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Abstract

Stem cell (SC) therapies displayed encouraging efficacy and clinical outcome

in various disorders. Despite this huge hype, clinical translation of SC therapy

has been disheartening due to contradictory results from clinical trials. The

ability to monitor migration and engraftment of cells in vivo represents an

ideal strategy in cell therapy. Therefore, suitable imaging approach to track

MSCs would allow understanding of migratory and homing efficiency, optimal

route of delivery and engraftment of cells at targeted location. Hence, longitu-

dinal tracking of SCs is crucial for the optimization of treatment parameters,

leading to improved clinical outcome and translation. Magnetic resonance

imaging (MRI) represents a suitable imaging modality to observe cells non-

invasively and repeatedly. Tracking is achieved when cells are incubated prior

to implantation with appropriate contrast agents (CA) or tracers which can

then be detected in an MRI scan. This review explores and emphasizes the

importance of monitoring the distribution and fate of SCs post-implantation

using current contrast agents, such as positive CAs including paramagnetic

metals (gadolinium), negative contrast agents such as superparamagnetic iron

oxides and 19F containing tracers, specifically for the in vivo tracking of MSCs

using MRI.
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1 | INTRODUCTION

Mesenchymal stem cells (MSCs) have generated massive attention for its application as a bioactive agent or delivery
tool to target and treat many disease conditions (Y. Wang et al., 2013). Reports of the therapeutic employment of MSCs
from the clinical trials database (http://clinicaltrials.gov) revealed 1002 registered studies, with 307 completed trials and
145 trials that have progressed to phase 2 of clinical trials.
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MSC is a popular treatment choice in various diseases because of its efficacy in immunomodulation and immuno-
suppression (Chen et al., 2011), differentiation (S. Wang et al., 2012), intrinsic migratory affinity to diseased tissues or
tumor microenvironments (Danielyan et al., 2020), and anti-cancer efficacy in specific tumor types (Figure 1) (Chien
et al., 2011). While MSC therapy has demonstrated promising potential, outcomes from studies are usually inconsistent,
hence hindering the progress of MSC therapy to the clinic (Srinivas, Aarntzen, et al., 2010). In a recent clinical publica-
tion, it is clearly highlighted that the optimal parameters such as injected dose and infusion interval of SCs are limited
till date and no clear optimized treatment protocol has been established (Yang et al., 2021). Moreover, MSC treatment
can only be effective when viable cells move toward targeted location and engraft after injection (Hmadcha
et al., 2020). Inconsistent data obtained from clinical trial studies is partially due to the absence of strategy to track the
distribution and accumulation of injected cells upon implantation in subjects (Rosenzweig, 2006).

In vivo tracking of cells represents an apt approach for the surveillance of the biodistribution and fate of injected
cells in subjects. Hence, it is critical to develop precise and reliable imaging approach to monitor the movement of cells
to optimize treatment parameters for enhanced therapy efficacy (Janjic & Ahrens, 2009). Accordingly, in vivo monitor-
ing of cells via imaging strategies must be exploited to establish effective treatment parameters including number of
cells required, frequency and timing of injections, route of administration, and homing efficiency to target sites to
ensure optimal treatment efficacy. Therefore, this review emphasizes the importance of in vivo tracking of SCs post-
implantation using current contrast agents or fluorinated tracers employed for tracking using MRI. MRI imaging agents
that have been utilized specifically for SCs tracking have been discussed in this review and can be classified into the fol-
lowing categories: positive contrast agents containing paramagnetic metals (gadolinium), negative contrast agents com-
prising of superparamagnetic iron oxides (SPIO), and non-proton agents (fluorine). Our review highlights the specific
characteristics including advantages and limitations corresponding to SC tracking of these MR imaging techniques.
Notably, our review focuses on the in vivo tracking of SCs specifically, potential directions in SC tracking, challenges
for clinical translation, and recent developments in this field. The most recent review on a similar topic was 3 years ago
by Bulte and Daldrup-Link, which discussed the in vivo tracking of cell therapies in general utilizing MRI, SPECT, and
PET imaging (Bulte & Daldrup-Link, 2018). Another similar review by Srivastava and Bulte discussed various tech-
niques to stem cell labeling and tracking using different imaging modalities such as MRI, SPECT and PET
(Srivastava & Bulte, 2014). However, this review was published almost 7 years ago. Therefore, our review provides an
updated and more focused discussion on the in vivo tracking of stem cells, particularly using MRI and its recent preclin-
ical and clinical developments.

2 | IN VIVO CELL TRACKING TECHNIQUES BASED ON MRI

Cellular imaging involves non-invasive and repeated tracking of the cells of interest (Bulte & Kraitchman, 2004). Mag-
netic resonance imaging (MRI), positron emission tomography (PET), computed tomography (CT), single-photon emis-
sion computed tomography (SPECT), ultrasound (US), and fluorescence and bioluminescence imaging (BLI) are

FIGURE 1 A schematic diagram representing the biological properties of MSCs that are correlated with their therapeutic effects
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imaging modalities employed for in vivo cell tracking. Each technique is accompanied with several advantages and lim-
itations (Table 1; Bernsen et al., 2015).

Overall, cells must be labeled before implantation to allow visualization and tracking in imaging studies. Fluores-
cence and BLI are commonly used techniques to track MSCs in small animals due to their ease of use (A. Taylor
et al., 2018). However, due to the limitation of signal dispersion in deeper tissue, this technique cannot be employed in
larger animals or clinically (Sutton et al., 2008). Ultrasound is widely available and involves simple application. None-
theless, difficulty to reach many anatomical sites accompanied with low spatial resolution prevents accurate tracking of
cells. Furthermore, techniques involving intracellular US contrast are not yet established in comparison to other cell
tracking modalities.

In the clinic, Indium-111 (111In)-oxine is the only FDA approved agent for radionuclide tracking of leucocytes
(de Vries et al., 2005). However, clinical application of radionuclide tracking of cells longitudinally are hampered by
short half-life (2–3 h) of radioisotopes, limited retention in cells, radiotoxicity, and safety issues in patients, hence their
dosage and recurrent usage are strictly controlled (Srivastava & Bulte, 2014). Moreover, radionuclide techniques must
also be combined with other imaging modality, such as CT, to provide anatomical imaging, resulting in increased cost
and complexity (Aarntzen et al., 2013). While PET imaging provides detection of labeled cells with exceptional sensitiv-
ity and tissue penetration, it has low spatial resolution, short term signal acquisition and exposure to radiation
(Aarntzen et al., 2013).

