.28, and
0.9840.24% ID/g
Lung, 14.98+1.22,
3.24+0.85, and
1.164+0.13% ID/g
2, 24 and 48 hpi
“8Ga-NOTA- 66 nm Iron oxide PEG Colon cancer (HT-29) | Tumor, 3.07£0.76% ID/g | T,-weighted imaging Dual PET/MRI imaging | [88]
OA-IONP 16 nm cells 1 hpi rp=157s""'mM " at agent for tumor
200 MHz diagnosis
and analysis of tumor
functionality and
simultaneous tumor
*8Ga-NOTA- 10.12£1.46 nm | Iron oxide PEG Lymph nodes High LN uptakes after Tr-weighted imaging Dual [89]
10-Man 5nm 30 min postfootpad rn=449.9 mM ' s"! PET/MRI
injection at 600 MHz contrast

agent




*5Ga-NODA-
Magh-1-PNPs

®Ga-DOTA-
10-GUL
(glutamate-urea-
lysine)

*Cu-NOTA-
SPION-cRGD-
DOX

“Cu-DOTA-
I0-RGD

64Cull_
dtcbp-SPION

*Cu-DOTA-
mSPIO

44455 nm

11.01£1.54 nm

68+2nm

45410 nm

108 60 nm

20.3+1.9 nm

Iron oxide
(Fex03)
8-12 nm

5 nm

iron oxide

SPION
10 nm

Iron oxide

5 nm

SPION

SPION
6.2 nm

PLGA-b-PEG-
COOH

PEG

Hetero
bifunctional
poly
(ethylene
glycol)
(PEG)
Polyaspartic acid
(PASP)

Dextran

PEG + micelle

A promising
tool for innovative
PET/MRI
diagnostic agents

Prostate-specific
membrane antigen

(PSMA)

U87MG cells (human
glioblastoma cells)

U87MG human
glioblastoma cell
line, tumor o, f5

integrin expression
Draining lymph nodes

Heart and carotid
arteries
(atherosclerosis and
cancer models)

Liver, 2.2% ID/g

Spleen, 2% ID/g

Kidney, 0.5% ID/g

Lung, 0.6% ID/g

Heart, 0.3% ID/g

(20,60,120, and 180 min
post injection)

Tumor uptakes, 5.34% ID
after 1 h post-i.v.
injection

SUV for tumor was 2.385
from PET images

Tumor, 5.6 £1.7% ID/g

Liver, 9.7+£2.7% ID/g

Blood, 1.84+0.3% ID/g

6 hpi

Liver,
22.6+2.9% ID/g
Kidney, 4.9+0.8% ID/g
Tumor, 10.1£2.1% ID/g
4 hpi
The popliteal lymph nodes
and the iliac lymph nodes
Liver, 33.42+£1.85% ID/g
Spleen, 19.96 +2.27% ID/g
Heart, 9.46+1.76% ID/g
Blood, 37.314+12.87% ID/g
1 hpi

=182 mM s
rn=0.5 mM s lat
60 MHz

T,-weighted
r»n=18513mM s

Tr-weighted imaging
101.9mM ™' s ™ at
200 MHz

T,-weighted imaging
1055 mM 57!

T,*-weighted imaging

T,-weighted imaging
209426 mM s at
20 MHz

PET/MRI for targeted
imaging

PET/MRI for targeted

imaging

Combined tumor
targeting drug
delivery and PET/
MR imaging

Dual PET/MRI
scanning of tumor
integrin o, 5

expression

PET/MRI for lymph
node mapping
PET/MRI for disease

detection and
treatment in
atherosclerosis and
cancer models

[90]

1]

2]

[93]

1941

[95]
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Table 7.2 Characterizations of multimodality contrast agents from selected studies—cont'd

