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Stem cell and immune cell therapies are being investigated as a potential therapeutic

modality for CNS disorders, performing functions such as targeted drug or growth

factor delivery, tumor cell destruction, or inflammatory regulation. Despite promising

preclinical studies, delivery routes for maximizing cell engraftment, such as stereotactic

or intrathecal injection, are invasive and carry risks of hemorrhage and infection. Recent

developments in MRI-guided focused ultrasound (MRgFUS) technology have significant

implications for treating focal CNS pathologies including neurodegenerative, vascular and

malignant processes. MRgFUS is currently employed in the clinic for treating essential

tremor and Parkinson’s Disease by producing precise, incisionless, transcranial lesions.

This non-invasive technology can also be modified for non-destructive applications

to safely and transiently open the blood-brain barrier (BBB) to deliver a range of

therapeutics, including cells. This review is meant to familiarize the neuro-interventionalist

with this topic and discusses the use of MRgFUS for facilitating cellular delivery

to the brain. A detailed and comprehensive description is provided on routes of

cell administration, imaging strategies for targeting and tracking cellular delivery and

engraftment, biophysical mechanisms of BBB enhanced permeability, supportive proof-

of-concept studies, and potential for clinical translation.

Keywords: central nervous system diseases, cellular therapy, MRI-guided focused ultrasound, blood-brain barrier,

cellular tracking

INTRODUCTION

Neurologic Cellular Therapies
Treating CNS disorders with cells were trialed first in the late 1980s, when patients with
Parkinson’s disease (PD) and Huntington’s disease (HD) underwent intrastriatal injections of fetal
mesencephalic tissue. Modest improvements in motor and cognitive function were noted in PD
patients, but survival of transplanted fetal dopaminergic cells was low, and a cohort of patients also
developed post-engraftment dyskinesias, possibly due to patchy reinnervation (1). Engraftment was
verified via increased PET signaling in HD patients (2), but one patient was noted to have graft
tissue overgrowth in a 5-year follow-up, demonstrating a potential risk of fetal tissue implantation
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(3). Despite these limitations, the pilot trials motivated future
research into using exogenous cells to treat CNS disease,
especially from sources that did not raise the ethical concerns
involved with fetal tissue. Over time, the consensus on
the mechanistic goal of this strategy shifted from outright
cell replacement toward the inclusion of more complex
functions, including local immunomodulation, inducing
differentiation of endogenous stem cells, or encapsulating
small molecular drugs for controlled release. Compared to
other therapeutic vehicles (liposomes and nanoparticles), the
biological machinery of a therapeutic cell can be exploited
for their natural signaling networks, migration behaviors,
and endosomal compartmentalization. Moreover, cells can be
genetically engineered in vitro to express neurotrophic factors
(4), enzymes to convert innocuous prodrugs into active forms for
targeted therapies (5), or chimeric antigen ligands designed to
target specific pathologic cell markers for more targeted therapy
(6). They can also be designed to contain built-in suicide genes
to ensure that they are not retained longer than intended or
undergo mutation (7).

Stem Cells
Research probing the biochemical and mechanical
underpinnings of stem cell differentiation continues to
grow with ever increasing preclinical and clinical studies.
Stem cells maintain their definition as undifferentiated cells
with self-renewal capacity that are mainly classified based on
“potency,” or capacity to develop into one or all of the three
germ layers; further classification schemes are based on sourcing
technique or location. Human Embryonic Stem Cells (hESCs)
and induced Pluripotent Stem Cells (iPSCs) exhibit pluripotency
i.e., capacity to differentiate into somatic cells of all three
embryonic germ layers. Applications employing hESCs, which
are derived from the embryonic inner cell mass, are limited due
to ethical constraints and the risk of tumorigenicity if not fully
differentiated into the tissue of interest. iPSCs are created via
transfecting somatic cells (e.g., from the skin or peripheral blood)
with reprogramming transcriptional factors (8). Clinical grade,
human PSCs (hPSCs) for direct differentiation into midbrain
dopamine neurons, for example, are currently being developed
for the treatment of PD (9). While patient-derived lines that
circumvent immune rejection is promising, challenges still
include maximizing reprogramming efficiency and overcoming
costs of expansion and safety testing (10, 11). Adult stem cells
(neural, mesenchymal, hematopoietic, colonic epithelial) exhibit
multipotency i.e., capacity to differentiate into a somatic cell
of their respective germ layer. These reside within “stem cell
niches” that have been identified in several organ tissues and
either continuously proliferate and differentiate (e.g., colonic
stem cells) or lie dormant until receiving molecular cues after
injury (12).

Neural stem cells (NSCs) and Mesenchymal stem cells
(MSCs) are common stem cell types under study for neurologic
cell therapies. NSCs were discovered to reside within the
subventricular zone of the lateral ventricles and subgranular
zone of the dentate gyrus, two areas of adult neurogenesis
which have been implicated in learning, memory and mood

regulation (13, 14). The NSC migratory and differentiation
functions are influenced by a network of supportive cells that
provide synaptic input, transcriptional signals, and epigenetic
cues (15). NSCs have been therapeutically exploited for their cell
replacement potential in becoming neuronal or glial progenitor
cells, producing neurotrophic factors that promote neuronal
growth, and for delivering a variety of anticancer payloads (16).
Isolating large therapeutic quantities of autologous NSCs directly
from a patient, however, is challenging. Two recently developed
harvesting techniques are being evaluated comparatively. One
involves directly transforming adult somatic cells into a NSC
(i.e., “transdifferentiation”) (17), while the other differentiates
iPSCs to create “induced” NSCs (iNSCs) (18). MSCs reside
in multiple areas in the body including bone marrow, dental
pulp, adipose tissue, umbilical cord blood and amniotic fluid,
conferring their ability to be sourced relatively easier than NSCs.
MSCs have been shown to cross the BBB and home to primary
and metastatic tumors of the brain through chemokine signaling
(19, 20). The pleiotropic functions of MSCS (growth factor
secretion, immunomodulation, neuroprotection, angiogenesis,
anti-apoptosis, inducing differentiation) (21) are undergoing
rigorous study for therapeutic intent, shifting the focus from
MSC mediated regeneration potential toward exploiting MSC
“medicinal signaling” (22). Another promising component of
MSC therapy involves its natural cell-cell communication ability
via exosomes, nanometer-sized lipid membrane bound vesicles
that secrete a variety of cargo molecules to maintain tissue
homeostasis (23). Drug encapsulation using exosomes can extend
the agent’s half-life, and maximize targeted and controlled
delivery with minimal effects on healthy tissues (24). This
can be beneficial in cases where a biologic therapeutic (e.g.,
cytokines, miRNA, growth factors) may either have difficulty
reaching the pathologic cerebral area, or cause systemic side
effects if delivered on their own (e.g., inflammatory reactions
from systemic IL-2).