MRI is a medical imaging technique that allows repetitive tracking of cells in comparison to other imaging tech-
niques (Boehm-Sturm et al., 2011). MRI is generally used for soft tissue imaging and does not involve radiation, hence
is considered safe and suitable for repeated imaging at high resolution (E. T. Ahrens & Bulte, 2013). Typically, cells are
labeled before implantation with an agent that is visible in an MRI scan (Srinivas, Heerschap, et al., 2010). MRI signal
can be generated or controlled in various methods including with positive contrast agents containing paramagnetic
metals (gadolinium), negative contrast agents comprising of superparamagnetic iron oxides (SPIO) and 19F containing
tracers which will be discussed in this review (Table 2).

Cells can be directly labeled after co-incubation with contrast agents or with the assistance of transfection agents or
electroporation. After which, cells are collected and washed before being administered into the subject. Then MRI scan
is acquired to visualize cells in the subject (Figure 2). MRI contrast agents that have been employed to label cells are
discussed below.

2.1 | Metal ion-based MRI contrast agents

2.1.1 | Positive contrast agents

Previously, positive contrast agents for cell tracking have been developed in various forms, including liposomal and
micellar nanoparticles, carbon nanostructures, and polymer coated Gadolinium (Gd)-oxide particles (Aspord
et al., 2013; Tran et al., 2014; Tseng et al., 2010). Gadolinium (Gd3+) and Manganese (Mn2+) metal ions are generally
classified as T1 contrast agents (Geng et al., 2015). The main advantage for MR image analysis involving tracking of SCs
is attained via positive contrast T1 agents as opposed to negative contrast (T2 agents), which can be ambiguous to inter-
pret (Yu Liu et al., 2011). Moreover, upon cell death, the low molecular weight Gd can avoid macrophage phagocytosis

TABLE 1 Advantages and drawbacks of various imaging modalities for the in vivo tracking of stem cells

MRI PET SPECT US FLI BLI

Tissue penetration depth High High High Moderate Low Low

Sensitivity of cell detection High Moderate Moderate Moderate Moderate Moderate

Spatial resolution High Low Low Moderate Low Low

Ability to monitor cells longitudinally Yes Yes No No Yes Yes

Clinical application in cell tracking Yes Yes Yes No No No

Exposure to radiation No Yes Yes No No No

Abbreviations: BLI, bioluminescence imaging; FLI, fluorescence imaging; MRI, magnetic resonance imaging; PET, positron emission tomography; SPECT,

single-photon emission computed tomography; US, ultrasound.
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hence evading false positive signal and generating highly specific contrast (Geng et al., 2015). Nonetheless, T1 agents
are less sensitive and have a lower cell detection limit than T2 agents.

Various studies have demonstrated in vivo tracking of SCs using a Gd-based contrast agent (Klasson et al., 2008;
Michel Modo et al., 2002; Sitharaman et al., 2007). Guenoun et al. demonstrated tracking of MSCs with Gd-liposomes
in rat models in a 3 T MR scanner (Guenoun et al., 2012). MSCs were detected for at least 2 weeks post-implantation of
labeled cells and Gd-liposomes had no significant consequence on the viability, proliferation and differentiation abilities
of MSCs (Guenoun et al., 2012). Other studies demonstrated successful tracking of MSCs labeled with Gd-DTPA in a
rat ischemic model in a 7 T MR scanner (Geng et al., 2015). Gd contrast agent had negligible adverse effects on the phe-
notypical characteristics and viability of cells (Geng et al., 2015). Importantly, MSCs were observed 1 week after injec-
tion of labeled cells (Geng et al., 2015).

Clinical translation of Gd-based contrast agent has been hindered due to the ambiguity involved in the long-term
cytotoxicity effects of the contrast agent despite minimal or no adverse effects reported on the phenotypical and

TABLE 2 The various magnetic resonance imaging contrast agents available

MRI agent
MRI
technique

MRI
contrast

Quantification
of cell number

Minimum
number of
cells detected Clinical trial Advantages Limitations

Gadolinium T1-weighted
1H MRI

Positive Indirect
quantification

102 (Aspord
et al., 2013;
Figueiredo
et al., 2013)

None More specific
than T2
agents.

Less sensitive and
lower cell
detection limit
than T2 agents.

Manganese
agent

T1-weighted
1H MRI

Positive Indirect
quantification

103 (T. Kim
et al., 2011;
Sterenczak
et al., 2012)

None More specific
than T2
agents.

Long term
cytotoxic effects
are unknown.

SPIO/USPIO
agent

T2-weighted
1H MRI

Negative Indirect
quantification

Single cell
detection
possible
(Shapiro
et al., 2006;
Zhang
et al., 2005)

Phase 1 trial
completed
(NCT03651791)
using USPIO
labeled MSCs in
heart disease.
This study
identified the
iron-oxide labeled
MSCs after
26 weeks.

High sensitivity.
Single cell
detection
possible.

Indirect
quantification
of cell number.

Not specific.
Contrast
generated by
SPIO labeled
cells can be
confused with
other sources.

Chemical
exchange
saturation
transfer
(CEST)
reporter
agents

1H CEST MRI Differential
contrast

Indirect
quantification

104 (Ferrauto
et al., 2013)

None Ability to detect
multiple cell
populations in
the same
location.

Ability to turn
contrast on
and off.

Reduced
adverse
effects.

Similar to T1
agents, lower
sensitivity than
T2 agents.

Fluorinated
tracer

19F MRI Hot spot Direct
quantification

103–105

(Moonshi
et al., 2018)

Phase 1 trial
(NCT02921373) is
not yet recruiting
for the tracking
of Celsense
labeled PBMC.

Specific,
unequivocal
and
quantitative
strategy of
tracking
labeled cells.

Sensitivity to
detect small cell
numbers is
potentially
lower.
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functional characteristics of SCs (M. Modo et al., 2009). Brekke et al. discovered that Gd-based contrast agents increased
reactive oxygen species (ROS) and decreased proliferation in neural stem cells (NSCs) (Brekke et al., 2007). Hence, this
study concluded that Gd-based contrast agent might have an adverse consequence on the regenerative and typical func-
tion of NSCs (Brekke et al., 2007). Additionally, Gd-based contrast agent has been associated to cause progressive fibro-
sis development in multiple organs in patients with renal failure (M. Modo et al., 2009). Until now, no current study
involving MRI tracking of SC tracking solely with Gd-based contrast agents has been published with the most recent
study published 6 years ago in 2015 (Geng et al., 2015).