Compound Size Core Coating Targets Uptakes T, or T, contrast agent Applications Ref.
**Cu-MoS,-10-(d) | Not reported MoS, PEG Breast cancer (4T1 Tumor, 5.70% ID/g T,-weighted imaging Triple modal PET, PAT, | [96]
PEG 50-200 nm tumor) Liver, 30% ID/g 9359 mM ' s at and MR imaging for
Spleen, 11% ID/g 128 MHz 4T1 murine breast
24 hpi tumor
“Cu-DOTA- 76.8+8.3 nm Mesoporous silica | Not reported Sentinel lymph nodes T-SLNs, 76.7£2.21% ID/g | T-weighted imaging Mapping SLNs and [85]
MSN-Gd*? nanoparticles (SLNs) N-SLNs, 2.34+0.12% ID/g identifying tumor
(60 nm) 1 hpi metastasis
*Cu-TNP or “*Cu- | 20 nm 5nm Dextran Inflammatory Blood half-life, Ty ,» Tr-weighted imaging Triple PET/MRI/ 197]
DTPA (**Cu- iron oxide atherosclerotic 259+ 39 min optical contrast agent
DTPA-CLIO- plaques Liver, 33.6% ID/g
VT680) Small Intestine, 15.8% ID/g
Kidney, 13.8% ID/g
Lung, 11.0% ID/g
Spleen, 9.4% ID/g
Heart, 6.0% ID/g
Aorta, 5.2% ID/g
Lymph nodes, 4.3% ID/g
Thymus, 2.4% ID/g
24 hpi
%Cu- 49.8 nm MnFe,O, Al(OH); The ability to derivatize | Liver and spleen T,- and T,*-weighted Dual PET/MRI contrast | [98]
bisphosphonate- 4.8 nm PEG (5K) the surface with imaging agent
MnFe,O, and radiolabels and rn=121.9mM 's 'at
[18 F]-fluoride- bisphosphonate 128 MHz
MnFe,Oy groups suggests
applications in
molecular imaging
MCu—CyS.S—IONPs 19 nm 15 nm Dopamine and | Not reported Tumor, 5.46, 6.11, and Tr-weighted imaging PET/MR/Optical nude | [99]
iron oxide albumin 8.45% ID/gat 1, 4, and | ,=314.5mM 's " at micebearing US7MG
(HSA) 18 hpi 300 MHz tumors




*4Cu-DOTA-IO-c
(RGDyK)

“Cu-DOTA-
GdVO4:4%Eu-
DGEA

*Cu-DOTA-
USPIOn

¥R/ Cu-
Cop.16Fer84
0,@NaYF,(Yb,
Er)-BP-PEG

12 nm

Thickness=
5 nm and
width=
150 nm

140£7 nm

44 nm

8 nm
iron oxide

Gd

USPION
5 nm

Fe;0,@NaYF,
and
Cop.16Fe28404
@NaYF,(Yb,
Er)