Immune Cells
Immune cell delivery is the other arm of CNS cellular
therapies currently being investigated, mainly in the context
of treating malignancy, but more recently also being explored
for neurodegenerative conditions (25). One of the primary
findings of small animal studies, which established the new
experimental domain of natural killer (NK) cell therapeutics,
was their ability to recognize and kill human glioblastoma
(GBM) cells through direct cell-mediated cytotoxicity (26). As
NK cells account for only ∼3% of circulating immune cells,
autologous harvesting would not be able to reach therapeutic
levels, and expansion ex vivo would be required. Many
clinical trials use the immortalized NK-92 cell line, due to
relative ease of expansion and implementation (compared to
autologous harvesting). To circumvent the immunosuppressive
environment of brain tumors, which downregulates NK activity,
NK cells can be engineered ex vivo to overexpress activating
cytokines (Il-12 or IL-15) to form “activated” NK cells, which
increases tumor cell killing efficacy (27). The clinical success of
chimeric antigen receptors in T-cells (CAR-T cells) for treating
lymphoblastic leukemias shows promise toward implementing a
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similar strategy using NK cells, a lymphoid relative of T-cells,
for solid brain malignancies (28). The use of CAR-T cells is an
evolving form of cancer immunotherapy, in which autologously
or allogeneic derived T-cells are genetically modified to target
and attack specific cancer cells via chimeric antigen receptor
binding (29, 30).

ROUTES OF ADMINISTRATION FOR
CELLULAR THERAPY

The route of administering therapeutic cells into pathologic
intracerebral regions plays a critical role toward successful
implantation. The BBB is a multicellular capillary network
that protects the brain parenchyma from intrusion of foreign
pathogens and neurotoxins, and regulates cerebral perfusion and
flux of ions, hormones, and glucose to ensure normal functioning
of neuronal circuits. Therapeutic cells must either circumvent the
BBB or be functionalized to utilize one of many transmigratory
pathways of the BBB for access to the target site (31).

Intracerebral injections offer the most direct access for cellular
implantation, by bypassing the BBB. However, the stereotactic
technique can carry increased risk of hemorrhage and infection
(32). This method is also less appealing due to the limited
effective volume of delivery, especially for larger agents (33).
Intrathecal administration bypasses the BBB via injection of
the therapeutic agent or cell directly into the subarachnoid
space and the CSF. This approach is mainly utilized for
treating leptomeningeal disease, delivering chemotherapeutics
for leptomeningeal disease (34), and baclofen for analgesia (35).
For parenchymal disease, intrathecal administration of cells
may have limitations due to the rapid turnover of CSF (i.e.,
minimizing interaction time between the cell therapy and brain-
CSF barrier) (31).

Vascular routes of administration include intra-arterial (IA)
and intravenous (IV) administration, and are commonly
employed for procedural simplicity. There was initial concern
for the IV route being a potential nidus for pulmonary
thromboembolism (36), but a recent systematic review of 47
randomized clinical trials utilizing intravascular administration
of MSCs found no statistically significant risk of embolic
complications compared to controls (37). Nevertheless, studies
report injected cells accumulating within the microvasculature
of the lung, i.e., a “pulmonary trapping” effect (38), leading to
decreased cell engraftment at the treatment target. Intracarotid
(i.e., IA) injections can bypass filtering organs and allow cells to
reach the CNS to a greater degree than by IV (39).

Hyperosmolar BBB disruption involves intravascular delivery
of an agent, typically mannitol, that increases oncotic pressure
and drives fluid outside of microvascular epithelial cells, causing
shrinkage and thus paracellular passage of therapeutics, including
stem cells, into the brain (40). A drawback of this procedure is
that it may lead to increases in BBB permeability in off-target
brain regions. This would for example, allow greater exposure
to endogenous neurotoxins (i.e., albumin), which may result
in adverse effects that include vaso-vagal responses and focal
seizures (31). Due to the risk of compounding vasogenic edema,

using this approach to treat an entire multifocal CNS disorder
that presides over separate cerebrovascular regions may not be
feasible to complete in a single treatment session and may have
to be divided over multiple periods (41).

Intranasal delivery is a developing administration approach
that is not yet fully understood but thought to bypass the BBB by
relying on migration along olfactory and trigeminal nerve tracts
and into CSF flow tracts (42). Many studies have demonstrated
higher CSF levels of chemotherapeutics, small molecular drugs,
and nanoparticles using this innovative approach, relative to
conventional intravenous routes. However, this strategy may be
limited by clearance from the ciliated mucosal epithelium (43).

Implantable devices such as the Ommaya reservoir
have successfully been used for delivering growth factors,
analgesics and chemotherapy directly into CSF circulation.
This approach has notable drawbacks that would preclude
the delivery of cells due to clogging and pump failure (44).
Collectively, limitations encountered by these routes may
include invasiveness, low rates of engraftment, and low target
region specificity. The common cell administration routes
implemented in preclinical and clinical trials, each with their
specific advantages and disadvantages, are summarized in
Table 1.

MRgFUS TECHNOLOGY AND CLINICAL
APPLICATIONS

Choosing one of the aforementioned delivery routes is governed
by specific preferences such as the required accuracy of targeting
or minimizing the degree of invasiveness. The choice can also
be dictated by characteristics of the CNS pathology, such as
focality. A condition like PD for example has lesions typically
occurring in one region compared to Multiple Sclerosis (MS)
where lesions are in multiple regions. Engraftment rates of cells
in some studies have not been encouraging. For example, one
study investigating IV injection of MSCs into a traumatic brain
injury (TBI) rat model yielded <4% of cells reaching arterial
circulation (51). Therefore, a growing number of researchers have
been investigating the use of focused ultrasound (FUS) under
MRI guidance (MRgFUS) to pre-treat focal pathologic regions
for enhancing cell delivery. MRgFUS is a non-invasive modality
that is advantageous for its spatial specificity and minimal off-
target effects. MRgFUS technology is gaining substantial interest
for its ability to provide controlled, non-invasive, and targeted
therapeutic ultrasound energy, which can be adjusted to create a
variety of beneficial biological effects for treatments in the brain
(52). These specific effects include destructive thermal ablation
(53, 54), radiosensitization (55), immune activation (56, 57), BBB
opening for therapeutic delivery (58, 59), and stem cell homing
(60, 61).