2.1.2 | Negative contrast agents containing superparamagnetic iron oxides

Iron oxide-based nanomaterials have been employed widely for imaging of various disease conditions (Arndt
et al., 2020; Gaston et al., 2018; Yajun Liu et al., 2019; Rehman et al., 2021; H. Ta et al., 2010; H. T. Ta et al., 2018;
Vazquez-Prada et al., 2020; Wu, Vazquez-Prada, et al., 2021; Wu, Zhang, et al., 2021; Yusof et al., 2019; Zia et al., 2020).
In SC tracking studies using MRI, T2/T2* contrast is the most commonly employed strategy (Frangioni & Hajjar, 2004).
Areas where SPIO particles accumulate appear hypointense or dark on images (Figure 2). Ultra-small super-
paramagnetic iron oxides (USPIO) particles are more commonly utilized in comparison to SPIO as smaller particles are
internalized more proficiently in SCs and has a higher bioavailability, hence making it more suitable for the tracking of
SCs for an extended period of time (Song et al., 2007).

Nonetheless, both SPIO or USPIO contrast agents are employed for SC labeling as these agents generate a strong
negative contrast or hypointensity distinctively in T2/T2* weighted MR images (Bulte & Kraitchman, 2004). Impor-
tantly, this technique is extremely sensitive whereby even single labeled cells have been tracked in vivo under specific
conditions (Duyn, 2013; Heyn et al., 2006). Notably, iron oxide is safe, eco-friendly and is phagocytosed by stellate mac-
rophages in liver, where the iron is acquired and released by cells for iron metabolism via biochemical pathways
(Parivar et al., 2016). However, ROS generation via the Fenton and Haber–Weiss reactions on the surfaces of IONPs,
can lead to damaging effects in cells, tissues, and organs (Wydra et al., 2015). While it has been established that single

FIGURE 2 Schematic showing prior labeling of cells with magnetic resonance nanoparticle contrast agents. Cells are labeled ex vivo by

co-incubation of contrast agents directly into cell culture media. MRI scan acquired detects cells in the subject. Cells labeled with positive

contrast agents produce a hyperintense signal, while cells labeled with negative contrast agents produce a hypointense signal. Cells labeled

with fluorinated nanoparticles are detected as “hot spot” in MR images
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cells can be detected and this feature provides immense advantage for monitoring SC biodistribution (Shapiro
et al., 2006), hypointense regions generated from the accumulation of SPIO labeled cells can be mistaken with other fac-
tors such as bleeding (Park et al., 2015). Contrast produced in MRI images due to SPIO labeled SCs can be analogous to
blood, bone fragments, air, or susceptibility artifacts arising from surgical procedures (Park et al., 2015). Therefore,
monitoring and explicit identification of labeled cells will be extremely difficult due to the similarity of contrast effects
in cases of traumatic injury with the presence of hemorrhage, which may complicate image interpretation (Kwon
et al., 2015; Moelker et al., 2006). Labeled cells are quantified indirectly through the measurement of “number of black
pixels” or the “signal void volume” and it is established by a difference corresponding to pre-implantation imaging time
point (M. Modo et al., 2009). Besides, quantification of the number of cells in vivo is questionable as signal loss pro-
duced by SPIO labeled cells are achieved indirectly (M. Modo et al., 2009). Therefore, tracking of SCs distribution via
this technique can be ambiguous as quantification is based on indirect contrast acquired. Similarly, monitoring and
quantification of SCs through positive contrast agents can be equivocal.

Two clinically approved SPIO agents are ferumoxides (Feridex, USA and Endorem, Europe), with a particle size
range between 120 and 180 nm, and ferucarbotran (Resovist), with a particle size of 60 nm (Y.-X. J. Wang, 2015).
Ferumoxides and Resovist are only permitted specifically for liver imaging (Y.-X. J. Wang, 2015). Hence, these agents
are not approved by FDA for the purpose of SPIO SC labeling considering its effect on the function and phenotype of
SCs has not been entirely established (Y. X. J. Wang et al., 2008). Preclinical studies encompassing the in vivo tracking
of SCs using SPIONs have been reported in various animal models (Table 3; Bull et al., 2014). Jing et al. demonstrated
tracking of MSCs in the cartilage of a rabbit model using Feridex-protamine sulfate complex as the SPION (Jing
et al., 2008). Results from this study established that that the SPION did not modify inherent MSCs characteristics, and
T2 hypointense signals were detected for at least 12 weeks after initial implantation of labeled cells (Jing et al., 2008).
Another study with Feridex has verified the feasibility of labeling SCs with SPIO nanoparticles accompanied with the
employment of commercially available transfection agents (Frank et al., 2003). However, clinical translation of these
techniques is complicated because SPIO labeling with transfection agents involves safety issues (de Vries et al., 2005).
Accordingly, both Feridex and Resovist are no longer produced and commercially available (Y.-X. J. Wang, 2015).

Novel dextran coated SPIONs to track BM-MSCs have been employed in a myocardial infarcted animal model to
ascertain SCs efficacy in cardiac tissue regeneration (Chapon et al., 2009). Results from this study confirmed that the
SPION labeled MSCs could be monitored for up to 6 weeks after initial implantation of cells. While no improved ven-
tricular function was detected, this study highlighted the capability of tracking cells with dextran coated SPIONs
(Chapon et al., 2009). There have not been many studies published in the past 5 years despite numerous reports on the
successful in vivo tracking of SCs labeled with SPIONs. Studies involving longitudinal tracking of SCs labeled with
IONPs using MRI in the past 6 years are compiled in Table 3.

Therefore, there is an unmet requirement for the development of SPIO contrast agents that is efficient and reliable in
tracking SC distribution after implantation without changing inherent therapeutic and phenotypical attributes of cells.

2.2 | 19F MRI

MRI is a suitable imaging technique to monitor movement of SCs upon injection in subjects. As discussed previously in
the Section 2.1.2, signal loss (hypointense areas) generated due to SPIO labeled cells can be ambiguous as quantification
is dependent on indirect contrast (Kwon et al., 2015). An alternative strategy to overcome these limitations is via the
employment of 19F MRI, which involves the utilization of tracking cells labeled with fluorinated tracers to clearly differ-
entiate cells from other background (Boehm-Sturm et al., 2011).

