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Abstract. Parkinson’s disease (PD) is an increasingly prevalent neurological disorder, affecting more than 8.5 million individ-
uals worldwide. a-Synucleinopathy in PD is considered to cause dopaminergic neuronal loss in the substantia nigra, resulting
in characteristic motor dysfunction that is the target for current medical and surgical therapies. Standard treatment for PD has
remained unchanged for several decades and does not alter disease progression. Furthermore, symptomatic therapies for PD
are limited by issues surrounding long-term efficacy and side effects. Cell replacement therapy (CRT) presents an alternative
approach that has the potential to restore striatal dopaminergic input and ameliorate debilitating motor symptoms in PD.
Despite promising pre-clinical data, CRT has demonstrated mixed success clinically. Recent advances in graft biology have
renewed interest in the field, resulting in several worldwide ongoing clinical trials. However, factors surrounding the effective
neurosurgical delivery of cell grafts have remained under-studied, despite their significant potential to influence therapeu-
tic outcomes. Here, we focus on the key neurosurgical factors to consider for the clinical translation of CRT. We review
the instruments that have been used for cell graft delivery, highlighting current features and limitations, while discussing
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how future devices could address these challenges. Finally, we review other novel developments that may enhance graft

accessibility, delivery, and efficacy. Challenges surrounding neurosurgical delivery may critically contribute to the success
of CRT, so it is crucial that we address these issues to ensure that CRT does not falter at the final hurdle.
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INTRODUCTION

Parkinson’s disease (PD) currently affects over
8.5 million individuals worldwide and represents the
fastest growing neurological disorder in terms of its
prevalence [1-3]. The pathological hallmark of PD
is the abnormal aggregation of a-synuclein in Lewy
bodies and Lewy neurites. Pathological aggregates
are characteristically found in the substantia nigra and
several other brain regions but have also been reported
in the heart [4], digestive tract [5, 6], and skin [7,
8], implicating PD as a systemic disorder. Aberrant
basal ganglia circuit function drives a cardinal triad of
motor problems, consisting of bradykinesia, resting
tremor and rigidity, while more widespread neu-
rodegeneration of the cerebral cortex and brainstem
results in the classical non-motor manifestations of
the disease [9, 10]. Specifically, death of A9 dopamin-
ergic neurons has been identified as key to many of
the core clinical features of PD [11], providing a dis-
crete target for treating some of the motor features
of PD. The anatomical localization of neuronal loss,
coupled with current advanced differentiation proto-
cols capable of generating A9-specific dopaminergic
neuronal subtypes [12-14], posits PD as a treatable
condition via cell replacement therapy (CRT). Cur-
rent treatment for PD has remained unchanged for
over 50 years, focusing on symptomatic relief of
motor symptoms using drugs that target the dopamin-
ergic network. More recently, high-level evidence has
established deep brain stimulation (DBS) as standard
of care for improved motor symptoms and quality
of life in a subset of appropriately selected patients.
None of these current treatments are considered to
be disease-modifying, and limitations exist involving
their long-term efficacy and side-effect profiles [15].
CRT involves the introduction of new neurons, in
the form of midbrain progenitors, within the diseased
host brain, to replenish dopaminergic signaling with
a continuous biological therapy. This could present a
valuable approach, with an alternative mode of action
to overcome several limitations of current treatments,
including the need for life-long pharmacological ther-
apy or hardware maintenance.

Preclinical studies between 1979-1985 demon-
strated the ability for fetal grafts of ‘dopaminergic
neuroblasts’ to survive, integrate and mediate
functional recovery when transplanted in 6-
hydroxydopamine (6-OHDA )-lesioned rodent mod-
els of PD [16-19]. Open-label trials in the late 1980s
provided proof of concept that human fetal ven-
tral mesencephalic (hfVM) cells transplanted directly
into the striatum could reverse some of the motor
deficits in PD patients, allowing patients to be weaned
off their medication [20, 21]. A lift on the ban of
federally-funded research using human fetal tissue in
the United States of America, with the election of Bill
Clinton to the White House, led to two NIH-funded
double-blind clinical trials evaluating the efficacy
of hfVM grafts, published in the early 2000s [22,
23]. Despite some potentially positive outcomes,
both trials did not meet their primary endpoint, fail-
ing to demonstrate significant benefit. Additionally,
they reported for the first time the development
of unexpected graft-induced dyskinesias. However,
postmortem assessment of grafts and clinical follow
up of patients involved in both open-label and NIH
trials indicated long-term clinical improvement and
graft survival [24-28], sustaining scientific interest
within the field of CRT for PD.Several shortcomings
in the NIH-funded clinical trials study design have
since been identified and extensively reviewed else-
where, including trial design, patient selection, graft
preparation and delivery [29]. Of particular interest
is the underexplored role that neurosurgical deliv-
ery plays in explaining the translational disparity
between animal and human studies, as well as the
differing outcomes reported by clinical trials over the
past 30 years.

In animal studies, cell grafts are usually injected
via a metal cannula, typically attached to a Hamil-
ton syringe. While current neurosurgical delivery
systems have proven to be effective for small-
animal studies, several technical challenges have
been encountered when attempting to scale-up to
human trials [30]. As the field progresses, there
is growing evidence that our current neurosurgi-
cal delivery instruments have significant drawbacks,
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which in addition to their limited preclinical test-
ing, may contribute to translation failure in the
clinical environment [30-33]. Compounding this
challenge, many early human trials failed to docu-
ment their delivery methods in detail, resulting in
no universal consensus surrounding the optimal pro-
tocol for neurosurgical delivery of neural tissue to
the central nervous system (CNS). Trials often dif-
fered on several key factors including cell delivery
instruments used, graft preparation, neurosurgical
approach, number of needle tracts and site of trans-
plantation, making results difficult to interpret. These
factors may explain discrepancies in reported out-
comes.

Recent advances in stem cell technology and good
manufacturing practice [34, 35] have reinvigorated
interest from research groups and industry, resulting
in global collaborations between academic centers,
such as G-Force PD, and in several important clinical
trials [34, 36, 37]. As our ability to genetically engi-
neer and differentiate stem cells improves, itis crucial
that the field does not overlook the challenges of neu-
rosurgical delivery as these may lead to the failure
of both ongoing and future clinical trials. In this arti-
cle, we will review neurosurgical delivery of CRT for
PD, detailing the cell delivery instruments employed
and discussing the practical challenges underlying
the effective surgical delivery of cell grafts. We also
briefly describe some novel biological technologies
being developed to enhance graft efficacy.