10.3+£1.4 nm

Ferritin

OA
PAA

PEG

PEG 2K and
PEG 10K

For tumor visualization
of nude mice
bearing US7MG
tumors

Prostate cancer, high
o, B3 integrin

expression

MDA-MB-231

Human breast cancer
cell

NPs cleared from the
blood pool more
slowly than
positively charged
NPs

Tumor, 6.4, 7.5, 8.1, and
7.5% ID/g at 1, 4, 24,
and 40 hpi

Tumor/background
contrast, 8.4% ID/g

20-24 hpi

Tumor 7.2% ID/g

45 hpi

Tumor, 3.5£0.25% ID/g

Liver, 22.0£6.0% ID/g

20 hpi

With 10 K PEG and lower
charge —10 mV,

Liver, 24.3, 32.1, 43.1, and
34.3% ID

Blood, 22.7, 17.2, 8.6, and
6-501) ID

Spleen, 2% ID

Bone, 16.3, 17.2, 17.5, and
23.4% ID

With 2 K PEG and lower
charge +10 mV,

Liver, 49.6, 66.4, 53.8, and
44.9% 1D

Blood, 7.3, 1.6, 1.4, and
0.9% ID

Bone, 11.1, 10.1, 15.2, and
21.1% ID

Spleen, 3.3, 3.4, 3.1, and
3.0% ID at 15, 45, 75,
and 120 min pi,
respectively

T,- and Ty*-weighted
imaging

T,-weighted imaging

T,-weighted imaging
»=265+10s"' mM~'
ra/r1 =123 at 60 MHz
T,-weighted imaging
r,=325.9410 and
n=27+01mM '
for PEG 2 K
r,=102+£2.6 and
rn=5%0.6 mM ™! s7!
for PEG 10 K at
128 MHz

Triple PET/MR/NIRF

Dual PET/MRI contrast
agent of integrin o, B3
expression in prostate

cancer

Dual PET/MRI
contrast agent

Dual PET/MRI contrast
agent

[100]

[101]

[102]

[103]
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Table 7.2 Characterizations of multimodality contrast agents from selected studies—cont'd

Compound Size Core Coating Targets Uptakes T, or T, contrast agent Applications Ref.
**Cu-Apoferretin 13.6 nm Fe, O3 Apoferretin Good tumor uptake for | Tumor, 4.82, 6.14, 7.34, T -weighted PET/MRI/photo [104]
12.1 nm human colon cancer 7.26, and 6.74% ID/g rn=254mM s " at acoustic imaging
at 1, 2, 4, 18, and 26 hpi 60 MHz
**Cu-RGD-PEG- 9.6 nm 4.540.5 nm PEG Glioma tumor and a,f3 | Tumor, 4.13, 5.79, and n=12mM s "at PET/MRI for tumor [105]
MNP USPIO integrin 5.95% ID/g 400 MHz targeting
US7MG cells Liver, 22.76, 22.43, and
15.86% ID/g
Spleen, 7.11, 6.94, and
6.62% ID/g at 2, 4,
24 hpi
*Cu-DOTA-1IO 26.6+7.3 nm Iron oxide Dextran Macrophages Atherosclerosis plaques T,- and T,*-weighted Dual PET/MRI probe | [106,
7.94£2.0 nm imaging for cardiovascular 107]
r1=14.46 and imaging of plaques
Hn=72.65" mM~ ! at
60 MHz
E_CLIO 38 nm 3nm Cross-linked Aortic aneurysms (AAs) | Blood half-life, Tr-weighted imaging PET/MRI [108]
iron oxide dextran Ti,,=192+14 min quantitation of
macrophage content
in a mouse model of
AAs
"C-SPION NM SPION 16 nm COOH Liver Liver T,*-weighted imaging PET/MRI of the liver [109]
'2*[_.SA-MnMEIO 32 nm MnMEIO Serum albumin | Sentinel lymph node High lymph node uptake at | T-weighted imaging Axillary and brachial [110]
15 nm (SA) 1 h postinjection to the | 321.6 mM 5! lymph nodes imaging
forepaw and they still PET/MRI
remain until 6 days post
injection
PH-c(RGDyk),- 3249 nm Upconversion PEG o, P; integrin expression | Tumor, 2.8+0.8% ID/g T,-weighted imaging Dual PET/MRI [111]
UCNPs nanophosphors tumors, US7MG scanning of tumor
(NaGdF,/Er** tumor cells, and integrin o,
/YB*H) xeno grafted tumor expression




I24_TCL-SPION

*“Ge-SPION

(chelator-free
strategy)

9T e-DPA-ale-
Endorem

mTe_DTPA-
SPION-LBA

99mT_SPION-
RGD

99mT_SPIONs

9mT_USPIO

40 nm

23 nm

106 6 nm

30 nm

200 nm

18 nm

80 nm

4-11 nm
iron oxide

SPION

10 nm

SPION
5 nm

SPION
12 nm

SPION
10£2 nm

13 nm
iron oxide

5 nm

iron oxide

Cross-linked
PEG

PEG

Dextran

Dopamine

Aminosilane

PEG

Cross-linked

dextran

Not reported

Sentinel lymph node

RES system
(liver and spleen)