19F MRI delivers high specificity, explicitly detecting signal from fluorinated tracer as there is negligible 19F signal
from the body (Tirotta et al., 2015). 19F MRI combines a “hot spot” to the MR effect which is then overlaid on the con-
ventional anatomical 1H image (Tirotta et al., 2015). Conveniently, both 19F MR and 1H MR images are acquired con-
currently using the same imaging modality problems. 19F hot spot imaging has clear advantage in comparison to PET
or SPECT as it does not involve radiation hence allowing serial imaging of subjects over time (Ruiz-Cabello
et al., 2008). As 19F MRI only detects signal from fluorinated tracers due to the lack of background signal in the body,
signal acquired is specific to labeled cells unlike metal ion-based cell labeling methodologies where false positive cell
detection is highly possible (Eric T. Ahrens et al., 2005). Besides, the signal acquired is directly proportional to the
amount of 19F present (Eric T. Ahrens et al., 2005). Notably, quantification of cell numbers from the MR imaging is pos-
sible when the average 19F content per cell is known (Srinivas et al., 2012). Consequently, the high specificity which
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allows quantification of cell numbers through 19F MRI is highly advantageous for the optimization of SC treatment effi-
cacy. Overall, 19F MRI delivers a highly specific, explicit, and quantitative strategy for visualizing cells in vivo.

Nonetheless, in comparison to SPIO agents, the sensitivity of 19F labeling to detect small cell numbers is potentially
lower (Srinivas, Heerschap, et al., 2010). Even so, as 19F atom is absent from the body the background and the signal-
to-noise ratio (SNR) of the 19F images will be considerably lower in comparison to 1H MRI, permitting unequivocal cell
detection devoid of false positives (Eric T. Ahrens et al., 2005). Therefore, 19F MRI is particularly suitable for the track-
ing of SCs therapy especially in disease models associated with traumatic injury and hemorrhage.

Recently, studies have focused on the development of 19F MRI agents such as 19F containing small molecules, 19F
containing macromolecules and perfluorocarbon (PFC) emulsions, with PFCs being the most commonly used tracers
(Janjic & Ahrens, 2009; Knight et al., 2011; Yu, 2013).

TABLE 3 An analysis of magnetic nanoparticles for longitudinal stem cell tracking in animal models using magnetic resonance imaging

in the past 6 years

Type of nanoparticle and
labeling parameters Disease model

MRI
strength Clinical outcome References

Dextran based polymer coated
SPION

6 mL of 25 μg/mL of SPION for
2 � 106 cells

Controlled cortical impact
injury

7 T Labeled cells were observed
longitudinally at injured
site till 14 days after
intranasal injection.

Shahror et al. (2019)

FeraTrack
1 mL of (20–25 μg/mL) of SPION
for 1.0 � 106 cells

21.97 ± 5.23 pg (iron/cell)

Mouse amyotrophic
lateral sclerosis

Rat model of optic-nerve
crush.

C6 glioma bearing nude
mice

7 T
7 T
3 T

Labeled cells were observed
longitudinally till 34 days
after symptomatic injection.

Labeled cells were detected
for up to 18 weeks after
intravitreal injection.

Labeled cells homing to the
tumors were detected up to
10 days post-injection.

Gubert et al. (2016)
Mesentier-Louro et al. (2014)
S. J. Kim et al. (2016)

Bionized nanoferrite (BNF)
nanoparticles and gadolinium-
diethylenetriaminepentaacetate
(GdDTPA) were used as SPIONs
and gadolinium chelates

1 mL of 600 μg of iron/mL for
2.5 � 106 cells

14.8 ± 1.7 pg (iron/cell)

Mouse brain injury model 9.4 T Labeled cells detected via T1
and T2 imaging
longitudinally for up to
1-week post-injection.

Ngen et al. (2015)

Dextran based polymer coated
SPION

1 mL of 10 μg/mL of SPION for
1 � 105 cells

Rat heart infarction model 9.4 T Labeled cells detected for up
to 6 weeks after injection at
lesioned site. Improved
ventricular function was
not observed in the rats.

Chapon et al. (2009)

Iron oxide loaded biodegradable
poly(lactide-co-glycolide)
microparticles

1 mL of 137 μg/mL of IONP for
1 � 105 cells

3–50 pg (iron/cell)

Healthy mouse model 7 T In vivo monitoring of cell
migration in rat brains over
2 weeks.

Granot et al. (2014)

Molday ION Rhodamine B
(MIRB) and Resovist

MIRB: 1 mL of 100 μg/mL for
0.09 � 105 cells

Resovist: 1 mL of 50 μg/mL for
0.09 � 105 cells

Healthy rat model 7 T Labeled cells were detected
for up to 14 days after
intracerebral
transplantation.

Viability and differentiation
of cells were only affected
at higher NP
concentrations.

Ohki et al. (2020)
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PFPE has been validated to be an ideal 19F imaging agent with its simple synthesis and 19F NMR spectrum
(Gerhardt & Lagow, 1978). Many reported cell labeling studies have engaged the use of PFC emulsions (�100–300 nm)
because of their high 19F content (Table 4; Bible et al., 2012; Boehm-Sturm et al., 2011; Gaudet et al., 2015; Ribot
et al., 2014). Nevertheless, a huge apprehension with nanoemulsion is the development of larger particles at the expense
of the smaller particles due to the inevitable progression of Ostwald ripening (P. Taylor, 1998). Hence, in comparison to
emulsions, the main advantage of smaller labels such as partially fluorinated polymers is that they can be manipulated
based on the strategic aim of the studies. Few studies have reported MR visualization of 19F labeled SCs in vivo
(Table 4; Bible et al., 2012; Boehm-Sturm et al., 2011; Gaudet et al., 2015; Ribot et al., 2014). Out of these studies, only
five groups have performed longitudinal imaging to track the fate of SCs after implantation (Table 4; Bible et al., 2012;
Boehm-Sturm et al., 2014; Gaudet et al., 2015; Ribot et al., 2014; Ruiz-Cabello et al., 2008).