TECHNICAL CONSIDERATIONS FOR
NEUROSURGICAL GRAFT DELIVERY

Clinical efficacy of CRT remains challenging, due
in part to the difficulty of delivering grafted cells
to target structures within the CNS. Cell delivery
is complicated by the presence of the blood-brain
barrier (BBB). Intrathecal injection is an established
approach to bypass the BBB and novel deliv-
ery methods such as intranasal delivery [38] and
ultrasound-mediated BBB disruption [39] have been
reportedly used to deliver stem cells to the brain.
However, the requirement to deposit cells within
specific and deep brain structures for PD means
the direct intraparenchymal injection of neural tis-
sue remains the only clinically feasible approach
for cell transplantation. Early studies used an open
neurosurgical approach to implant adrenal medulla
tissue, resting directly on top of the targeted stri-
atal complex [40-51]. While demonstrating proof of

principle, detailed clinical analysis and postmortem
studies showed that this approach did not provide sig-
nificant clinical benefit and was not associated with
cell survival. Interest shifted to the adoption of a
cell suspension approach utilizing hfVM grafts [21],
consisting of partially dissociated hfVM tissue for
stereotactic intracranial delivery. Cell suspensions are
currently regarded as the ideal method in which to
deliver cells to the CNS, and various neurosurgical
delivery instruments have been developed to achieve
this aim. We obtained information regarding instru-
ments used in historic and ongoing trials with stem
cell-derived grafts, providing valuable insight into
some of the practical considerations underpinning
effective cell transplantation (see Table 1). A high
degree of variability was observed between trials,
highlighting the lack of consensus regarding optimal
neurosurgical delivery within the field.

Neurosurgical approach and graft location

The stereotactic principles applied for DBS
surgery also apply to CRT, and the aim of surgery
is to maximize accuracy and precision with sufficient
target coverage and minimum deposition outside that
zone, minimize the risk of systematic errors or com-
plications, and achieve consistent and reproducible
results for patients. Unlike some DBS or ablative
surgeries, CRT patients do not require to be ‘woken
up’ from anesthesia during the procedure. However,
CRT patients should still be anaesthetized by expe-
rienced specialists in neuroanesthesia, and surgeries
should be performed in high-volume functional neu-
rosurgery centers to abide by the ‘getting it right
first time’ or GIRFT principles [52]. The scope for
re-do procedures in the advanced therapies such as
CRT may be limited. Choice of anesthetic drugs
and the route of administration for these medications
can have a significant impact on cerebral physiology
during and after surgery and may influence clinical
outcomes [53-55]. Administration of prophylactic
antibiotics at induction, meticulous skin preparation
and surgical technique can minimize risk of infec-
tion [56-58]. We advocate a systematic approach to
the surgery, such that if an error occurs it can be
traced back systematically, audited and corrected.
This includes measures to minimize cerebrospinal
fluid egress which can cause brain shift and impact on
the target accuracy. The surgical protocol should have
the minimum number of steps required and avoid
complexities that may not directly improve outcome.
One such step may be direct intra-operative MRI-



Table 1
Characteristics of neurosurgical instrumentation employed in CRT studies utilizing hfVM or stem cell-derived grafts for PD (note that only studies where sufficient information was obtainable are
included).
Trial(s) Patient Immunosuppression Instrument Cell Graft Location Neurosurgical Outer Outcome
number protocol Description Source approach diameter
(n)

Lund series n=18 Variable between Rehncrona-Legradi hfVM Putamen +/ 3-8 implants per 1 mm to Variable outcomes seen,
[26,27,78, 82, studies Outer cannula with — caudate side 2.5mm but overall clinical benefit
83, 157-160] mandarin tip tightly (earliest achieved following

fitted to inner cannula iteration) transplantation

with adjustable piston

rod
TRANSEURO n=21 Ciclosporin hfVM Bilateral 5 needle tracts per - Ongoing
(NCT01898390) Azathioprine putamen hemisphere placed

Prednisolone into putamen
European n=8§ Basiliximab ESCs Bilateral 5 needle tracts per 1.2mm Ongoing
STEM-PD Tacrolimus putamen hemisphere placed
(NCT05635409) Azathioprine into putamen (4 or
Steroids (not 8 deposits/tract)

[37] specified)
Freed and n=1 No 17-gauge outer hfVM Unilateral 10 needle tracts 1.5mm Beneficial effects seen in
colleagues immunosuppression cannula with putamen and into putamen (6 various motor function
[161] removable 19-gauge caudate tracts) and into tests following

inner stylet. Stylet caudate (4 tracts) transplantation

removed and replaced

with preloaded

19-gauge infusion

cannula
Peschanski n=2 Cyclosporin Needle attached to hfVM Unilateral 3 needle tracts 0.8 mm Benefit in daily activities
and colleagues Azathioprine 50 wL Hamilton putamen +/ into putamen +/ and motor timed tests
[162] Prednisolone syringe — caudate — 1 needle tract associated with increased

into caudate

F-Dopa uptake at graft
site following
transplantation

81y
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Freeman and n=4 Cyclosporin 100 p.L Hamilton hfVM Bilateral 6-8 needle tracts Graduated Clinical improvement in
colleagues syringe. Outer putamen per side. Bilateral from UPDRS and
[163] cannula (diameter grafts thus 1.2 mm to Schwab-England
1.5 mm) attached to between 12-16 0.9 mm disability score associated
inner cannula total needle tracts with increased F-Dopa
(diameter 1.2 mm, uptake at graft site
tapering to 0.9 mm) following transplantation
Halifax series n=8 Not available 50 wL Hamilton hfVM Bilateral 4 needle tracts 0.8 mm No procedural related
[88] syringe attached to putamen made unilaterally. adverse effects seen on
custom microinjector Bilateral grafts postoperative imaging.
system with 21-gauge over 2 operations Increased F-Dopa uptake
cannula needle giving total of 8 at graft site following
needle tracts transplantation
Columbia n=40 No Guide cannula hfVM Bilateral 2 needle Graduated No improvement in
NIH-funded (20 for immunosuppression containing removable putamen bilaterally, giving from overall global rating
trial [22] graft- rounded stylet, total of 8 needle 1.5mm to scores following
ing) replaced with tracts 0.6 mm transplantation when
preloaded needle compared to sham
NY STEM-PD n=12 Not available ClearpointSmartFlow ESCs Bilateral 3 needle tracts - Ongoing
(NCTO04802733) Cannula (real-time putamen bilaterally,
intraoperative MRI) post-commissural
putamen
CiRA/Kyoto n=7 Oral Tacrolimus for 1 Leksell System Allogeneic Bilateral 3 tracts each side 1.1 mm 7 patients transplanted, 2
year then taper to stop Custom syringe, iPSCs putamen and 4-8 deposits years follow up results
over 3 months modified version of per tract, cell due in 2024
5-10ng/mL target Hamilton syringe, spheres
trough value manual transplanted, 2.5
GE180 PET scans Shortest tract to target or 5 million per
used to detect 4-5 hours hemisphere
activated microglia
before and after
tapering tacrolimus
Schweitzer n=1 No Star Drive system Autologous Bilateral 3 needle tracts 0.72 mm Data suggests potential
and colleagues immunosuppression base with Schweitzer iPSCs putamen bilaterally, giving improvement in motor
[121] injector attachment total of 6 needle symptoms and quality of

allowing mounted
Hamilton syringe with
a 22-gauge stainless
steel cannula

tracts

life associated with
increased F-Dopa uptake
at graft site following
transplantation