The variation in induced effects is controlled by the mode
of application, which can be continuous or pulsed (i.e., non-
continuous), and further modified by varying the duration and
intensity of the applied ultrasound energy. Thermal tissue effects
predominate with continuous exposures, and temperatures can
rise to 60◦C in the focal region within seconds, leading to tissue
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TABLE 1 | Administration routes for intracerebral cellular therapy.

Technique Advantages/Disadvantages Ref

Intraparenchymal (Stereotactic injection) ADV:

DIS:

Bypasses BBB; most direct access to CNS region of pathology, high engraftment rate

Invasive (risk of hemorrhage, infection, injury to normal tissue), glial scar formation, not feasible

in poor surgical candidates

(45)

Intrathecal (Injection) ADV:

DIS:

Bypasses BBB

Invasive, high CSF turnover

(46)

Intrathecal Device ADV:

DIS:

Bypasses BBB

Invasive, device failure (improper dosage, cell death inside reservoir, clogging)

(47)

Intranasal ADV:

DIS:

Bypasses BBB, Least invasive

Poor engraftment rates, targeting, cells required to migrate long distances

(48)

Systemic (IA) ADV:

DIS:

Higher cell engraftment compared to IV

Embolism risk, non-specific targeting

(39)

Systemic (IV) ADV:

DIS:

Relatively less invasive than IA

Pulmonary trapping effect

Reticuloendothelial trapping (liver, spleen)

(49)

Hyperosmotic BBB disruption ADV:

DIS:

Higher cell engraftment compared to IV

Embolism risk, non-specific targeting

(50)

destruction by the process of coagulative necrosis. With pulsed
FUS (pFUS) exposures, mechanical tissue effects predominate,
and temperature elevations are minimal (within the range
4–5◦C) (62–64). Globally, focused ultrasound ablative therapies
have been approved and implemented for thyroid nodules, bone
metastases, uterine fibroids, and tumors of the liver, pancreas,
kidney, prostate, and breast. With regards to intracranial
applications, the FDA approved MRgFUS ablation for essential
tremor in 2016, and recently tremor-dominant PD in 20181

These two milestones have provided the motivation for more
preclinical and clinical studies to be proposed and developed.
To date, up to 2000 patients in the US have undergone MRgFUS
treatments for either the aforementioned FDA-approved
indications or in new clinical studies for the treatment of
neuropathic pain (NCT03111277), AD (NCT04118764), epilepsy
(NCT02804230), obsessive compulsive disorder (NCT03156335),
ALS (NCT03321487), and brain malignancies (NCT00147056).

FUS Mediated BBB Opening
Reliable BBB opening (BBBO) is achieved with the combination
of MRgFUS and IV injection of ultrasound contrast agents
(i.e., microbubbles, MBs) which are typically 1–10 micron lipid
or albumin based spheres containing a bio-inert gas. Early
pFUS studies without using MBs demonstrated that meaningful
mechanical effects, such as those required for permeabilizing
the BBB, could not be generated without the presence of tissue
damage (65). A landmark study by Hynynen et al. found that
incorporating MBs significantly improved the clinical feasibility
of the technique. It allowed for finer control of BBB permeability
and required lower intensities, lessening the risk of skull heating
and damage (66). After injection, the MBs travel throughout the
circulatory system and eventually reach the capillaries within the
target volume of the FUS transducer.

Acoustic cavitation is one of the non-thermal pFUS based
mechanisms for generating bioeffects. This occurs in the form

1https://www.fusfoundation.org/.

of expansion of the MBs during the negative pressure part
of the ultrasound cycle and contraction during the positive
pressure part. Upon pFUS exposure, the MBs transmit these
mechanical oscillations onto the endothelial cells, which can
alter BBB permeability. Low pressure amplitudes, in which
MB oscillations remain stable (i.e., non-inertial cavitation), are
employed to induce transient BBB opening through a number
of proposed paracellular and transcellular mechanisms. If the
pressure amplitude becomes too high, the MBs undergo unstable
oscillations (i.e., inertial cavitation) where they expand and
eventually collapse. This is undesirable in BBBO where shock
waves generated can damage cells of the microvasculature.
Hence, monitoring for cavitation is crucial for this application
of MRgFUS (67).

Most human MRgFUS treatments in the brain are performed
using a hemispherical 1,024-element ultrasound transducer array
that communicates with the MRI system (Figure 1). Each of the
contiguous transducer elements is driven by an individual power
source. Depending on the treatment target, specific individual

elements will be activated, where the beams converge (i.e., at
the “focus”), which is electronically steered in 3-dimensional

space within the brain. Important to note is that the acoustic

power applied to each element is typically incapable of inducing
a deleterious biological effect. However, the additive power at

the focus is sufficient to thermally ablate tissue, or conversely,
generate the mechanical effects designed for opening the BBB.

Real-time acoustic monitoring of cavitation determines optimal
sonication parameters during the procedure. The transducer is

fitted to the patient’s head via a stereotactic frame affixed to
the scalp under local anesthetic. The patient’s head is coupled

to the transducer via a flexible silicone membrane. The closed

membrane contains degassed water for effective transmission of
the ultrasound energy. The patient lies awake on the MRI table

throughout the procedure and is able to respond to questions to
ensure no adverse symptoms are being experienced.

Pre-procedural T1, T2 and T2∗ images are obtained from
the MRI scanner and transferred to the MRgFUS graphic user
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FIGURE 1 | Set-up of MRgFUS patient treatment. (A) A schematic representation of patient lying supine on MR table being fitted with FUS phased-array transducer

array; (B), Close up of the 1,024 ultrasound element array for electronic steering of the ultrasound beam. (C) A schematic 2-dimensional representation of the multiple

ultrasound beams focused non-invasively through the skull (bright green) to a single target. The image of the skull is obtained from a prior computed tomographic

scan that is mechanically registered to the MR image. Information from the skull is used by the planning software to correct for aberrations to the beam paths and

accurately position the focus at the desired target. Adapted from Fishman and Frenkel, Journal of Central Nervous System Disease 2017 (68). Reprinted with

permission from SAGE Publishing.

interface (GUI). The target treatment volume is identified using
an overlay on the MR images. The location of the region
of treatment will determine which of the 1,024 ultrasound
transducer elements will be activated during treatment. The beam
is then steered electronically, automatically rastering (i.e., moving
from point to point) through the treatment volume with user
defined spacing (69).

