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Abstract
Gene therapy has the potential to provide therapeutic benefit to millions of people with neurodegenerative diseases through
several means, including direct correction of pathogenic mechanisms, neuroprotection, neurorestoration, and symptom control.
Therapeutic efficacy is therefore dependent on knowledge of the disease pathogenesis and the required temporal and spatial
specificity of gene expression. An additional critical challenge is achieving the most complete transduction of the target structure
while avoiding leakage into neighboring regions or perivascular spaces. The gene therapy field has recently entered a new
technological era, in which interventional MRI-guided convection-enhanced delivery (iMRI-CED) is the gold standard for
verifying accurate vector delivery in real time. The availability of this advanced neurosurgical technique may accelerate the
translation of the promising preclinical therapeutics under development for neurodegenerative disorders, including Parkinson’s,
Huntington’s, and Alzheimer’s diseases.

Key Words Gene therapy . Parkinson’s disease . Huntington’s disease . Alzheimer’s disease . viral vector . intraoperativeMRI.

Introduction

Neurodegenerative diseases affect a large portion of our in-
creasingly elderly population worldwide. Idiopathic
Parkinson’s disease (PD) impacts over one million people in
the USA alone, with 1% of individuals older than 60 likely to
develop PD, whereas an estimated 5.7 million Americans of
all ages are living with Alzheimer’s dementia. Current thera-
pies for neurodegenerative disorders, however, are aimed at
symptomatic relief and do not address the underlying pathol-
ogy. As neurodegeneration progresses, the efficacy of phar-
macological treatments is reduced. Because the blood–brain
barrier prevents significant amounts of most systemically ad-
ministered agents from reaching therapeutic parenchymal
levels without producing toxicity, significant side effects typ-
ically increase with escalating medication dosage. Direct in-
tracerebral delivery of therapeutics is a strategy that circum-
vents the blood–brain barrier to target the disease process with
functional–anatomic specificity. Therapeutic molecules, such

as growth factors, can be delivered directly into the brain
parenchyma, or alternatively, the genes that code for these
types of molecules can be delivered. The former approach
requires chronic re-administration of the therapeutic agent,
whereas a single-gene therapy infusion may have durability
on the order of a decade or more.

Neurodegenerative disease processes often involve the pro-
gressive accumulation of dysfunctional proteins within cells,
leading to cell death. There are no existing therapies that cor-
rect underlying neurodegenerative disease processes; current
therapies provide merely symptomatic relief. As the underly-
ing disease process progresses, the efficacy of pharmacologi-
cal treatments is reduced, despite increases in medication dos-
age. Thus, the side effect to benefit ratio increases.
Intracerebral drug delivery, specifically gene therapy, is a
promising strategy for mitigating these deficiencies in medical
management. By altering or inducing the expression of spe-
cific proteins, gene therapy may allow for neuroprotection,
neurorestoration, and ultimately, correction of the underlying
pathogenic mechanism.

Appropriate gene therapy parameters, however, depend on
disease pathogenesis and the temporal evolution of the path-
ological phenotype. In addition, the temporal and spatial spec-
ificity of gene expression must be considered. Temporal spec-
ificity in gene therapy refers to whether gene expression is
constitutive or regulated, whereas spatial specificity refers to
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whether and how the gene expression is confined to a partic-
ular brain region or cell type. Focal neurosurgical delivery of
gene therapy vectors circumvents the blood–brain barrier and
allows for therapy to be specified to anatomical regions of
interest, avoiding exposure to other brain areas in which trans-
gene expression is not necessary or is undesired [1]. Although
gene expression under control of specific promoters potential-
ly can be regulated by medication (rather than Balways on^)
and delivered to specific cell groups (allowing for neuronal
phenotype-specific effects), the current state of the art in hu-
man gene therapy trials does not involve regulated or
phenotype-specific gene expression.