ASGP-R on
hepatocytes

o, B3 integrin receptors
in US7MG
glioblastoma cells

Sentinel lymph node

Liver and spleen
(RES)

No quantification but
images show uptakes in
tumor and lymph nodes
(front paw injection)

Dominant liver uptake,
spleen, popliteal lymph
node

Liver, 96.9+0.9% ID

Spleen, 1.3+£0.4% ID

Rest of body,

1.8£0.7% ID

1 hpi

Liver, 38.43£6.45% ID/g

Spleen, 18.694+5.12% ID/g

Blood, 4.88+1.18% ID/g

1 hpi

Tumor, 9.01£0.19% ID/g
Liver, 10.36 £0.87% ID/g
Spleen, 31.1443.78% ID/g
Blood, 8.88£0.19% ID/g

1 hpi

SLN, 211£225% ID/g
Liver, 1.4£0.7% ID/g
Kidney, 0.3£0.08% ID/g
Spleen, 0.240.1% ID/g

4 hpi

Liver and spleen,

78% ID/g 15 min pi

25% ID/g 48 hpi

T,-weighted imaging
r,=283.7 mM s at
60 MHz

T,*-weighted imaging
T,*-weighted imaging

26 mM~'s™! at 400 MHz

Tr-weighted imaging

T, weighted imaging

T,- and T,*-weighted
imaging

T,- and T,*-weighted

imaging

Triple-modality optical/
PET/MR imaging

imaging of 4T1 breast
tumor

Lymph node mapping
PET/MRI

Dual-modality probe for
SPECT/MRI for
RES system

imaging

SPECT/MRI for
hepatocyte

targeted imaging and the
diagnosis of various
liver diseases

Dual SPECT/MRI
scanning of tumor
integrin o, f3
expression

Dual SPECT/MRI for
Sentinel lymph node
(SLN) mapping in
breast cancer and
malignant melanoma

Dual SPECT/MRI for
RES theranostic

purposes

[12]

[113]

[114]

[115]

[116]

[117]

[118]
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Table 7.2 Characterizations of multimodality contrast agents from selected studies—cont'd

Compound Size Core Coating Targets Uptakes T, or T, contrast agent Applications Ref.
99T c_USPIO 41 nm 5 nm Cross-linked Liver and spleen Liver, 55.11% ID/g T,- and T,*-weighted Dual SPECT/MRI for | [119]
iron oxide dextran (RES) Spleen, 19.75% ID/g imaging RES theranostic
5 min pi purposes
Liver, 30.91% ID/g
Spleen, 10.68% ID/g
1 hpi
Blood half-life was 90 s
99T e_USPIO- 114 nm 5 nm Cross-linked Breast cancer and RES | Very promising in vitro T,- and T,*-weighted Dual SPECT/MRI for | [120]
C595 iron oxide dextran results but low in vivo imaging breast cancer
tumor uptakes due to the
protein corona effect
""n-DMPE- 4047 nm SPION PEG Not reported Liver, 37.28+1.03% ID/g | Not reported Not reported [121]
DTPA-SPION Spleen, 21.48 +2.41% ID/g
24 hpi
"n-DOTA-di- 20 nm Iron oxide Dextran Glandular epithelial Tumor, 6% ID/g T,-weighted imaging Dual SPECT/MRI of [122]
scFv-c 5nm PEG cells express MUC-1 Liver, 23% ID/g MUC-1 expression
Spleen, 9% ID/g in glandular epithelial
Kidney, 7% ID/g cells
48 hpi
"n-mAbMB- 69.6 nm 17 nm Carboxymethyl | '"'In-labeled Liver, 2.1, 8.1% ID/g T,- and T,*-weighted For SPECT/MR [123]
SPION iron oxide dextran antimesothelin Spleen, 28.6, 48.4% ID/g imaging imaging of
antibody with Tumor, 2.2, 3.8% ID/g at mesothelioma
SPIONs 24 hpi and 72 hpi
"!n-IONPS-ChL6 | 20, 30, and 5 nm PEG-dextran Breast cancer Tumor % ID/g£SD of each | T,- and T,*-weighted Dual SPECT/MRI for | [124]
100 nm iron oxide SPIO imaging breast alternating