Interestingly, these imaging studies were conducted in SCs labeled with commercial PFCs nanoemulsion (Celsense
Inc., Pittsburg, Pennsylvania) and its implantation into a healthy mouse model (Boehm-Sturm et al., 2011; Gaudet
et al., 2015; Ribot et al., 2014). Data obtained from these researches established a longitudinal detection and

TABLE 4 Summary of longitudinal studies of in vivo tracking of 19F labeled stem cells

19F tracer
Type of
cells

MRI
strength

MRI-
sequence/
acquisition
time

Fluorine
content/cell

Days imaged
post-
implantation

Length of
time
19F signal
detected

Animal
model References

Partially
fluorinated
polymers
(PFPs)

1 mL of
10 mg/mL
(PFPs) in
5 � 105 cells

Human
PMSCs

9.4 T RARE
sequence (12
min)

2.6 ± 0.1 � 1012 19F
atoms/cell

Injected 1 � 106

labeled cells

0, 1 h, 24 h, 7 7 days Healthy
NOD SCID
mice

Moonshi
et al. (2018)

Celsense
1 mL of
6 mg/mL
(Celsense) in
1 � 105 cells

hBM-MSCs 9.4 T balanced
steady-state
free
precession

3D (bSSFP)
(1 h)

7.1 ± 1.7 � 1010 19F
atoms/cell

Injected 1.5 � 106

labeled cells

0, 3, 12, 17, 26 26 days Healthy
nude mice

Ribot
et al. (2014)

PFCE
8 μL of 4.8 mM
final PFCE
concentration
for 5.0 � 106

cells

Mouse NSCs 9.4 T Fast Spin Echo 4.8 mM PFCE
Injected 4 � 104

labeled cells

3, 7, 14 2 weeks Healthy
nude mice

Ruiz-Cabello
et al. (2008)

Celsense
1 mL of 12 mg/
mL (Celsense)
in 1 � 105

cells

hNSCs 11.7 T Turbo Spin
echo

(1.5 h)

3.70 ± 0.78 � 1012
19F atoms/cell

Injected 1.5 � 105

labeled cells

2, 6 6 days Healthy
nude mice

Boehm-Sturm
et al. (2011)

Celsense
1 mL of
5 mg/mL
(Celsense) in
5 � 105 cells

hNSCs 7 T Fast Spin Echo
(45 min)

1.96 � 1012 19F
atoms/cell

Injected 2.1–
2.5 � 106 labeled
cells

0, 1, 7 7 days Rat stroke
model

Bible
et al. (2012)

Celsense
1 mL of
2.5 mg/mL
(Celsense) in
2 � 105 cells

hMSCs 9.4 T 3D bSSFP
<60 min

8.2 � 1010 to
2.4 � 1011 19F
atoms/cell

Injected 1 � 106

labeled cells

0, 2, 6, 10, 14 14 days Healthy mice Gaudet
et al. (2017)
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quantification of labeled cells for up to 14 days with no significant deleterious outcomes on SCs characteristics (Boehm-
Sturm et al., 2011; Ruiz-Cabello et al., 2008). Nonetheless, efficacy and feasibility of tracers to monitor labeled SCs must
also be performed in diseased models as SCs might behave differently in a diseased microenvironment in comparison
to a healthy model.

Besides, tracking of SCs in a healthy model is not clinically relatable as SCs are mainly employed as a therapeutic
agent in diseased models. Hence, it is vital to ascertain MRI tracking ability in diseased models. Only one study by
Boehm-Sturm et al. compared MRI 19F signal acquired from Celsense labeled SCs injected in naïve and stroke mice and
interestingly reported no significant difference between both mice models (Figure 3a; Boehm-Sturm et al., 2014). Fur-
thermore, MRI 19F signal persisted for 4 weeks post-implantation of labeled SCs in both healthy and diseased model
(Boehm-Sturm et al., 2014). Hence, in the future, preclinical MRI studies involving tracking of SCs should explore the
feasibility of tracers and its application in disease models for a more clinically relatable outcome. Another study
reported both 3D-bSSFP MRI of 19F and 1H signal from Celsense-labeled and Molday ION Rhodamine B (MIRB)-
labeled hMSC, respectively, were visualized at corresponding implantation location for almost 4 weeks post-
implantation of cells (Figure 3b(C-F)) (Ribot et al., 2014). Nonetheless, it should be highlighted that a signal loss

FIGURE 3 Longitudinal tracking of fluorinated labeled SCs in mice model. (a) 19F imaging performed 1–4 weeks after implantation of

labeled SCs into naive mice and stroke animals that underwent middle cerebral arterial occlusion 48 h before (Boehm-Sturm et al., 2014).

(b) Representative axial 1H image (A), 19F image (B), and overlay (C) of 19F image on 1H anatomical image with the 19F rendered in “hot-
iron” color scale on the day of the cell injection. Axial images of the same mouse imaged 3 days (D), 12 days (E), and 26 days (F) after the

injection. The red and blue arrows point to the Cellsense-labeled mesenchymal stem cells (MSCs) and Molday ION rhodamine B (MIRB)-

labeled hMSC injection sites, respectively. The yellow arrows point to bone. “R” designates the fluorine reference tube. The number of

fluorine atoms quantified for the cell sense-labeled MSCs injection sites at each time point are indicated at the top right of each image. The

minimum/maximum intensities for the hot iron scale represent values of 10,058/610,470 (D), 10,910/381,030 (E), and 17,335/413,250

(F) (Ribot et al., 2014)
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(depicted by yellow arrows) was also displayed by the bones of mouse legs. Hence, this false positive signal acquired
from mouse bones emphasizes ambiguity involved in tracking of iron labeled cells which was also discussed in earlier
part of this review (Ribot et al., 2014). In the past couple of years, 19F MRI in vivo tracking also involves utilization of
immune cells labeled with Celsense (Chapelin et al., 2017, 2018; Kennis et al., 2019).

Fluorinated block copolymers have been proposed as an alternative to PFCs as an 19F MRI agent (Peng et al., 2009).
Polymeric agents have inherent advantages as imaging tracers for MRI as they are easily manipulated, with the option
to attach functional groups, which permits the inclusion of multiple imaging modalities, bioactive treatments and
targeting ligands for a more focused and precise imaging in subjects (Thurecht, 2012). Moonshi et al developed partially
fluorinated polymers with a fluorine content of �21.4 wt%, with PFPE as the fluorine constituent and oligo(ethylene
glycol) methyl ether methacrylate (OEGMA) as the hydrophilic component (Moonshi et al., 2018). Importantly, they
demonstrated that labeled MSCs were observed for 1 week in a mouse model within a short MRI acquisition time of
12 min (Moonshi et al., 2018). Notably, partially fluorinated polymers (PFPs) employed in this study for MRI tracking
had no substantial harmful consequence on the viability, differentiation abilities, and expression of specific MSC
markers (Moonshi et al., 2018). 19F MRI has not been employed routinely in the clinic despite reported successful stud-
ies demonstrating in vivo tracking of cells, predominantly due to the lack of efficient and reliable tracers. Therefore, fur-
ther emphasis and efforts must be directed to the development of innovative 19F tracers for the progress toward the
clinical application of 19F MRI.