CiRA, Center for iPSC Cell Research and Application; ESCs, embryonic stem cells; hfVM, human fetal ventral mesencephalic; iPSCs, induced pluripotent stem cells; UPDRS, Unified Parkinson’s

Disease Rating Scale.
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Patient selection

Neurology and Neurosurgery
multidisciplinary team

Genetic factors (e.g., PARKIN mutation)

®

Optimal instrumentation
Rigorously tested cell delivery device

Optimal material composition (durable
and avoids cell sedimentation)
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Efficient storage and thaw (e.g., cartridge system),
maximising cell survival and minimising theatre

©)

Graft suspension

Ideally aged < 60 years

No contraindications for surgery

Accurate dispensary volume control
Small outer diameter, stepped design

Achieves multiple deposits per trajectory

time and systematic error
Frontal Synucleinopathy-resistant predominantly
(multiple A9 dopaminergic progenitors
traj rios) Hydrogel scaffold with GDNF expressing cells

i (optional)

Hypoimmunogenic grafts (opticnal)

@ ®

Stereotactic principles Anatomical target

£ hetised patient (th
entire procedure) and experienced
neuroanaesthesiology specialist care

Optimal trajectory for bilateral
grafts at target (putamen)

Frontal versus parietal approach
Prophylactic antibiotics at induction of
anaesthesia (as routine) Avoiding blood vessels in sulci,
eloguent areas and fibre tracts
Frame-based MRI-guided stereotactic
delivery with distortion correction
(mini frame method is optional)

Systematic surgical approach

Minimise CSF egress (brain shift)

y

/ . El \ ";arrie‘lal (single trajectory)

r -
Post-operative care

Standard neuro-observations in
theatre recovery and on the ward

At least one night stay in hospital
Wound review in 7-10 days
Immunosuppression regimen
Clinic follow up in 6-8 weeks

Follow up MRI, DAT and PET scans

Encourage exercise

Fig. 1. Optimizing neurosurgical delivery in an ideal cell replacement therapy paradigm for Parkinson’s disease.

assisted visualization of the graft being deposited in
the brain [59]. While this has been used for gene ther-
apy approaches in PD, it is not currently known what
impact MRI (or other imaging modalities such as CT)
would have on cell grafts [60]. Neurosurgical cen-
ters delivering CRT should use a stereotactic targeting
system that they have sufficient experience with, and
we advocate frame-based and (distortion-corrected)
MRI-guided surgery. Accuracy and precision should
not be compromised in CRT simply because the puta-
men is a larger structure to target, and mini-frame
(often incorrectly referred to as ‘frameless’) solutions
should be used only if local surgical protocols for this
technique are well established. The same applies for
robot-assisted procedures for neurosurgical delivery
of CRT.

Historically, cell grafts in PD have been placed over
the striatum, especially the posterior putamen, as it
is the target for innervation by nigral dopaminergic
neurons and the site of greatest DA loss in PD. This
was also due to early concerns surrounding the short
distances (2—3 mm) that graft-derived neurons extend
and reinnervate host striatum. However, studies have
shown that grafts transplanted at further distances
from the striatum can mediate functional recovery, for
example, combined intranigral and intrastriatal grafts
led to increased ['®F]-DOPA uptake in the putamen

and clinical improvement in motor function [61, 62].
Graft location is an important consideration as it can
influence the cranial entry point and the number of
needle tracts required to deliver cells. For example,
neurosurgical access to the striatum can be achieved
by either a frontal or parietal approach for grafts
to be deposited bilaterally (Fig. 1). There are pros
and cons of each, with the former requiring multiple
tracts to cover a larger area of the putamen but with
minimal risk to visual pathway fibers. Frontal trajec-
tories are planned anterior to the motor area, which is
located posterior to the coronal suture. Freed and col-
leagues allude to a transfrontal approach just above
the frontal sinus which is different from the conven-
tional (pre-coronal) frontal approach, and while this
approach may reduce the number of needle passes and
avoids the motor cortex, it is not the shortest route to
the target and may be anatomically more challeng-
ing to navigate past the caudate nucleus to reach the
posterior putamen [22]. The parietal approach could
theoretically cover a larger proportion of the stria-
tum in a single needle tract per hemisphere, but with
a risk of injury to visual pathway fibers. A method
to circumvent this risk may be to map those visual
pathways with pre-operative MRI, prior to using a
parietal approach. However, the patient may need to
be positioned prone which has other technical chal-
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lenges and risks including vision loss due to direct
pressure on the eyes from positioning in prolonged
infusions. Patient positioning and needle angulation
are key factors, particularly if operating time is long,
as they may lead to cell sedimentation and inconsis-
tent delivery. A single trajectory depositing cells at
intervals along the distal tract may not cover the entire
target location due to the curved anatomical shape of
the posterior putamen and longer trajectories may be
more prone to target errors. A parietal approach has
been described in gene therapy work in non-human
primates [60], but not so far in CRT as recent CRT
trials have favored the pre-coronal frontal approach
perhaps due to familiarity and safety profile in general
neurosurgery. In either approach, the cranial entry
burr hole is planned over a gyrus and such that the
needle would avoid blood vessels in sulci and avoid
transgressing the ventricles (which may impact accu-
racy and precision). Although the risk of catastrophic
hemorrhage is small, this risk increases with multiple
needle tracts as well as the risk of infection and other
complications. Furthermore, additional tracts can sig-
nificantly increase the procedure time and the risk of
systematic errors with more co-ordinates to process,
and so there is a consideration for opportunity cost
for PD patients who could otherwise have an estab-
lished treatment such as DBS, despite its limitations,
versus CRT.