Immediately prior to the beginning of treatment, a suspension
of MBs is then injected intravenously. Before administering full
sonication treatments, a “power-ramp” test is done at each region
to determine the minimal power output that opens the BBB for
that specific patient. Short sonications to the region are applied
incrementing in power at 5% intervals until cavitation is detected
with the use of an acoustic feedback controller via hydrophone
measurement. The full sonications are then delivered at 50%
power of the determined cavitation threshold (70). Real time
MR thermometry is employed to ensure tissue temperatures
that create irreversible change in surrounding tissues are not
reached during BBBO (71). After sonication treatments are
complete, gadolinium enhanced T1 imaging, which has been
shown to correlate to the degree of BBBO and therapeutic
delivery, is obtained for verification (72). Transient BBBO with
MRgFUS was successfully verified and determined to be safe
in patients with Glioblastoma (NCT03551249; NCT03616860),
Alzheimer’s Disease (AD) (NCT04118764), and more recently
Amyotrophic Lateral Sclerosis (ALS) (NCT03321487). Trials
for PD (NCT04370665) and HER2 amplified brain metastases
(NCT03714243) are currently underway (73–75). Additional
clinical trials exploring other direct effects of BBB opening
(e.g., glial cell activation, amyloid beta plaque clearance,
neurogenesis) for neurodegenerative diseases (NCT03739905)
are planned (76). As effects of BBB-opening have been
shown to last from 4–8 h, (67) therapeutic cells could
then be administered intravenously or intra-arterially within
this window.

MRgFUS-MEDIATED CELL DELIVERY

Preclinical Studies of MRgFUS-Mediated
Cell Delivery
Successful MRgFUS assisted cell delivery was first demonstrated
using a combined approach of intracarotid injection of dual
GFP/Iron Oxide-labeled NSCs and MRgFUS targeted to the
striatum and hippocampus. The goal of this study was
to demonstrate the feasibility, reversibility, and safety of
this approach over conventional methods (i.e., injection and
hyperosmolar BBBO). Histological analysis showed limited
damage and red blood cell extravasation in non-target areas, and
32 viable NSCs per square millimeter of sonicated brain tissue,
with neuronal specific biomarkers present 4–24 h after treating
(77). Another study using bone marrow MSCs administered
IV with FUS treatments to the lateral hippocampal area,
demonstrated a 2-fold increase in engraftment rate compared
to IV injection alone. FUS treatments also show increased
expression of the cell adhesion molecules (CAM), including
ICAM and VCAM, which is thought to improve targeting of the
cells (78).

In addition to stem cells, immune cells have also been
investigated using MRgFUS BBBO. CAR NK-92 cells were
administered IV in a murine model of HER2-amplifed brain
metastasis. Interestingly, IV injection of the NK cells immediately
before BBBO resulted in a 5-fold increase in the number of
cells observed to be delivered compared to injecting cells after
BBBO (79). A follow-up study investigated survival in this
model using temporally different pFUS treatment protocols. A
“front-loaded” group, which concentrated pFUS treatments in
the 1st week of treatment, was found to have greater survival
relative to controls, whereas the group that had more equally
distributed treatments did not show improvement (80). This
finding introduced more questions to be investigated, such as
how treatment frequency affects therapeutic cell delivery, or
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FIGURE 2 | Typical timeline for an MRgFUS preclinical study investigating cellular delivery. Adapted from Shen et al. Cell Transplantation 2017 (81). Reprinted with

permission from SAGE Publishing.

if these treatments become inefficacious as intracranial tumor
burden passes a certain threshold.

Investigations evaluating the potential of magnetic
enhancement of MRgFUS for cellular delivery were also
conducted. Dual labeled, fluorescent/super paramagnetic
iron-oxide nanoparticle (SPION), human NPCs (hNPCs)
were administered following MRgFUS BBBO. The procedural
timeline for this study is shown in Figure 2. Three different
magnets were then evaluated, positioned in the head region
of the treated rats following the injections. Increasing magnet
strength was found to be correlated with higher ratios of SPION
labeled hNPCs to non-SPION labeled hNPCs observed in the
treated brains (Figure 3) (81). This procedure, using MRgFUS
and an external magnet, was previously demonstrated for brain
delivery of magnetic nanoparticles on their own (82). Whether
the addition of magnetic cell labeling and targeting to a pFUS
approach provides a clinically significant improvement will have
to be determined.

More recently, BBBO via low intensity ultrasound
was evaluated in a brain-ischemia rat model, induced
by middle-cerebral artery occlusion. Although this
study was limited by using unfocused low intensity
ultrasound and not pFUS, the results are noteworthy
in that they demonstrated significant increases in IV-
administered MSC engraftment and slight improvement
in neurological outcomes, compared to IV injection of
the MSCs alone. The authors acknowledged that using a
focused beam would allow better spatial control of delivery
and treatment (83).

The results described above provide important proof-of-
concept validation using MRgFUS for enhancing cellular
delivery, as well as first insights into the mechanisms involved in
in this process. The general consensus is that physical/structural
alterations generated (i.e., gaps), such as those facilitating
smaller agent delivery, are less likely to be involved due to
the relatively larger size of cells, which can be orders of
magnitude greater. Other potential mechanisms involved are
presented in the following section (“FUS effects on cell homing”).
Preclinical studies of MRgFUS assisted cell delivery for other
CNS pathologies are underway. Established animal models of MS
(84) or AD (76) are considered to be good candidates for future
investigations. The preclinical studies employing ultrasound for
enhancing cellular delivery to the brain are summarized in
Table 2.