Delivery of Gene Therapy

Viral Vectors

Modified viral vectors are used to delivery genes of interest to
the brain, with vectors derived from adeno-associated viruses
(AAVs) having been used almost exclusively in clinical trials
for CNS disorders. One exception is lentiviral vectors, which
can carry a larger DNA payload, and have been used in one
clinical trial to date [2]. AAVs can be subdivided into sero-
types, based on their capsid profiles. Viral vector particles are
transported within the brain from one region to another, either
in an anterograde manner (transduction of cells in a brain
region that receives projections from the infusion site), retro-
grade manner (transduction of cells in a brain region that sends
projections to the injection site), or both. The manner of this
transport depends on the serotype, and in the case of preclin-
ical experiments, on the transduced species [3].
Understanding how a specific serotype distributes gene prod-
ucts from the targeted region for vector delivery is crucial for
creating a predictable and reproducible gene therapy paradigm
[4–9]. Due to its relative phenotype specificity for neurons and
clinical safety profile, AAV2 has been the gold standard for
neurosurgical gene therapy and has been used in multiple
phase 1 [10–14] and phase 2 studies [15, 16] (Tables 1 and
2). Given that AAV2 has a robust preference for anterograde
transportation of the gene product [9], when using AAV2 vec-
tors, one must assume that downstream targets of projection
neurons also will express the transgene.

Surgical Platform

A gold standard platform for neurosurgical delivery of gene
therapy vectors now exists, following more than two decades
of preclinical and clinical work. The development of
convection-enhanced delivery (CED) in the 1990s allowed
for efficient, direct, and controlled distributions of viral vector
particles throughout the brain. First described by Oldfield
et al. [17], CED utilizes a pressure gradient to generate the Ta
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bulk flow of infusate within the interstitial fluid space.
Because CED relies on fluid convection rather than passive
diffusion to achieve distribution, it can uniformly deliver high
concentrations of macromolecules over significant volumes.
Subsequent development of an infusion cannula with a step
close to the cannula tip allowed positive pressure to be exerted
without significant reflux [18]. Stereotactic infusions nonethe-
less occurred in a black box, as there was no method to verify
whether the infusate was distributed within the target or leaked
into neighboring regions or back up the cannula track.

Similarly, stereotactic infusions employed in clinical trials
previously have occurred without a method for verifying the
extent to which the infusate is distributed within the target
during the course of the infusion, versus leaking into neigh-
boring regions or refluxing up the cannula track. For this rea-
son, the failure of protein infusion and gene therapy trials in
PD is thought to be due in large part to inadequate delivery.
The development of real-time MRI-guided CED using inter-
ventional or intraoperative MRI (iMRI-CED) seeks to over-
come these challenges by enabling monitoring of the infusion
via co-administration of anMRI contrast agent mixed with the
therapeutic drug. Studies in nonhuman primates have allowed
for quantification of CED dynamics and the intraoperative
detection of leakage and reflux [19–22], definition of
structure-specific Bgreen zones^ delineated as reliable cannula
placement zones [23, 24], and verification that gadoteridol
distributions visible on MRI correspond well with subsequent
transgene expression patterns [25, 26]. These results set the
stage for planning cannula placement with respect to individ-
ual patients’ anatomy, and led to the development of a clinical
platform for iMRI-CED [25, 27].

Currently, the sole commercially available MRI-
compatible drug delivery platform (MRI Interventions,
Irvine, CA) includes a skull-mounted aiming device
(Smar tFrame®), a ref lux-resis tant CED cannula
(SmartFlow®) (Fig. 1), and anMRI-integrated software pack-
age (ClearPoint®) that communicates with both the console

and the operating neurosurgeon in the MRI suite. The key
features of this platform are 1) patient positioning on the
MRI gantry under general anesthesia; 2) definition of target
coordinates with respect to the MRI isocenter rather than to a
separate stereotactic space; 3) trajectory alignment and cannu-
la insertion via a burr hole–mounted trajectory guide in place
of a traditional stereotactic frame-based system; 4) integration
of planning, insertion, and real-timeMRI confirmation of can-
nula placement and subsequent infusate distribution during a
single procedure; 5) cannula design involving a small inner
lumen to allow for low priming volume and minimal waste of
therapeutic agents, and a two-step tip that minimizes drug
reflux. The accuracy of the ClearPoint system was first vali-
dated preclinically in nonhuman primate infusion studies [25],
and subsequently has been validated extensively for the clin-
ical placement of deep brain stimulation leads, with average
targeting errors on the order of 1 mm [28–31]. This platform
enables cannula placement to be aligned precisely with the
planned trajectory, optimizing the ability to use the two-step
design for controlling the start of the infusion within the target
structure (Fig. 2).