Cell number and injection volume

In preclinical rodent studies, a small single injec-
tion is often sufficient for graft delivery capable of
mediating therapeutic benefit. As little as 650 surviv-
ing TH™ dopaminergic neurons have been shown to
demonstrate behavioral and motor improvements in
6-OHDA-lesioned rodents grafted with hfVM tissue
[63]. For previously grafted PD patients, postmortem
analysis of those experiencing long-term relief of
motor symptoms found a range of 43,000-240,000
surviving dopaminergic neurons present in grafts [22,
28, 64, 65], suggesting an approximate range for
the number of dopaminergic neurons required for
adequate long-term therapeutic striatal innervation.
Given that the estimated survival rate for grafted mid-
brain dopaminergic progenitors is between 5-20%
for fetal grafts [66], with a similar range seen in stem
cell-derived grafts [35, 67], it can be estimated that
somewhere between 200,000 to 5,000,000 cells are
required to be grafted per patient per side for effica-
cious CRT. Beyond cell survival, it is also important
to consider how fiber outgrowth and graft-host inte-

gration, may play a critical role in establishing the
functional benefit of CRT [68].

In a primate model of PD (Macaca fascicularis),
16,000 surviving dopaminergic neurons were suf-
ficient to produce a saturating effect in terms of
behavioral recovery, which is in line with results
of prior hfVM studies once the volume ratio
between human and cynomolgus monkey is consid-
ered (equivalent to approximately 100,000 surviving
dopaminergic neurons in humans) [69]. Indeed, the
TRANSEURO consortium trial aimed to achieve
approximately 100,000 surviving cells per graft to
maximize chances of success [70]. To achieve this,
delivery of a large number of cells is required. While
delivering these cells by a single injection is theo-
retically possible, it would also likely impair graft
viability, as has been demonstrated in a myoblast graft
study in primates, which showed necrosis in large
density grafts, likely due to limitations in oxygen and
nutrient distribution in the center of larger grafts [71].
Large injection volumes have also been associated
with several drawbacks [31] including greater reflux
[72, 73], exposure to increased shear forces [74],
damage to host tissue/bleeding [75], risk of embolism
[76], and tumorigenesis [77]. Thus, most human stud-
ies for CRT in PD have used multiple injections for
delivery of their grafts. It is also worth noting that in
primates, transplanted grafts gradually increased in
size for 6-9 months following transplantation, before
plateauing at an average of approximately 40 mm?>.
This relatively small volume indicates that grafts are
unlikely to cause significant mass effects in patients.
Furthermore, optimal symptomatic relief from CRT
may not be reached until nine months following trans-
plantation, when graft outgrowth is maximal and
synaptic connections are fully formed.

Needle diameter and graft size

The diameter of the delivery needle is another
key consideration surrounding neurosurgical delivery
of grafts, reflected by the optimization of instru-
mentation across various trials. The first open-label
clinical trial utilizing hfVM grafts was performed
as part of the Lund series in Sweden, with four
advanced PD patients being recruited for CRT. For
the initial two patients (patient 1 and 2), neuro-
surgical delivery of grafts was achieved using a
specialized implantation instrument, comprising of
two cannulas fitted together, with an outer diame-
ter of 2.5 mm [78]. This is significantly larger than
the current standard 1.3 mm DBS lead. The device
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was patented in 1988 and has since been described
as the “Rehncrona-Legradi” instrument. Patients 1
and 2 demonstrated only minor improvement in clin-
ical assessments, which the study authors believe may
have been limited by instrumentation-mediated dam-
age of the host striatum [78]. It has previously been
shown that hemorrhage surrounding graft tissue dur-
ing transplantation impairs neural allograft survival in
preclinical rodent models [79, 80]. The large diame-
ter (2.5 mm) of the instrument may have led to trauma
during graft delivery, with post-surgical CT scans
demonstrating a small hemorrhage at the implant
site for patient 2. Furthermore, instrument-mediated
damage at the time of transplantation may create
a transient inflammatory microenvironment acceler-
ating dopaminergic cell death and limiting efficacy
of grafted tissue. Interestingly, delaying extrusion
of graft tissue by one hour following the intra-
parenchymal insertion of the delivery needle, has
been associated with significantly increased graft sur-
vival and functional recovery in a rodent model of PD
[81]. However, such a delay may not be practical in
the operating theatre. A 60% reduction in outer diam-
eter of the Rehncrona-Legradi instrument to 1 mm
was also associated with significant and sustained
improvements in motor function for patients 3 and
4 of the series [82, 83], highlighting the importance
of careful neurosurgical delivery for CRT success.
Indeed, the ongoing TRANSEURO trial has utilized
an adapted version of the Rehncrona-Legradi instru-
ment to mediate graft delivery in the UK, while using
the Rehncrona-Legradi device in the Swedish trans-
plant arm of TRANSEURO in Lund. Both devices are
manufactured in-house, with an adapted version used
in the UK as the Swedish device is not currently CE
marked (which indicates that a device meets estab-
lished European Union requirements).

The significance of needle diameter has also been
demonstrated in preclinical animal models, with the
description of a micro-transplantation technique in
1994, which utilized a glass capillary attachment to
the traditionally used Hamilton syringe cannula [84,
85]. Due to a reduction in outer diameter, multi-
ple graft deposits are required to deliver the same
total volume of grafted tissue. In a rodent model
of PD, delivery of 450,000 cells (total volume of
3.6 1) was compared using either 2 x 1.8 pl grafts
delivered by a conventional steel cannula (outer
diameter 0.5mm), or 18 x 0.2 pl grafts delivered
using a glass capillary (outer diameter 50-70 wM).
Micro-transplantation demonstrated several advan-
tages including reduced surgical trauma, more precise

delivery, and enhanced visualization. Furthermore,
the use of numerous micro-grafts improved graft sur-
vival and integration, highlighting that graft volume
is an important consideration, and that multiple small
grafts dispersed over a greater area improves efficacy
[84, 85] and may be used to address issues surround-
ing adequate striatal reinnervation [86]. Interestingly,
the direct comparison in 6-OHDA-lesioned rodents
has shown that micro-transplantation is likely supe-
rior to two established delivery instruments used for
human PD clinical trials (including the Rehncrona
instrument), reinforcing a translational disparity that
still exists between preclinical and clinical devices
[87]. However, micro-transplantation uses a glass
attachment, which currently has not been utilized in
the clinic due to issues including the risk of fragmen-
tation.