FUS Effects on Cell Homing
Vascular extravasation of stem cells to sites of injury is analogous
with endogenous immune cell behavior (leukocytes, monocytes,
t-cells, dendritic cells) in that stem cells also follow a sequence of
chemoattraction, margination, rolling, adhesion, and diapedesis.
This is due to similar expression profiles of integrins, cytokine
and chemokine receptors (e.g., VCAM-1, B1 integrins) (85,
86). Many preclinical studies have demonstrated in multiple
organ tissues, including the CNS, that pretreatment with pulsed
focused ultrasound (pFUS) non-destructively alters the vascular
endothelial microenvironment, evidenced by an upregulation
of chemokines, cytokines, trophic factors (CCTFs) and cell
adhesion molecules (CAM). This pattern of pFUS mediated
mechanical effects and biological changes permit significant
increases of stem cell/immune cell homing and transmigration
compared to simple vascular injection, i.e., referred to as
enhanced homing, permeability & retention (EHPR) (87).
In a murine skeletal muscle model, Burks et al. showed
that pFUS exposures increased infiltration and presence of
dual fluorescent/super paramagnetic iron oxide nanoparticles
(SPION)-labeledmacrophages, MSCs and endothelial progenitor
cells (EPCs) relative to untreated controls. FUS exposures
were shown to result an upregulation of cytokines (notably
Il-1, TNF-a, IFN-y), growth factors (VEGF, SDF-1α) and cell
adhesion molecules (ICAM-1 and VCAM-1) (88, 89). Similar
outcomes were noted in a murine kidney model, where an 5-
fold increase in bone marrow stromal cell count was noted
3 days post-treatment compared to the contralateral untreated
kidney, aided by visual confirmation via T2∗ weighted MRI and
histology (87).

In subsequent studies, the same group showed how pFUS
mediated delivery of MSCs improved disease outcomes. This
included improved survival in a model of cisplatin induced acute
kidney injury (AKI) (90), and improvement in reperfusion and
a reduction in fibrosis in a model of critical limb ischemia
(Figure 4) (91). Most recently, this procedure was shown to
also be successful for enhancing homing to the myocardium
in the left ventricle in a rat model, indicating the potential
of this approach for cardiac regeneration (92). It has been
proposed that FUS induces Ca influx via mechanosensitive
calcium channels (TRPC1), leading to activation of the NFkβ
pathway and transient expression of TNFα. The increase in TNFα
then drives COX2 canonical pathways that generate cell homing
signals (93, 94).
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FIGURE 3 | MRgFUS mediated delivery of dual labeled (fluorescence & SPION) NPCs in the rodent brain. (A,B) Representative screen captures from an MRgFUS

system graphic user interface. (A) T2 weighted axial MRI image of a rat brain showing treatment target (arrow) overlay. (B) T1 contrast MRI image showing

hyperintense signal from gadolinium extravasation at location of treatment (arrow), indicating successful BBBO. Signal coincides with treatment target in “A”. (C)

Whole brain coronal section indicating successful BBBO, evidenced by Evans blue dye (arrows) that extravasated in the region of the focal zone. (D) H&E stained

brightfield histological section demonstrating unaffected tissue in the region of MRgFUS treatment. (E) higher magnification region from “D” (inset). (F–I) Fluorescence

microscopy images of fluorescently labeled NPCs in the brain. (F) Fluorescently labeled NPCs in the dorsal cortex. (G) higher magnification of inset in “F”. (H)

Fluorescent signals detected from labeled human cytoplasmic antigen (SC121). (I) Higher magnification of fluorescently labeled NPCs. Co-localization of fluorescent

signals in “H” and “I” provide evidence that labeled cells are NPCs (human). (J–L) Brightfield microscopy images of Prussian blue stained histological sections (for

SPION) indicating the presence of NPCs. (J) Low magnification image. (K) Inset in “J.” (L) Inset in “K.” Individual cells (blue) are seen (arrows). Scale bars: A, B =

10mm; C = 2mm; D = 2mm; E = 200µm; F = 400µm; G = 200µm; H, I = 20µm; J = 1mm; K = 50µm; L = 5µm. Adapted from Shen et al. Cell Transplantation

2017 (81). Reprinted with permission from SAGE Publishing.

The studies described above were carried out using pFUS
treatments without the use of microbubbles. Instead, higher
acoustic pressures were used, being approximately 5-fold greater
than those used for BBB opening. These treatments also
targeted the parenchyma as opposed to the vasculature. In
previous studies, the mechanical effects generated by these
treatments appeared as widening of intercellular spaces and
were shown to enhance interstitial transport of a range
of therapeutic formulations (e.g., nanoparticles, monoclonal
antibodies, plasmid DNA) in skeletal muscle (63, 95), solid
tumors (96), and the brain (97). The proposed ultrasound
mechanism for creating these effects is the generation of
unidirectional radiation forces, which if large enough can
displace tissue locally in the region of the focal zone. Through
repetitive pulsing, it is thought that this movement of tissue acts
on the relatively weak structural elements in the tissue, being the
interfaces between individual cells (95).

MRgFUS studies have also been conducted in the brain to

investigate the generation of CCTFs and CAMs for the purpose
of enhancing cell homing. Kovacs et al. mapped the proteomic
and transcriptomic time course of MRgFUS mediated BBBO in a

murine model. Within 5min of exposure, expression of (TNF-α,
IL1α/β, IL18, IFN-y) and CAM was observed, as well as stromal
derived factor (SDF1-α), a significant chemokine utilized by
lymphocytes and mesenchymal stem cells, within 2 h (61). These
results observed in the brain were transient and consistent with
those observed in earlier studies in the kidney and skeletal muscle
and underlying mechanism of NFkβ activation, indicating that
the effects could potentially be beneficial for stem cell homing
(87, 88, 91, 98). Themolecular effects in the brain were confirmed
in a recent study where similar factors over the same time course
were found to be upregulated byMRgFUS (60). Overall, MRgFUS
effects for BBBO have been shown to be transient and safe,
without producing neuronal apoptosis or inflammation (99).
To date however, these specific effects were not shown to be
associated with enhanced cell homing to the brain.

TRACKING CELLULAR ENGRAFTMENT

The ability to monitor activity of exogenous cells (migration
to target region, viability, differentiation), as well as potential
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TABLE 2 | Preclinical studies investigating ultrasound for cellular delivery to the brain.

Study design and highlights Year Ref

IA administration and MRgFUS increased NSC engraftment into rat striatum and hippocampus. Safety and

reversibility of the treatments were also demonstrated.

2011 (77)

IV administration and MRgFUS improved delivery of NK92 cells in rat breast cancer brain metastasis model. More

cells were delivered when administered prior to MRgFUS compared to afterward.