20 nm, 9.00£0.8% ID/g
30 nm, 3.04+0.3% ID/g

100 nm, 4.5£0.8% ID/g
48 hpi

magnetic field (AMF)
therapy




1B_cRGD-USPIO

]251—F63O4—Ag
heterodimers

*Fe-SPION

¥7r-DFO-
ferumoxytol

©’Ga-NOTA-
MF-AS1411

51.3 nm

Not reported

17£6 nm

Not reported

68.1 nm

Iron Oxide

Fe;O04-Ag
14 nm

SPION
434+1.3 nm

Iron oxide

15-35 nm

Cobalt ferrite

Carboxymethyl
dextran
(CMD)

PEG

PAA-DOP-
PEG

Carboxymethyl
dextran

Silica and PEG

o, B; integrin receptors

Not reported

Not reported

Prostate cancer and
lymph node

Nucleolin (a cellular
membrane protein
highly expressed in
cancer) C6 rat
glioma cells

Kidney, 11.60% ID/g

Liver, 9.284+1.04% ID/g

Blood, 47.6046.63 and 2%
ID/g in 1 and 48 hpi

Liver,
9.28+£1.04,6.65+0.33
and 1.69 £0.08% ID/g at
1, 4, and 24 hpi

Spleen, 8.08 +1.09,
4.96+0.16 and
1.3440.06% ID/g
at 1, 4, and 24 hpi

Tumor, 3.73 +2.40,
8.08£0.30 and 3.65%
ID/g at 1, 4, and 24 hpi

Liver, 31.98+2.44% ID/g

Spleen, 41.87 +4.41% ID/g

1 hpi

Liver, 45+6% ID/g

Kidneys, 21£5% ID/g

Brain, 4+6% ID/g

24 hpi

Liver, kidney, axillary, and
brachial lymph nodes

Intestine, liver, and tumors

T,-weighted imaging

Tr-weighted imaging
139.8 mM s

at 60 MHz
T;- and *T,-weighted
imaging
97+3mM s at
300 MHz

T,- or To*-weighted
imaging
89mM ™5™ at 20 MHz

T,-weighted imaging
821 mM™"s™" at 60 MHz

Dual SPECT/MRI of
integrin o, P
expression in breast
cancer

Dual-modality probe in
SPECT/MRI

Dual-modality probe in

SPECT/MRI

SPECT/MRI for
diverse nanomedical
diagnostic
applications

Targeting nucleolin and

monitoring by
multimodal
fluorescent,
radioisotope, and
SPECT/MRI
modalities

[125]

[26]

[127]

[128]

[129]
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Table 7.2 Characterizations of multimodality contrast agents from selected studies—cont'd

Compound Size Core Coating Targets Uptakes T, or T, contrast agent Applications Ref.
“’Ga-DTPA- 85 nm 5nm Cross-linked Liver and spleen (RES) | Liver, 62.25and 22.75% ID/g | T»- and T,*-weighted Dual SPECT/MRI for | [130]
USPIO iron oxide dextran Spleen, 23.03 and 5.27% imaging RES theranostic
ID/g at 15 min pi and rn=163mM 's ' and purposes
2 days pi =041 mM s at
60 MHz
1*Ho-DTPA- 85 nm 7 nm Dextran Liver and spleen (RES) | Liver, 60.1% ID/g T,- and T,*-weighted Dual SPECT/MRI for | [131]
SPION iron oxide

Spleen, 15.3% ID/g
30 min pi

imaging

RES theranostic
purposes
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