3 | CONCERNS AND LIMITATIONS

Cell division which leads to dilution of intracellular agents imposes a challenge for long-term in vivo SC tracking,
irrespective of the type of MR tracer or contrast agent. Moreover, a limitation of most nanoparticle-based imaging
tracers includes the lack of ability to discriminate between live and dead cells. Cell death can cause diffusion of tracers
eventually leads to a loss of MRI detectability (Bulte & Daldrup-Link, 2018). Moreover, cell death can effect in the possi-
ble transfer of the imaging agent to neighboring macrophages and may result in false positive signals if a large popula-
tion accumulate in an area of interest (Srinivas et al., 2007). Even though this was observed in a few studies (Srinivas
et al., 2007), most in vivo research displayed the opposite whereby tracked cells of interest displayed in MRI are not
macrophages (Srinivas et al., 2007). Hence, apprehension of macrophage ingestion of labeled cells seems overstated and
should not dampen future prospects of research in this area.

Several parameters such as size, surface charge, coating, and routes of administration of MR contrast agents have
substantial impact on the safety profile and clearance of these NPs (Arami et al., 2015). In general, liver and spleen
which forms part of mononuclear phagocytic system plays a major role in the clearance of i.v. injected IONPs and PFC
nanoemulsions (Arami et al., 2015; Jacoby et al., 2014). Nonetheless, upon injection of high iron concentration, surplus
IONPs gets transported to other macrophage rich organs such as lungs for elimination from the circulatory system
(Levy et al., 2011). A recent clinical study conducted in patients with chronic ischemic heart disease confirmed that
intramyocardial injection of USPIO labeled MSC did not have an adverse effect on these patients 6 months post-
treatment (Mathiasen et al., 2019). While there are growing research assessing the clearance mechanism and toxicity of
MR contrast agents, data obtained are not consistent due to the variation in NPs characteristics and experimental
parameters utilized in different studies (Feng et al., 2018).

PFCs have been established as a safe and biocompatible compound accompanied with no substantial reported
adverse effects (Krafft, 2001). Additionally, they are exploited in various biomedical applications including its role
in the preparation of synthetic blood (Clark, 1966; Geyer, 1973). PFCs are removed from the body through exhala-
tion and bowel excretion (Castro et al., 1984). Consequently, there are many reported studies on the biocompatibil-
ity, biodistribution and clearance mechanism of PFCs, presenting these polymers as ideal candidates as a suitable
MRI tracer (Geyer, 1973). Nonetheless, 19F MRI studies involving tracking of SCs labeled with PFC nanoemulsion
in mouse model demonstrated label retention despite the death of implanted cells (Bible et al., 2012; Boehm-Sturm
et al., 2014). In this case, prolonged retention of cell tracer is also not ideal as it does not reflect the true viability of
cell treatment and can result in toxicity issues that can develop from the slow clearance of tracer. Also, PEGylated
NPs covertly avoid Kupffer cells in the liver allowing these NPs to gain longer circulation time and selectively
taken up by spleen macrophages (Cole et al., 2011). Although longer circulation time of MR contrast agents is ideal
for longitudinal tracking purpose, long term toxicity of these agents must be further evaluated (Levy et al., 2011).
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Interestingly, all 19F imaging studies till date involving the tracking of SCs have injected labeled cells subcutane-
ously or in a localized microenvironment to ascertain feasibility of tracers (Table 4). Moreover, these studies did not
progress to evaluate biodistribution of labeled cells after implantation via other clinically relevant methods such as i.v.,
so on. While it is crucial to understand feasibility of tracers in a subcutaneous model as a preliminary assessment, fur-
ther studies must be conducted to understand the true efficacy of fluorinated agents as a MR cell imaging tracer.

Feridex has been reported to influence chondrogenic differentiation potential but not adipogenic or osteogenic dif-
ferentiation in MSCs (Kostura et al., 2004). Therefore, it is crucial that MRI cell tracers have negligible impact on criti-
cal inherent SCs characteristics such as differentiation potential, phenotypical and expected therapeutic function as any
alterations after labeling could have an adverse consequence on the reliability and efficacy of the MSC therapy. Conse-
quently, any type of MRI agents developed for the purpose of SC tracking must be thoroughly and rigorously evaluated
in correspondence to the criteria validated for MSCs by the International Society for Cellular Therapy (ISCT).

4 | OTHER POTENTIAL DIRECTIONS IN STEM CELL TRACKING

As described earlier in this review, while several studies have established successful longitudinal MRI tracking of MSCs
labeled with T1-shortening Gd-based contrast agents, clinical translation of this contrast agent has been impeded due to
the equivocality involved in the long-term safety of these agents (Geng et al., 2015; M. Modo et al., 2009). Consequently,
there is an unmet clinical need for a suitable alternative T1-shortening contrast agent that can replace Gd-based con-
trast agents (Bales et al., 2019; Besenhard et al., 2021). Preferentially, these alternative agents should have the same T1

-shortening effect accompanied with a substantial reduction in accumulated toxicity in comparison to Gd-based con-
trast agents. Interestingly, Boehm-Sturm et al. have studied the ability of chelates loaded with paramagnetic ferric iron
(Fe3+) in lieu of paramagnetic gadolinium (Gd3+) for T1-weighted dynamic contrast-enhanced imaging in in vivo breast
cancer model (Boehm-Sturm et al., 2017). Their results indicated that, upon intravenous injection, these low molecular
weight iron chelates displayed comparable contrast effects and enhancement kinetics to commercially available Gd-
DTPA (Magnevist; Bayer, Leverkusen, Germany) with a 1.5-T MRI (Boehm-Sturm et al., 2017).

Also, a recent study in 2020 demonstrated the utilization of iron (III)-quercetin complex as a T1-positive contrast
agent for the potential monitoring of cells in vivo (Papan et al., 2020). Interestingly, this group established that the T1

relaxivity value of their iron complex in both water (range of 1.5–4.2 mM�1 s�1) and plasma (range of 3.4–6.6 mM�1

s�1) measured at 1.5 T was comparable to other clinical T1-positive contrast agents such as Gd-DTPA and Gd-DOTA.
Also, this study displayed enhancement of T1 signal intensity in vitro accompanied with negligible adverse effects in
labeled peripheral blood mononuclear cells (Papan et al., 2020). While SPION based T2 contrast agents encompasses
several advantages including biocompatibility and high sensitivity, contrast produced by SPIO labeled cells can be con-
fused with other factors such as bleeding or blood vessels, hence hindering clear monitoring of cells (Park et al., 2015).
Therefore, employing the use of iron instead of Gd chelates as an alternative hypercontrast imaging agent delivers a
promising strategy that can allow the tracking of labeled SCs while obviating toxicity involved with Gd and ambiguity
correlated with SPION based T2 contrast agents. Subsequently, further research efforts need to be channeled in this
direction to provide a long-term safety profile of iron chelates as a T1-contrast agent for the successful serial tracking of
labeled stem cells in vivo.