Minimizing implantation trauma using
multi-graft instrumentation

While factors such as small injection volume,
reduced needle diameter and multiple graft deposits
are associated with improved graft outcomes, they
also require a greater number of transcortical penetra-
tions. With each needle pass through the parenchyma,
there is risk of direct trauma or damage to surround-
ing architecture including blood vessels. To address
this conflict, several neurosurgical instruments have
been developed and tested to maximize the number
of graft deposits, while simultaneously reducing risk
of hemorrhagic complications. The only such instru-
ment to have been tested clinically was described
by Mendez et al. in 2002 and used in the Halifax
Neural Transplantation program for a series of 8 PD
patients. This device involved a 2-hole transplanta-
tion cannula (outer diameter 0.8 mm) allowing for the
injection of two distinct graft deposits within 3 mm
of one another, with each brain pass [88]. This dis-
tance has been shown to be within the theoretical
range to enable inter-graft confluency [89-91]. In
addition to promising results in animal studies, the
use of the two-hole cannula in PD patients was not
associated with any evidence of instrument-mediated
hemorrhage or tissue damage for 16 transplantation
surgeries totaling 64 trajectories [88]. However, it
has been demonstrated that there is significant vari-
ation in the number of cells expelled between the
first and subsequent aliquots for both horizontally
and vertically orientated delivery approaches [92].
Thus, when using multiple cell deposits in a single
needle tract, it is important to consider how uneven
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distribution of cells may impact graft survival and
integration.

Several other multi-graft devices have been devel-
oped and tested preclinically with the same principle
of minimizing implantation-mediated trauma (see
Table 2). One such device allowing for 12 graft
deposits to be made through a single cannula injection
was described and tested in rodents by Brecknel and
Fawcett. They went on to adapt their device for human
use, with an outer diameter of 1.2 mm capable of mul-
tiple concentric deposits, 10 mm from a single central
needle tract. This would theoretically allow coverage
of most of the human caudate/putamen with just two
vertical injection tracts [86]. Another similar device
capable of multiple graft deposits per cannula site
was described by Cunningham and colleagues, addi-
tionally allowing for precise microvolume injections
with electrophysiological recording during implanta-
tion. This device, with an outer diameter of 90 pwm,
limits trauma and reactive astrogliosis local to the
implant site in rodents [93] and has also been shown
to be safe when targeting the substantia nigra of
Gottingen minipigs [94]. Lim and colleagues have
recently described another approach, involving the
radially branched deployment of a delivery catheter,
with an outer diameter of 1 mm. Following a sin-
gle transcortical penetration, the delivery catheter
enables real time adjustment of depth, rotation, and
radial extension, allowing greater distribution of
grafts within even larger target regions [30]. Improv-
ing distribution of grafts following delivery may also
be explored using technologies such as convection
enhanced delivery (CED), which utilizes continuous
positive pressure to generate bulk flow distribution of
macromolecules [95, 96]. Recently, an in-house CED
system consisting of four microcatheters attached
to a transcutaneous port was utilized to achieve
chronic, non-invasive, and well distributed putamenal
delivery of glial cell line-derived neurotrophic factor
(GDNF) [97] and cerebral dopamine neurotrophic
factor (CDNF) [98]. CED may be of relevance for
CRT [30].

Graft loading

The process of loading graft suspension into a
delivery cannula likely significantly influences the
variability of CRT, impacting both the practicality
and success of the procedure. If loading is to be
performed by neurosurgeons in the operating the-
atre, it is important they possess adequate expertise
in cell handling. Manual cell loading will impact

graft variability, with both intradepartmental vari-
ability between neurosurgeons and interdepartmental
variability between neurosurgical sites using differ-
ent loading approaches. For the Kyoto trial, which
utilizes a cell aggregation method, neurosurgeons
found that if cells were loaded with a high volume
of liquid they were seen to sink in the needle dur-
ing preparation, resulting in a heterogeneously dense
graft. Front-loading (drawing the cell suspension
directly into the cannula via the tip prior to injec-
tion) may also present issues surrounding consistent
delivery which may be minimized by a back-loading
approach (priming a cannula with a prefilled syringe
with cell suspicion). The development of an off-shelf
pre-loaded cell “cartridge”, compatible with delivery
devices and capable of being easily stored and trans-
ported, presents a potential approach to standardize
CRT. Such a cartridge would remove the requirement
to manually load cells, reducing theatre time, mini-
mizing variability, and negating the requirement to
train neurosurgeons in cell handling. Furthermore,
such an approach would enable a means for large-
scale quality-control. While such a cartridge has not
been reported in the field of CRT, preloaded transport
cartridges have been studied for anatomical replace-
ment therapy for the delivery of Descemet membrane
endothelial keratoplasty grafts [99].

Factors surrounding successful graft extrusion

Historically, neurosurgical delivery devices com-
prise of a straight cannula attached to an external
syringe in which a plunger controls the rate of cell
delivery. Such systems present several challenges
that influence graft delivery. The role of mechanical
forces on cells during injection has been extensively
reviewed elsewhere [31]. It has been shown that an
extensional force generated by differential velocities
affecting the length of the cell is the most significant
contributor to acute cell death during delivery [100].
Cells are particularly vulnerable to this mechanical
force at the transition area of the instrumentation,
where they travel from a large diameter syringe to
a comparatively smaller diameter needle. Decreasing
the outer diameter of the delivery cannula and keeping
the syringe diameter constant will increase the mag-
nitude of this extensional force, while lengthening the
needle also increases the time cells are subject to this
force [30]. Several strategies are being explored in
response to address this issue, including the develop-
ment of protective hydrogel cell carriers which have
been shown to increase cell viability during the injec-



Table 2
Neurosurgical delivery devices developed with enhanced graft distribution evaluated in either preclinical or clinical models.
Described by Instrument description Largest model Outer Additional features Outcome
tested Diameter
Brecknel and Based on “extruding wire knife” design. Rodent 1.2mm - Device capable of implanting multiple
Fawcett [86] Headpiece composed of 18G tube through which (human cellular deposits through single injection
Teflon tubing and 22G cannula are threaded prototype) site in rodent brain
Cunningham and Carrier attached to guide cannula encasing a Gottingen 148 wm Accurate microvolume Safe transplantation when targeting the
colleagues [93] microcannula minipig (human injections substantia nigra of Gottingen minipigs
prototype) Electrophysiological
recording capabilities
Lim and Integrated catheter-plunger system with modular Yorkshire 1 mm Real time adjustment of Reduction in cellular reflux in
colleagues [164] cannula system composed of outer and inner swine radial extension comparison to a standard 20G straight
guide tubes, cell delivery catheter and plunger Integrated cannula. Successful surgical delivery of
wire all nested together catheter-plunger system multiple radially deployed graft deposits
in Yorkshire swine
Mendez and 50 nL Hamilton syringe attached to custom Humans 0.8 mm - Successful transplantation of multiple
colleagues [88] microinjector system with 21-gauge cannula graft deposits into PD patients with no
needle procedural related adverse effects seen
on postoperative imaging. Increased
F-Dopa uptake at graft site following
transplantation
Gill and Skull-mounted transcutaneous port attached to 4 Humans - CED system Device capable of delivery of multiple
colleagues [97] microcatheters Capable of non-invasive GDNF infusions directly over extensive
chronic infusions putamen target tissue. However, GDNF
infusion was not associated with
improved clinical outcomes
Svenningsson and Skull-mounted transcutaneous port attached to 4 Humans - CED system Implantation of delivery device was safe