Follow-up study in this model demonstrated that enhanced cellular delivery translates to improved survival. Front

loading treatments compared to even temporal distribution also improved outcomes.

2013

2016

(79)

(80)

IV administration and MRgFUS improved delivery of dual labeled NPCs in rat brain. Magnetic targeting of SPION

labeled cells with external magnet improved retention of cells compared to non-labeled cells.

2017 (81)

IV administration and FUS pretreatment in rat brain resulted in a 2-fold increase in MSC transplantation in the

lateral hippocampus. Improved delivery was apparently associated with increased expression of CAMs.

2020 (78)

Low intensity, non-FUS improved MSC engraftment 2-fold in rat brain ischemia model. Enhanced engraftment

was associated with improved neurological outcomes.

2020 (83)

immunogenic or tumorigenic complications, is essential for
evaluating the efficacy of CNS cellular therapies, in addition
to monitoring engraftment response in the patient. Clinically
relevant intracranial cell tracking modalities involve structural
(MRI) and tracer-based (PET/SPECT) imaging, each of which
have their own specific direct and indirect methods of
cell tracking in vivo. Experimental studies evaluating cell
labeling techniques for the purpose of tracking must verify
that they do not negatively affect cell viability and/or key
cellular functions (migration, division, differentiation, cytokine
release). The duration and modality of monitoring will
depend on a multitude of factors such as the therapeutic
application (i.e., short-term immunomodulation vs. long-term
cell replacement/regeneration).

Direct and Indirect Cell Labeling
Techniques
Direct cell labeling involves cells that are treated with an agent
before administration, allowing them to be detectable upon
reaching a threshold concentration. Direct techniques places
emphasis on nanoparticle fabrication, as their large surface
area and other tunable characteristics allow for greater contrast
or uptake of imaging agents (100). Despite relatively simple
implementation, nanoparticle cell labeling may not be able to
detect viability or distinguish the labeled cells from the local cells
in the milieu. Furthermore, nanoparticles can either leak out,
reducing engraftment resolution, or be taken up by macrophages
that ingest dead labeled cells. In a clinical context, direct
techniques may be suitable for short-term tracking purposes,
such as verifying engraftment post-administration (101).

Indirect cell labeling requires viral or non-viral transfection
of a gene transcript into the cell that encodes a reporter protein
that generates a detectable signal based off of its interactions with
an administered contrast/tracer agent (e.g., molecular trapping,
enzymatic cleavage, or cell surface receptor interaction) (102).
Since the reporter persists as long as the engrafted cells are alive,
indirect techniques can distinguish cell viability, and grafted
cells can be imaged repeatedly when the need arises for follow-
up imaging. Since viral transfection of reporter genes carry
a mutagenic risk, other genetic engineering methods such as

non-viral vectors (e.g., cationic nanoparticles), or site-specific
genome editing (i.e. CRISPR-cas9 delivery) could be potential
viable alternatives.

MRI-Based Techniques
High soft-tissue resolution of MRI allows cellular grafts to be
identified precisely within intracerebral regions. SPION-based
cell tracking, which demarcates engrafted cells through changes
in T2 relaxivity, is a common direct labeling method. The
1st generation of SPIONS (Feridex, Endorem), currently only
available for preclinical studies in the US, was first reported
in a brain trauma patient for tracking cell migration for a
temporal lobe injection of autologous NSCs labeled with Feridex
(103). Second generation agents (Ferumoxytol, Ferumoxtran)
require cell transfection techniques (e.g., magnetoporation,
magnetoelectroporation) due to less efficient uptake by cells
(102). Accurate signal quantification from this iron-based
labeling agent can be compromised by a number of factors,
including resident macrophages engulfing SPION containing cell
fragments, dilution of SPION concentration as the therapeutic
cells divide, and not being able to be distinguish the cell signals
from areas of hemorrhage or trauma (104). Advanced dynamic
image processing techniques, such as pixel-to-pixel analysis,
have demonstrated how labeling cells with SPIONs can enable
monitoring cellular delivery in real-time (Figure 5A) (105).

19F MRI is another direct method which involves direct
spin detection of the biologically safe isotope fluorine-19,
enabling highly sensitive and quantitative “hot-spot” imaging
as seen with PET/SPECT studies. One study demonstrated
labeling of intracerebrally administered natural killer cells
with fluorine-19, which importantly showed no cytotoxicity
and change in NK cell therapeutic efficacy (109). In another
study, 19F labeling of glial-progenitor cells transplanted
into an ALS animal model was not found alter capacity
for astrocyte differentiation (Figure 5B) (106). Indirect cell
labeling for MRI has been explored preclinically, however
to a lesser extent than with PET/SPECT. Overexpression
of ferritin transporters can increase iron-based signaling
of transplanted cells, however sensitivity in the setting
of inflammation may be low (110). One group looked
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FIGURE 4 | FUS mediated delivery of MSCs in murine model of CLI in skeletal muscle (A) Stacked box plots comparing proteomic responses of CLI muscle between

FUS treatment and untreated controls. The chemokines, cytokines, trophic factors, and cell adhesion molecules listed are those have significantly higher levels than

those in normal muscle after CLI alone (n = 6). (B) SPION labeled MSCs in control and FUS treated skeletal muscle in CLI mice. Significantly greater numbers of

MSCs were observed in FUS treated animals, based on Prussian blue staining of cells (n = 5). (C) Temporal changes in normalized perfusion comparing control and

FUS treated CLI mice. Results are based on laser Doppler perfusion imaging (LDPI) indicating reperfusion that occurred in FUS treated animals only (n = 7). (D)

Representative LDPI images at week 5 in the study for each experimental group. Adapted from Tebebi et al. Sci Rep 2017 (91). Reprinted with permission from Nature

Research.

at transfecting a biotinylated cell surface receptor that
can produce detectable MRI signal upon exposure to
magnetic nanoparticle- or Gadolinium-labeled streptavidin
molecules (111).