While MR contrast imaging agents such as SPIONs and fluorinated tracers have been established to successfully
monitor cell distribution over time, a crucial limitation of all NP based agents is the inability to distinguish between live
and dead cells (Bulte & Daldrup-Link, 2018). Hence, it is unclear if a stem cell treatment fails due to cell death upon
transplantation or poor survival of therapeutic cells (Hmadcha et al., 2020). Hence, a non-invasive MR imaging tech-
nique that can track and ascertain viability of cells could expedite clinical translation of cell therapies.

Reporter gene labeling confers an advantage as the reporter gene is transfected into the DNA of the therapeutic cells
and protein expression can only be generated by viable cells and is passed on to daughter cells (Eric T. Ahrens
et al., 2014; Li et al., 2018). MRI is then employed with the utilization of a specific probe to non-invasively monitor
transgene expression of viable cells in vivo (Li et al., 2018). Hence, MR imaging of reporter gene expression allows the
tracking of cell survival and proliferation after implantation. Overall, MRI reporter genes can be classified into three
main categories including reporter genes that can attain chemical exchange saturation transfer (CEST), reporter
enzymes, and iron homeostasis protein (Jurgielewicz et al., 2017). A detailed description of MRI reporter genes in stem
cell tracking is presented by review articles from Jurgielewicz and Vande Velde et al. (Jurgielewicz et al., 2017; Vande
Velde et al., 2013).
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CEST is a nascent MRI contrast strategy based on the expression of an enzyme that triggers the exchange of a pro-
ton with surrounding water molecules from a probe that is introduced exogenously (Bar-Shir et al., 2013; Chan
et al., 2013). For instance, Alon et al. successfully generated CEST contrast with MSCs transfected with herpes simplex
virus type-1-thymidine kinase (HSV1-tk) in an in vivo myocardial infarcted pig model (Alon et al., 2016). The expres-
sion of the kinase in viable cells phosphorylates the exogenous CEST MRI probe, 5-methyl-5,6-dihydrothymidine
(5-MDHT) which can then be visualized with CEST-MRI which is dependent on the exchange of amide proton on the
reporter probe with the adjacent water protons. This work has demonstrated the practicality of monitoring viable MSCs
by imaging gene expression with HSV1-tk via a reporter probe in an in vivo infarcted heart model with a 3 T MR system
(Figure 4; Alon et al., 2016). However, a key issue in the clinical translation of the employment of reporter genes to
track stem cells elicits safety concerns correlated with gene alteration of cells (Jurgielewicz et al., 2017). Therefore, it
must be reiterated that any MRI stem cell tracking strategy should not change vital SCs properties that could have a
detrimental effect on the efficacy and safety of SC treatment. Consequently, more long-term studies need to be per-
formed to fully comprehend the safety and efficacy of MRI reporter genes in stem cell tracking for clinical translation.

While MRI presents itself as an apt imaging strategy that allows visualization and monitoring of SCs, a single
modality is inadequate to obtain all essential data of implanted cells. MRI is safe for deep tissue imaging and has high
resolution but low sensitivity (Sutton et al., 2008). SPIONPs have been extensively used as MR cell tracking agents
due to its high sensitivity and low toxicity. However, as mentioned in this review, contrast generated by SPIO labeled
cells can be mistaken with other factors due to trauma or hemorrhage (Himmelreich et al., 2005). Conversely,
nuclear imaging techniques such as SPECT and PET have very high sensitivity and specificity but poor resolution
(Janjic & Ahrens, 2009). Moreover, the limited half-life of tracers impedes longitudinal tracking and visualization of
implanted MSCs (Belderbos et al., 2020).

Clearly, there is currently no perfect imaging strategy for the monitoring of stem cells in vivo. Therefore, consider-
ing the inherent limitations of current imaging modalities, we propose that the future research direction in stem cell
tracking should focus on the utilization of multimodal imaging. Consequently, combining the utilization of different
imaging modalities for the tracking of MSCs can overcome limitations involved with individual technique
(Bhakoo, 2011). This approach encompasses the development of multifunctional contrast agents whereby complemen-
tary roles of each technique can be fully exploited. Hence, an intelligent combination to MRI would be the inclusion of
clinically translatable imaging modalities such as PET, SPECT, US, and PAI.

For instance, recently, Belderbos et al demonstrated successful in vivo tracking of MSCs with 18F labeled Fe3O4@Al
(OH)3 NPs using simultaneous multimodal PET/MR imaging (Belderbos et al., 2020). Hence, PET/MR images acquired
enhances visualization and quantification of labeled cells (Belderbos et al., 2020). These novel NPs displayed promising
potential as a dual PET/MRI contrast agents for the longitudinal tracking of MSCs in vivo (Belderbos et al., 2020).

Still in infancy stage, photoacoustic imaging (PAI) is a non-invasive imaging technique which provides high con-
trast of optics and resolution of acoustic which allows visualizing morphological and functional characteristics
(Kubelick & Emelianov, 2020). NP contrast agents are utilized to label SCs to create adequate detectable acoustic source
(Kubelick & Emelianov, 2020). Hence, PAI has great potential for in vivo longitudinal tracking of SCs. Recently,
Kubelick and Emelianov demonstrated successful utilization of tri-modal imaging with US/PAI/MRI to detect stem

FIGURE 4 (a) An anatomical MR image of the heart showing the right ventricle, left ventricle, and the interventricular septum where

the stem cells were transplanted: MSCs expressing HSV1-TK (A) and wild type MSCs (B) were incubated for 4 h with 5-MDHT prior to

transplantation and control wild type MSCs (C). (b) CEST map overlaid on the anatomical image showing labeled MSCHSV1-TK appearing as

a hot spot (A) (Alon et al., 2016)
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cells labeled with Prussian blue nanocubes in the spinal cord of rat model (Kubelick & Emelianov, 2020). This multi-
modal contrast allowed successful monitoring of SCs in the spinal cord intraoperatively and postoperatively.