colleagues [98]

microcatheters

Capable of non-invasive
chronic infusions

and capable of putamenal CDNF
delivery. While CDNF delivery was safe
and well tolerated, it was not associated
with significantly improved clinical
outcomes

CDNEF, cerebral dopamine neurotrophic factor; CED, convection enhanced delivery; GDNEF, glial cell line-derived neurotrophic factor.
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tions [100]. Interestingly, flow rate of the injection
may also influence cell delivery, with too high a flow
rate associated with greater mechanical damage and
reflux [101, 102], and too low flow rates impairing
cell delivery and leading to cell death [31, 103, 104].

Several issues also surround accurate volumetric
delivery during transplantation. Typically, the use of
an external manual syringe and plunger makes the
delivery of precise microvolumes of grafts challeng-
ing. This may be addressed using pneumatic delivery
devices, which allows accurate pulsed delivery of
volumes as low as 3wl [105]. The remainder of
“dead volume” within the delivery instrumentation
and reflux of cell suspension back up the cannula tract
can also significantly influence effective delivery and
graft variability. While reducing the needle diame-
ter [106] and “steeped” catheters [73, 96, 107] have
both been associated with reduced reflux [95], Daniel
Lim’s radially branched deployment device has an
integrated catheter-plunger system, further eliminat-
ing the need for a separate syringe. By doing so, the
device demonstrated a significant reduction in cellu-
lar reflux in comparison to a standard 20G straight
cannula, and minimized dead volume. By designing
the catheter-plunger system to be modular and fully
removable, they are further able to address issues sur-
rounding graft variability due to sedimentation within
the syringe [30]. A novel columnar injection device
allowing for separate control of syringe barrel and
plunger has also been described by Schweitzer and
colleagues, which utilizes the columnar cannula tract
as the site of deposition during controlled cannula
withdrawal. This technique is thought to reduce tissue
resistance to delivered cells and improve graft sur-
face area to volume ratio. When testing their device
to transplant dopaminergic progenitors into rodent
hosts, columnar injection demonstrated more uni-
form cellular distribution, fewer acellular areas and
increased cell survival when compared with a tradi-
tional bolus injection technique [108].

A period of only twenty minutes between cannula
filling and injection has been associated with signifi-
cant cell sedimentation and retention [92], which is of
particular relevance for neurosurgical delivery, where
there is often a period of delay before the syringe can
be attached to the stereotactic frame and cells injected
within an identified injection plane [92]. The use of
specialized low friction coatings such as silicone, as
well as manipulation of factors influencing chemi-
cal and charge effects have also been suggested as
a method to minimize cell adhesion. Interestingly,
the influence of instrument material on cell retention

within delivery devices has also been explored, with
glass showing more retention than metal [92].

OTHER CONSIDERATIONS

Optimal patient cohort

Thus far, the patient response to grafted tissue in
PD trials has returned mixed levels of success, with
some patients demonstrating remarkable improve-
ments in functional outcomes, while others showing
little response or developing detrimental side-effects
such as graft-induced dyskinesia [21, 29, 109]. This
raises important questions surrounding the factors
that predispose patients for successful CRT, and
how to identify the optimal patient cohort for treat-
ment. This prior selection would help support the
use of resource-intensive neurosurgical intervention.
As CRT is limited to the alleviation of primary
motor symptoms caused by nigrostriatal degenera-
tion, PD patients identified with a PARKIN mutation
may represent ideal candidates for CRT due to their
pathology being confined within the nigrostriatal
pathway. Furthermore, these patients often lack an «-
synucleinopathy pathology at postmortem, indicating
their grafts may have greater protection from long-
term a-Synuclein aggregation [110]. The Michael
J. Fox Foundation has recently funded a phase 1b
clinical trial to evaluate the safety and efficacy of
dopamine progenitor cells specifically for treating
patients with PARKIN mutations [111].

It is also well established that a loss of dopamin-
ergic innervation occurs in various other brain
structures, and the extent to which other regions are
affected will be reflected in patients’ responses to
grafting. Therefore, for CRT to be viable for a large
population of PD patients, location of graft place-
ment may become standardized and tailored to each
individual patient, with graft response guided by
data from ['8F]-DOPA PET imaging. Furthermore,
greater research is required to elucidate how factors
such as patient environment, age and disease pro-
gression may affect the utility of CRT. Preclinical
studies using grafts composed of ventral mesen-
cephalic tissue [112, 113] or induced pluripotent stem
cells (iPSC)-derived dopamine progenitor cells [114],
have demonstrated that a younger brain likely pro-
vides a more receptive environment for successful
CRT. Indeed, in one of the NIH-funded hfVM trials
based in Columbia [22], potential clinical improve-
ment following transplantation was only achieved in
patients aged 60 and below. Younger patients are
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also more suitable for neurosurgical intervention with
less comorbidities and fewer surgical risk factors. On
the other hand, owing to ethical considerations, the
FDA has historically recommended the recruitment
of patients with more advanced stage PD into inva-
sive trials, likely not in keeping with the ideal target
population for CRT.

Interestingly it has been proposed that patients
undergoing DBS may present an ideal patient pop-
ulation for future clinical trials evaluating CRT. Such
a trial design would randomize patients to receive
DBS and CRT concurrently, or just DBS alone.
This presents several theoretical advantages, includ-
ing negating the requirement of sham procedures,
enhanced patient recruitment, cost reduction and
evaluation of the synergistic effects of neuromodu-
latory and biological therapies [115]. However, such
a trial has yet to be performed, likely owing to chal-
lenges surrounding complex surgical procedures and
difficulties in evaluating the effectiveness of CRT.