Preclinical Studies to Clinical Trials

Parkinson’s Disease

Two treatment strategies have been employed thus far in
AAV2-mediated gene therapy clinical trials for PD. First,
symptomatic therapies aimed at improving clinical symptoms
rather than altering the course of the disease. Two strategies
have been employed, which involved gene transfer of either 1)
glutamic acid decarboxylase (GAD), which catalyzes the syn-
thesis of γ-aminobutyric acid (GABA) from glutamate or 2)
aromatic L-amino acid decarboxylase (AADC), a rate-limiting
enzyme for dopamine synthesis that converts levodopa to do-
pamine. Second, neurorestorative therapies, focused on

Fig. 1 MRI-compatible infusion
cannula for clinical CED. A two-
step design cannula with a
ceramic body and inner silica
sleeve designed to allow low
priming volumes. The ceramic
body is encased with a protective
outer polymer sleeve (MRI
Interventions, Inc.)
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attempting to restore cellular functions affected by the disease
process, have involved in vivo gene transfer of a neurotrophic
factor, either 1) glial derived neurotropic factor (GDNF) or 2)
neurturin.

AAV2-GAD

The AAV2-GAD strategy was focused on delivering GAD to
the subthalamic nucleus (STN) in an effort to increase local
GABA inhibition and correct pathological overactivity in this
basal ganglia node. Although injecting a GABA receptor ag-
onist, muscimol, into the STN had been observed to reduce
PD motor symptoms [32], when the delivery of AAV2-GAD
to the STN of MPTP-lesioned nonhuman primates was even-
tually tested, no improvement in clinical rating scales was
seen [33]. Nonetheless, phase I and phase II trials were per-
formed in which AAV2-GAD was delivered, via CED, to the
STN of PD patients [16, 34]. Phase I trials involved 12 pa-
tients who received a unilateral infusion of 50 μL AAV2-
GAD into the STN of the more symptomatic hemisphere, in
three different dosing groups: 1 × 1011 vg/mL, 3 × 1011 vg/
mL, and 1 × 1012 vg/mL. Subjects demonstrated improve-
ments in their Unified Parkinson’s Disease Rating Scale
(UPDRS) scores up to 12 months post-infusion. FDG-PET
scans confirmed the efficacy of the gene transfer, as there
was a decrease in activity of the STN [34]. In the phase II trial,
16 subjects received bilateral infusions of AAV2-GAD (1 ×
1012 vg/mL) and were assessed after 6 months. Patients
displayed improvements in their PD motor symptoms, but
not to any greater extent than could be achieved following
deep brain stimulation of the STN [16].

AAV2-AADC

In PD patients, dopamine replacement therapy is efficacious
early in the disease for controlling symptoms. As the disease
progresses, however, increasing doses of levodopa fail to pro-
vide the same therapeutic benefit, often resulting in severe
motor fluctuations and levodopa-induced dyskinesias.
AADC gene therapy is a pro-drug approach, in which the
anatomically focal replacement of the hAADC enzyme en-
ables a high level of conversion of levodopa to dopamine, in
the setting of continued use of levodopamedication. The post-
commissural (sensorimotor territory) striatum has been the
chosen target for this therapy as medium spiny neurons within
the striatum do not deteriorate in PD, and studies have dem-
onstrated the ability of these cells to express transgenes for
long periods of time [35, 36]. Preclinical studies demonstrated
that hAADC delivery to MPTP-lesioned primates produced
statistically significant long-term improvements in behavioral
rating scores, significantly lowered levodopa requirements,
and reduced levodopa side effects [35–39]. In addition,
[18F]-fluoro-L-m-tyrosine (FMT; a marker of AADC activity)
PET imaging of Parkinsonian nonhuman primates (NHPs)
who received hAADC demonstrated continued overexpres-
sion of AADC at 9 years post-infusion, indicating the long-
term efficacy of this therapy [35, 36].

A phase 1 clinical trial explored the delivery of AAV2-
hAADC in 10 patients who subsequently were monitored
for up to 5 years [10, 12, 40]. One hundred microliters of
vector was delivered per hemisphere in two sites in each pu-
tamen, with two dose cohorts (9 × 1010 vg and 3 × 1011 vg).
Six-month postoperative FMT-PET scans demonstrated a