5 | PROSPECTS AND CHALLENGES FOR TRANSLATION

MRI cell tracking in clinical trials is currently in its infancy stage. Till date, a few clinical studies involving SPIO based cell
tracking have been reported (Callera & de Melo, 2007; de Vries et al., 2005; Toso et al., 2008; Zhu et al., 2006). In the first
reported clinical study utilizing MRI cell tracking in melanoma patients, dendritic cells were labeled with SPIONs or 111

In-oxine and cells were co-implanted with delivery guided through ultrasound imaging, into the inguinal lymph nodes of
patients (de Vries et al., 2005). This study compared the feasibility and accuracy of identifying ultrasound-guided injected
cells labeled with SPIONs and radionuclide in the lymph nodes and the monitoring migration pattern of cells to distant
lymph nodes using a 3 T MRI scanner and scintigraphic imaging, respectively (de Vries et al., 2005). Interestingly, labeled
cells implanted via ultrasound assisted delivery were injected away from the targeted region of interest in 50% of the
patients. It was found that the inaccurate injection performed by experienced radiologist was not detected using radionu-
clide imaging but was clearly observed using MRI (de Vries et al., 2005). Therefore, in contrast to scintigraphic imaging,
MR imaging allowed evaluation of the accuracy of injected dendritic cells via ultrasound guided delivery.

Overall, this study established that MRI was capable to accurately detect cells injected in lymph nodes and was
superior to radionuclide imaging in this aspect (de Vries et al., 2005). MRI-compatible catheters that allow precise MRI
guided injection of cells was developed as a result of this important discovery.

A huge obstacle in this field is that pharmaceutical industries have ceased productions of SPIO agents such as
feromoxides and ferucarbotran due to lack of clinical users [128]. Presently, there are other preclinical experimental
SPIO agents available with the latest clinical study recently completed involving in vivo tracking of USPIO labeled MSC
in the heart (NCT03651791). This clinical study was performed to assess the feasibility of MRI tracking of labeled bone
marrow derived MSCs post-intramyocardial injection in patients with chronic ischemic heart disease (Mathiasen
et al., 2019). Labeled MSCs were successfully tracked with MRI for up to 14 days post-injection of cells (Figure 5;
Mathiasen et al., 2019). Importantly, improved heart function was observed and labeling of MSCs with USPIO did not
affect long term safety of treatment in all patients (Mathiasen et al., 2019).

FIGURE 5 T2* images. T2* images from one representative patient. Images a1, b1, and c1 show the longitudinal position of respective

short-axis images (green lines). Images a2–a6, b2–b6, and c2–c6 show serial short-axis images at the same three longitudinal positions (a, b,

c) at baseline, day 0, day 1, day 3, and day 7 after injection. The yellow arrows point to hypointense areas in the images suspected to point

out injected ultra-small superparamagnetic iron oxides labeled mesenchymal stem cells USPIO-labeled MSCs (slice thickness 5 mm)

(Mathiasen et al., 2019)
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While there are many clinical trials on the employment of MSCs in the treatment of various diseases, MRI is utilized
in these studies as an imaging modality to monitor treatment efficacy and not to track implanted cells. To the best of
our knowledge, only one completed clinical trial study (NCT03651791) was recorded specifically on the tracking of
MSCs labeled with SPIONs in patients with chronic ischemic heart disease which was already summarized in this
review (Mathiasen et al., 2019). A first-in-man, Phase I study (NCT02035085) utilizing 19F MRI to track autologous, adi-
pose derived stem cells is in recruitment phase and will only commence tentatively in December 2021. Another study
(NCT03648463) involving the use of MRI labeling technique to track MSCs in orthopedic conditions was started in
October 2019. However, no further updates were provided and the status for this study is classified as unknown.

Recently, there has been a channeling of focus to 19F imaging for the in vivo tracking of cells which has led to the
development of novel 19F MRI tracers (Moonshi et al., 2018). This change is probably due to the fact that 19F MRI
delivers a highly specific, explicit, and quantitative strategy to monitor labeled cells in contrast to metal ion-based imag-
ing. Immune cells labeled with PFC nanoemulsions was observed in patients with colorectal cancer in a phase 1 clinical
study (NCT01671592). While this study demonstrated the feasibility of 19F based cell tracking using a clinical scanner,
it also underscored a huge drawback with 19F imaging, which is its limited sensitivity (Boehm-Sturm et al., 2011). Only
patients injected with a high quantity of (1 � 107) cells had localized detectable 19F signal in comparison to a lower dose
of (1 � 106) cells (Eric T. Ahrens et al., 2005). Nonetheless, from this viewpoint, a conventional MSC based clinical ther-
apy requires more than one intravenous injection of cell quantity in the millionth range (Chambers et al., 2014; Lublin
et al., 2014). Consequently, the detection sensitivity achieved here in a clinical scanner is still within the acceptable
range for the purpose of cell tracking using MRI (Chambers et al., 2014; Lublin et al., 2014).

6 | CONCLUSION

Till date, MRI has not been fully exploited in the clinic for SC labeling mainly because of the lack of suitable and
effective tracers. Gd-based contrast agents have not been widely employed for SC imaging due to concerns involving
long term cytotoxic effects on the functional and phenotypical features of SCs. Interestingly, there have not been
many published studies in the past 5 years on MR imaging with SCs labeled with SPIONs despite various reported
findings highlighting successful in vivo tracking of SCs labeled with SPIONs in diseased models. Therefore, it is criti-
cal to develop reliable MR contrast agents to completely take advantage of MRI as a powerful imaging modality for
the tracking of SCs. Recently, there has been a shift of direction to 19F imaging for the in vivo tracking of cells which
has led to the development of novel 19F MRI tracers. This change in direction is likely because 19F MRI delivers a
highly specific, explicit, and quantitative approach to monitor labeled cells in comparison to metal ion-based
imaging.

MSCs are employed as therapeutic agent or delivery vehicle in the treatment of various diseases. Hence, MRI
based cell tracking has outstanding potential specifically in the optimization of parameters in SC therapy to pro-
gress toward a successful clinical translation and it is anticipated to be routinely employed in the near future.
Importantly, most major hospitals are already equipped with MRI scanners, hence allowing clinical translation of
SC tracking feasible. While MRI presents itself as a suitable imaging technique that allows visualization and moni-
toring of SCs, a single modality is insufficient to obtain all vital data of implanted cells. Therefore, combining the
utilization of different imaging modalities for the tracking of MSCs can overcome shortcomings involved with indi-
vidual technique.
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