PET/SPECT-Based Techniques
Highly sensitive “hot spot” signaling in Positron Emission
Tomography (PET) and Single-Photon Emission Computed
Tomography (SPECT) imaging, ensures that visualized signals
are coming from the cells that were delivered. The half-lives
(HL) of radionuclide agents available for direct labeling should be
taken into consideration when specifying the required duration

of tracking of the delivered cells. Indium-Tropolone labeling
of MSCs has been shown to have no effect on proliferation
or differentiation (112), but this was not the case when using
Indium-Oxine (113). Technitium-99, with a HL of 6 h, was
used to label neural progenitor cells that carried gene delivery
products to a mouse glioma model (114). Another SPECT
study tracking NSC homing to glioblastoma tumors in mice

used mesoporous silica nanoparticles conjugated with Indium-
111 (HL: 67 h). The use of this agent formulation lowered the

required dosage of the radionuclide and thus lessened chances
of cellular damage (Figure 5C) (107). In PET imaging, fluorine-
18 radioisotope (HL: 110min) was used to track MSCs and
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FIGURE 5 | Representative examples of image-based cell tracking methods in the brain. (A) T2* MR images of rat brains with experimentally induced inflammation

and infused with SPION-labeled human glial precursor cells (hGP). At 30min. post-infusion, greater numbers of targeted (eng.) cells are observed in the inflamed

tissue compared to naïve cells (arrows, hypointense signal). The results are supported by pixel-by-pixel analysis, comparing pre- and post-infusion MR images, which

can be quantitatively compared. Modified, with permission, from “Gorelik et al. Use of MR cell tracking to evaluate targeting of glial precursor cells to inflammatory

tissue by exploiting the very late antigen-4 docking receptor. Radiology 2012; 265: 175-185” (105). (B) (left) 19F MRI and (right) 19F MRI & T2 weighted MR images of

fluorine-19 labeled glial progenitor cells injected into a mouse brain striatum. “Hot spot” in each image is clearly identified, indicating the presence of the labeled cells.

Figure adapted from Richard et al. Stem Cells Translational Medicine 2019. Reprinted under creative commons license (106). (C) SPECT signals (arrows) from 111-In

labeled NSCs administered into control mice (lower) and those with a glioma model (upper), to which the cells have homed. In both panels, SPECT images are

overlayed on CT scans. Figure adapted from Cheng et al. 2016 (107). This research was originally published in the Journal of Nuclear Medicine. (D) MPI imaging of

SPION labeled MSCs in the left hemisphere (1 × 105 cells) and right hemisphere (5 × 104 cells) transplanted in a mouse brain. Lower panel shows MPI signals (upper

panel) superimposed on T2* MR image (middle panel). Figure adapted from Bulte et al. Tomography 2015 (108). Reprinted under creative commons license.

multipotent adult progenitor cells (MAPCs) and were shown
not affect the main cell characteristics (115). Bioluminescent
and fluorescent imaging methods have also been used in rodent
studies to track NSCs to study neurodegenerative disease, where
results of these agents corroborated the results of the PET/SPECT
imaging (116).

Magnetic Particle Imaging
Magnetic particle imaging (MPI) is a developing modality that
involves applying external magnetic fields (i.e., MRI) to directly
detect exogenously administered SPIONs (Figure 5D) (108).
SPIONs in the context of MPI behave as tracer agents, producing
“hot spot” signaling as seen with F-19 MRI or PET/SPECT.
While still in its infancy, MPI technology potentially has
additional applications in guiding hyperthermia therapy, making
physiological measurements in cerebral and cardiac vasculature,
and assisting with diagnosis of acute stroke (117). Intracerebrally
injected MSCs labeled with 1st generation SPIO agents (Feridex)
and MSCs labeled with 2nd generation agents (Ferumoxytol,
Ferucarbotran) injected intomouse calvarial defects were tracked
using MPI as initial proof-of concept investigations (108, 118).

This technique has been shown, for example, to produce excellent
correlation between the “hot spot” signal generated and the
number of cells being imaged (108). Instrumentation suitable for
human use is currently in development. MRgFUS cell delivery
could potentially benefit from the use of a hybrid MRI/MPI
scanner, where MRI would delineate areas of FUS exposure and
MPI-cell tracking verify that the cells have reached their target
region (119, 120).

POTENTIAL FOR CLINICAL TRANSLATION

CNS pathologies throughout the diagnostic spectrum may vary
in their progression, effects on BBB integrity, and subsequent
cellular and inflammatory responses. Clinical presentations may
overlap and involve mass effect symptoms (headache/nausea),
excitotoxicity (seizure, akathisia), neuropathy, focal deficits in
cognition, motor, sensory, gait, coordination, possible behavioral
changes, and at its worst, the inability to perform life-
sustaining functions. For a given CNS condition, the selection
and modification of the therapeutic cell type is informed
by the symptoms presented and the desired mechanism of
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action (i.e., cell-mediated cytotoxicity, recruiting other cells,
differentiation, replacement, immunomodulation, secretion,
prodrug conversion). By employing the advantages of increased
target specificity and cell homing and retention using pFUS,
cellular therapy applications in the brain may obtain better
clinical outcomes. The following section will outline potential
benefits of employing MRgFUS delivery approaches for certain
CNS disorders.

Neurodegenerative Diseases
Neurodegenerative conditions are expected to become more
prevalent in the years to come as life expectancy continues
to increase. PD alone is projected to affect 14 million
people world-wide by 2040 (121). Pharmacological therapies
may only treat or temporarily delay severe symptoms (e.g.,
acetylcholinesterase inhibitors for AD, riluzole for ALS). New
cell therapy strategies are under consideration for treating
underlying pathology, through mechanisms such as functional
cell replacement, enhancing immune system functions to
clear aggregated proteins, or modifying microenvironments
through growth factor delivery (4–7). Strategies for PD that
employ cell replacement therapies are considered promising
for restoring dopaminergic neurotransmission in order to
functionally rescue the dopamine-depleted striatum (122).
Functional recovery has been achieved in murine models of
Huntington’s Disease via MSCs overexpressing brain-derived
neurotrophic growth factor (BDNF) injection (4). as well as
in ALS models using glial cell derived neurotrophic factor
(GDNF)-secreting NPCs via intracranial injection (123). Clinical
investigations involving intra-putaminal injections of ESC-
derived dopaminergic neurons are currently ongoing (124).
MRgFUS can be used to accurately target pathological regions
associated with this class of diseases (i.e., the striatum in
PD, caudate nucleus in HD, motor cortex in ALS) in lieu
of stereotactic injection and increase therapeutic cell homing.
MRgFUS has been shown to be safe for repeated treatment; an
obvious advantage over direct stereotactic injections (125).