Cell source

The use of hfVM grafts raised significant ques-
tions surrounding accessibility, as exemplified by the
TRANSEURO trial, where only 21 surgeries were
possible over a three year period because of inad-
equate tissue supply [34]. Further practical, ethical,
and logistical hurdles including the requirement for
stringent maternal screening, lengthy theatre time for
harvesting and heterogeneity of grafts led to the pur-
suit of other cell sources. The ability to grow human
embryonic stem cells (hESCs) and iPSCs [116],
alongside the recent advancement in differentiation
protocols enabling the generation of nigral (predomi-
nantly) A9 dopaminergic neurons from human iPSCs
[13, 14, 117] has revitalized the field of CRT. It is
important that an accessible and reliable tissue source
is identified, to reduce the resource-heavy burden of
CRT and prevent cancellation of planned neurosurgi-
cal procedures.

The various cell types, including stem cells, used
to generate cell grafts for PD have been exten-
sively reviewed elsewhere [118]. One advantage of
patient-specific iPSCs is the ability to form autol-
ogous grafts, expressing the same surface markers
as the hosts pre-existing neural circuitry, thus evad-
ing immune recognition, and theoretically negating
the requirement for immunosuppression. Proof-of-
concept was successfully demonstrated in a primate
model of PD, where transplantation of autolo-
gous iPSC-derived midbrain dopaminergic neurons

resulted in striatal reinnervation [119] and functional
motor improvement without any immunosuppression
[120]. Recently, a case report for the first human to
be transplanted with an autologous iPSC-derived cell
graft for PD was described by Schweitzer and col-
leagues. The patient was followed for 2 years after
their first surgery, with data suggesting graft survival
and potential symptomatic relief. Importantly, no
adverse side-effects were reported, with no evidence
of graft-induced dyskinesias commonly seen with
fetal grafts [121, 122]. While this report is promis-
ing, it is important to note that autologous grafts
may also have the same genetic risk factors predis-
posing PD pathology, and current hurdles involving
their expense and time-consuming generation present
financial and logistical barriers to their widespread
adoption [123].

The use of human leukocyte antigen (HLA)-
matched allogeneic grafts may represent a more
feasible option, with evidence for this approach
already having been demonstrated in primate models
of PD [124]. These allogeneic grafts could theo-
retically be generated from “haplobanks” of iPSCs,
donated by super donors who are blood type O and
homogenous at HLA loci, resulting in immunological
compatibility with large numbers of unrelated recip-
ients. This allows for a potential off-shelf solution,
substantially reducing associated costs and time for
graft generation. The use of quality-controlled master
allogenic cell lines would further standardize CRT,
negating issues surrounding variability in cell cul-
ture and graft generation caused by heterogeneity in
autologous source cells. These considerations were
made pertinent in a 2015 RIKEN trial which aimed
to investigate autologous iPSC-derived grafts to treat
age-related macular degeneration. However, RIKEN
has since revised their trial protocol to use allogenic
grafts, in part due to the discovery of 6 mutations
in a patient’s autologous iPSC line, one of which is
listed as cancer somatic. These mutations were not
detectable in the patients original fibroblasts, and thus
may have been generated in culture [125, 126].

It has been estimated that 50 donor iPSCs lines
would be adequate to generate HLA-matched tis-
sue for 90.7% of the Japanese population [127] and
progress is already underway to establish a global
network of iPSCs haplobanks for cell therapies [128].
iPSCs obtained from the Clinical iPS Bank of Kyoto
were used to create the allogeneic grafts transplanted
by Takahashi and team in the first iPSC-based PD
clinical trial launched by the Centre for iPSC Cell
Research and Application, based at Kyoto Univer-
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sity [129-131]. The use of iPSC haplobanks may
provide a more reliable and less resource-intensive
source of graft tissue for CRT, facilitating improved
neurosurgical intervention.

Genetically engineering grafts

Advances in genetic engineering have provided
tools to address some of the potential concerns sur-
rounding the use of cell grafts in PD. It is possible to
use CRISPR/Cas9 technology to generate “hypoim-
munogenic” iPSCs, which possess deleted MHC
class I and II genes and simultaneously over-express
the immunoglobulin CD47, enabling them to evade
immune destruction and potential graft rejection by
natural killer cells. These cells can be differentiated
into more mature cell types and successfully grafted
in MHC-mismatched rodents without the need for
immunosuppression [132]. However, engineering
cells to avoid immune detection, while useful for
grafting, does raise some safety concerns surround-
ing long-term use. Decreased HLA expression and
overexpression of CD47 are well established methods
by which cancerous cells evade the immune system,
meaning transplanted cells may be at increased risk
for malignant conversion [133]. Indeed, a major con-
cern within the fields of regenerative medicine and
cell transplantation is the avoidance of tumor for-
mation long-term. Safety nets for transplanted cells
are being investigated, including the genetic incor-
poration of suicide genes or “kill switches” that can
be activated and expressed if the cell turns malig-
nant by administration of drugs such as ganciclovir
[134, 135]. Another concern with long-term graft
survival is the susceptibility of the graft to develop
the a-Synuclein pathology of PD. This has been
detailed in the postmortem analysis of hfVM grafts
older than 10 years, demonstrating varying degrees
of a-Synuclein aggregation [28]. The generation of
a-Synucleinopathy-resistant dopaminergic neurons
from human iPSCs has been achieved with CRISPR-
mediated deletion of the SNCA gene [136], providing
another potential basis for enhancing long-term graft
efficacy using genetic engineering.

Enhancing graft survival

Low dopaminergic neuronal survival and inte-
gration rates in grafts represents a major hurdle
for successful CRT and autopsy data highlights
the importance of surgical technique as one of
the key factors [64]. Several avenues are being

explored to optimize the growth capacity, sur-
vival, and efficacy of transplanted grafts. Prior to
transplantation, treatment of human iPSC-derived
dopaminergic progenitors with a modified extracellu-
lar matrix (Perlecan-conjugated laminin 511/521-E8
fragments) was shown to enhance maturation and
neurite extension of grafted cells in rodents through
activation of RAS-ERKI1/2 pathway downstream
of GDNF- and brain-derived neurotrophic factor-
receptors [137]. Injectable biomaterial scaffolds,
such as collagen hydrogels, can provide an optimal
microenvironment for cell delivery and engraftment,
while also enabling protective immune shielding
[138, 139]. These scaffolds do not disrupt the
local parenchyma and can be loaded with support-
ive growth factors such as GDNEF, facilitating a
5-fold increase in the survival and re-innervation
of encapsulated cells [139, 140]. Recent develop-
ments describing self-assembling peptide scaffolds
and nanoparticle protein delivery vehicles has further
advanced delivery of biomaterial scaffolds [141]. Co-
transplantation of polymer-encapsulated genetically
modified cell lines presents another novel avenue.
Grafting modified cells overexpressing GDNF along-
side dopaminergic neurons in a rodent model of PD
enhances fiber outgrowth in the areas between the
capsule and graft [142]. Delivery of either trophic
factors such as basic fibroblast growth factor, neur-
turin and growth differentiation factor 5, or drugs
such as lazaroids, caspase inhibitors and calcium
antagonists have also been associated with increased
graft survival as extensively reviewed by Brundin
and colleagues [143]. Interestingly, cell maturity has
also been shown to influence graft survival. Mid-
brain dopaminergic progenitors (day 17) demonstrate
improved survival, fiber outgrowth and functional
benefits when compared to immature neurons (day
24) and mature neurons (day 37) when engrafted
in 6-OHDA rats [144]. Moreover, simple post-
transplantation interventions such as exercise can also
improve graft survival and integration [145].