Malignancies
MRgFUS cell therapies can potentially play a role in post-
glioma resection consolidation therapy and treatment of brain
metastases. Recurrence remains a significant issue in the
management of glioblastoma (GBM), a devastating condition
with a 12–18-month median survival (126). This may be due to
residual tumor cells developing resistance to chemotherapeutics,
one mechanism which involves efflux transporter upregulation
of the BBB surrounding the glial tumor (127). iNSCs expressing
tumoricidal molecules (128), and MSCs that release exosomes
containing anti-cancer miRNA (129), both have been shown
to reduce glioma growth rates and prolong median survival in
mouse models. NSCs overexpressing cytosine deaminase, the
enzyme converter of prodrug 5-FC to 5-FU, was demonstrated
to be safe in a study of 15 patients with high-grade gliomas
post-resection (130). FUS-mediated delivery of NK-92 cells for
a HER2-amplified brain metastases rat model showed increased
survival (80). Repeated MRgFUS BBBO treatments in GBM

patients was deemed safe in a recent 2020 study (131). This
highlights the potential that anti-cancer cell therapies delivered
this way can be done using multiple treatments.

Autoimmune Diseases
Multiple Sclerosis involves autoimmune destruction of the white
matter tracts throughout the CNSwhich follows an unpredictable
spatiotemporal progression. Because of its multifocal nature, the
therapeutic approach of a MRgFUS stem-cell delivery regiment
may be beneficial for disease modifying therapies of MS or for
treating acute flares, while other routes such as direct injection
may be less optimal (132). Since the clinical management of
an MS flare already involves MRI scanning to detect new
lesions of immune hyperactivity, an MRgFUS procedure to
deliver immunomodulatory MSCs or NSCs to these regions
could be seamlessly integrated (133). By combining cell therapies
with standard of care, which involve systemic high potency
corticosteroids and a tapered course of oral corticosteroids, the
high burden of these medications that confer adverse effects (i.e.,
Cushing’s syndrome symptoms of weight gain, impaired wound
healing, muscle breakdown) may be reduced (134). Multiple
clinical trials examining MSC administration via intrathecal (46)
or intravenous routes (135, 136) have demonstrated functional
improvement. Intrathecal MSC administration was tested in
10 patients with medication refractory MS showed increased
proportion of regulatory T-cells within 24 h and mean Expanded
Disability Status Scale (EDSS) scores dropping from 6.7 to 5.9 at
3 months (137).

Acute CNS Pathologies
Overlapping cell signaling pathways and mechanisms that
activate cell death and neuroprotective mechanisms exist
between ischemic stroke and TBI (138). In ischemic stroke,
prolonged hypoxia of a CNS region secondary to either
thrombotic or embolic occlusion, or global hypoperfusion,
leads to necrotic and apoptotic cell death and edema following
protease-mediated breakdown of the BBB (127). TBI, while
acute in onset, imparts a poor prognosis from its chronic
sequelae, characterized by mitochondrial dysfunction, metabolic
disturbances, glial cell over-activation, excitotoxicity, and
vasospasm. Cell therapies for these conditions are aimed
at preventing further neuronal death through promoting
angiogenesis, downregulating inflammation, and increasing
synaptic plasticity. Recent results from an open-label phase
IIa trial of stereotactic injection of the SB623 line (genetically
modified allogeneic MSCs expressing an intracellular domain
of the notch signaling pathway, involved in neuronal
differentiation), showed that 16 of 18 patients with a 6–60
month stroke history exhibited significant improvements in
European Stroke Scale and NIH Stroke Scale scoring (139).
Using an MRgFUS BBBO approach to pretreat the ischemic
penumbral region or the mechanically impacted parenchyma
before intravascular delivery of cells could potentially be
beneficial. Currently, only one preclinical study examining this
approach for either stroke or TBI has been conducted (83).

Frontiers in Neurology | www.frontiersin.org 11 June 2021 | Volume 12 | Article 669449

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Ahmed et al. MRI-Guided FUS for Cellular Delivery

FIGURE 6 | Schematic representation of the anticipated preclinical and clinical stages involved for clinical translation in using MRgFUS for enhancing cellular therapy.

CONCLUSIONS

With significant improvements in FDA-approved cell
manufacturing practices, rapidly accumulating clinical trial
results supporting the safety of MRgFUS-mediated BBBO, and
the report of studies demonstrating the potential of delivering
chemotherapeutics, antibodies, drug-loaded-NPs across the BBB
with this modality, it is foreseeable that neuro-interventionalists
will be interested in the delivery of therapeutic cells using this
method as the best next step (140). Before adapting this cell
delivery approach for clinical trials, ongoing animal studies
will need to continue to explore both practical and mechanistic
questions that probe the process of MRgFUS assisted cell
delivery. Although it has been shown that IA routes can be more
effective than IV routes (141), experimental groups in future
studies should include both methods of cell administration
with MRgFUS to provide greater translational insight. The
distribution and iteration of pFUS exposures, as well as many
other sonication parameters, should be further explored and
tailored to each CNS disease for safety and efficacy purposes. For
instance, Alkins et al. showed that front-loading pFUS-mediated
NK-92 cell treatments to the HER2 amplified brain tumor
mouse, rather than distributing them over time, improved
survival outcomes (80).

In conclusion, the question of whether an MRgFUS
assisted cell delivery approach can significantly reduce
neurological disease morbidity/mortality, and hospital costs
(e.g., surgically re-intervening on patients with recurrent
GBM), is being discussed as FUS technology undergoes
widespread adoption. The continued investigation of MRgFUS
technology for this specific therapeutic purpose will be aided
by many more preclinical studies combining different cell
types with tracking methods. Overall, the results from these

studies are encouraging and provide motivation to further
pursue this application and evaluate its feasibility for clinical
translation (Figure 6).

More recently, it was announced that MRgFUS ablation for
tremor-dominant Parkinson’s will receive Medicare coverage.
Intracranial MRgFUS treatments can be carried out with
any MRI with a modified table to house the hemispherical
transducer array and currently, there are 800 systems in the
US in operation (See footnote 1), and many more worldwide.
As clinical trials exploring one-time stereotactic injections of
stem cell therapies are ongoing and show promise, the aspects
of repeatability and non-invasiveness of MRgFUS delivery
will enable greater inclusion of patients who may be poor
surgical candidates. The combination of cellular therapeutics and
MRgFUS mediated delivery shows great potential for helping
to usher in the next generation of treatment paradigms for
CNS disorders.
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