Active modulation of grafts following delivery

While imaging modalities such as magnetic
resonance imaging (MRI) and positron emission
tomography (PET) are available to monitor graft
survival and proliferation, itis crucial to explore ques-
tions surrounding post-transplantation regulation of
grafts in patients and whether it is possible to mod-
ulate grafted cells in “real-time”. Can we control the
level of dopamine produced by cells once grafted and
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prevent potential dopamine excess leading to graft-
related side-effects? Developments in the novel fields
of optogenetics and chemogenetics provide a theoret-
ical method to directly switch grafted cells “on” and
“off”, modulating their dopamine production in vivo.
Theoptogenetic inhibition of transplanted hESCs-
derived cells in a mouse model of PD has already
been demonstrated, switching “off” dopaminergic
production and causing the return of previously res-
cued motor deficits [146]. Chemogenetic tools such
as DREADDs (designer receptors exclusively acti-
vated by designer drugs) could also be used with
transplanted cells allowing for functional excitatory
and inhibitory “switches”, without the need for spe-
cialized lasers and implanted fiber optics [147]. The
development of these novel technologies and their
implementation with established imaging modalities
such as ['®F]-DOPA PET, may provide an excit-
ing tool to exogenously and non-invasively modulate
graft efficacy and therapeutic outcomes following
CRT. Such approaches may limit the requirement
for further neurosurgical interventions and provide
more long-term therapeutic benefit in traditionally
treatment-resistant cohorts without the need for daily
medication.

CONCLUSION

CRT has historically been labelled by some clin-
icians as a ‘failed therapy’ for PD; however, in
view of the reasons highlighted above, including
advances in cell source and graft biology [12, 148,
149], it may re-emerge as a potential treatment
option that overcomes the limitations of current med-
ical and surgical treatments for motor symptoms in
PD [15]. Successful global clinical translation will
depend on consistent neurosurgical delivery. As high-
lighted in this review and summarized in Fig. 1,
the key factors to consider are patient selection,
a systematic surgical method applying principles
of stereotactic surgery, the anatomical target and
surgical approach, a rigorous delivery system for
consistent graft transplantation and survival, as well
as meticulous post-operative care. Patient selection
is crucial in functional neurosurgery and considera-
tion for CRT will follow a similar multidisciplinary
paradigm as currently used for DBS [150]. Over time,
as the risk and benefit profiles become apparent for
CRT, a broader range of PD patients may be consid-
ered for CRT.

An ideal delivery device should be rigorously
assessed in large animal models, demonstrating both
safety and efficacy. To minimize implantation-related
trauma, the instrument should have a small needle
diameter and be capable of multiple graft deposits
with each brain passage. Furthermore, the device
may incorporate a steeped catheter design to min-
imize reflux and maximize graft distribution. The
ideal transplanted graft will be generated accord-
ing to good manufacturing practice from ethically
sourced ESCs or iPSCs, and genetically engineered to
minimize immunoreactivity and reduce susceptibility
to long-term tumorigenesis and a-Synucleinopathy.
Furthermore, grafts may also be capable of post-
transplantation modulation via suicide genes and/or
optogenetic or chemogenetic modulation to control
dopamine release [146, 147]. Grafts may be delivered
within hydrogel scaffold microenvironments capable
of proving trophic factor support to maximize graft
integration and survival [139, 140].

While itis not possible for every neurosurgical cen-
ter in the world to use the exact same instruments
and methods for delivery, the emphasis should be on
using a systematic approach that is well-established
locally for consistent results. Experienced, high-
volume functional neurosurgery centers audit and
reaudit practices to refine methodology for consis-
tent results and unlike DBS where switching on the
current can give an immediate indication of response,
in CRT it would take time for engraftment of cells and
the clinical response to occur. Surgical theatre time
can be optimized based on the number of planned
trajectories, the delivery system, and a pragmatic
‘off the shelf’ intraoperative solution for thawing,
loading, and injecting the grafts, with assistance
from trained scientific personnel. Postoperative care
including blood pressure management, wound care
and pain management are also essential.

Several other alternative advanced therapies for
PD are currently being explored, including intra-
parenchymal infusion of trophic factors [151] and
gene therapy [152]. Recent clinical trials for these
treatments have used novel intraoperative deliv-
ery modalities, demonstrating effective neurosurgical
delivery. These include the use of a skull-mounted
transcutaneous port with implanted catheters to facil-
itate long-term intermittent infusions of GDNF [97]
and CDNF [98], as well as the combination of a
steeped catheter, CED and real-time MRI imaging
for delivery of AADC gene therapy [153]. How-
ever, these approaches are still far from incorporation
into standard clinical practice and some aspects such
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as CED and real-time MRI imaging be less use-
ful for CRT. A future approach for PD will likely
use relevant multiple modalities to maximize suc-
cess. Proof-of-concept of combination therapies was
demonstrated by promising preclinical results of a
recent study investigating GDNF infusions in con-
junction with homotopic cell grafts [154, 155]. The
use of “hybrid” stereotaxic surgery, merging DBS
with stem cell implantation to harness a synergistic
approach, has also been proposed [156].

Results from current phase I stem cell-derived
dopaminergic cell replacement trials in PD will be
crucial in determining the future of CRT. If the surg-
eries are expensive (personalized versus off-shelf),
time consuming, error prone and return variable
results, the opportunity cost of CRT in comparison
to current well-established neurosurgical modalities
such as DBS may be brought into question. In this
case, it would be challenging to ethically design
a CRT versus DBS clinical trial to confirm long-
standing benefit relative to the current gold-standard
surgical care. Thus, we must not falter at the final hur-
dle which is the non-trivial neurosurgical delivery of
CRT.
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