Fig. 2 Initial position of infusion cannula. Orange arrows indicate the
artifact from the infusion cannula and white arrows indicate the border
of the putamen, in axial (left) and sagittal (right) views. The red circle
indicates the location of the second step, which is ~8 mm from the
putamen border, placing the tip ~5 mm into the target structure. Initial

reflux up to the first step will confine the initial infusion volume within
the putamen. Further insertion of the cannula such that the second step
reaches the border of the putamen will allow for further spherical
expansion of the infusion volume within the target
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25% and 65% increase in the uptake levels of AADC in the
low- and high-dose groups respectively [40]. This study dem-
onstrated the safety of this therapeutic strategy, with modest
efficacy, but was not continued into further phases by the
industry sponsor. Analysis of immediate postoperative T2 im-
ages demonstrated that coverage of the target region likely
was quite variable [22]. Nonetheless, the elevated PET signal
observed in the first 12 months persisted over 4 years in both
dose groups [40]. The off-medication UPDRS, however,
displayed a slow deterioration after the first year, suggesting
the need for a controlled efficacy trial with higher vector
doses, using real-time MRI visualization of vector
distribution.

A new phase I trial is currently underway to deliver AAV2-
hAADC to the putamen, this time employing iMRI-CED
(ClinicalTrials.gov: NCT01973543). Infusion volumes have
been significantly increased, and up to 8.8 × 1012 vector
genomes will be delivered per subject. Enrollment in phase 1b
studies was recently completed at the University of California,
San Francisco and the University of Pittsburgh Medical Center.
The use of iMRI-CED results in a remarkable ability to track and
dynamically modulate vector infusions in real time (Fig. 3) and
allows for precise calculations of the volume of vector coverage
infused into the target brain region. Phase 2 studies are ongoing.

The results of a two-center (Créteil, France, and
Cambridge, UK) phase 1/2 open-label trial of ProSavin, a
lentiviral vector that encodes not only AADC, but the other
rate-limiting dopamine biosynthetic enzymes tyrosine

hydroxylase and cyclohydrolase 1, were reported in 2014
[2]. Although lentiviral vectors have the advantage of being
able to carry a larger genetic payload than AAV vectors, no
clinical trial using in vivo administration of lentiviral vectors
in any human disease had previously been reported. In this
open-label, dose-escalation study with 12-month follow-up, 3
doses of ProSavin were assessed in 4 patient cohorts with
bilateral delivery to the putamen. Increased on-medication
dyskinesia was the most common adverse event, which re-
solved in each case with reduction of dopaminergic medica-
tion, but off-medication dyskinesias were not observed. Off-
medication UPDRS motor scores were significantly reduced
at both 6 and 12 months in all patients, relative to their base-
lines (33% and 31%, respectively); however, no significant
difference was seen between the different dose cohorts.

The therapeutic goal of this gene therapy strategy was to
produce a continuous and stable production of dopamine in
the motor region of the putamen. Evaluation of this effect by
positron emission tomography, however, produced conflicting
results. There was no effect in 18F-levodopa uptake, an analog
of levodopa used to evaluate striatal dopaminergic presynaptic
function, after ProSavin administration. In contrast,
[11C]raclopride binding, which assesses the degree of dopa-
mine binding to the D2 dopamine receptor, did increase in a
dose-dependent manner. Similarly, there was no dose-
dependent effect on UPDRSmotor scores, despite the fact that
the authors switched to a continuous infusion method, in-
creased the delivery rate to 3 μL/min, and decreased the

Fig. 3 Real-time visualization of
simultaneous bilateral MRI-
guided infusion of AAV2-AADC
(1:1 admixture with gadoteridol)
to the putamen (blue shading in
panel a). (a) Infusions are
expected to grow concentrically
after reaching the first step. (b)
The cannula is advanced in ~2–
3 mm increments, with a goal of
filling the structure from proximal
to distal. (c) A second step acts as
an additional temporary barrier to
infusion volume growth along the
cannula axis. (d) An axial view
demonstrates appropriate
coverage of the putamen, on each
side, at the end of the drug
delivery procedure
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cannula diameter in between the second and third cohorts to
increase the rate of delivery and enhance the distribution of the
vector. The authors’ conclusion was that they could not pro-
ceed to a more definitive double-blind placebo-controlled trial
until possessing an optimum mode and dose of delivery, es-
sentially acknowledging that without real-time MRI during
infusion of the viral vector, it is not possible to determine
accurate and adequate delivery. Nonetheless, this work dem-
onstrated the safety of this first-in-man use of a lentiviral-
based vector for a central nervous system disorder.

GDNF

Neurorestorative therapies are aimed at modifying underlying
disease processes. Multiple restorative neurotrophins have
been identified, and of them, GDNF has shown the most
promise in ameliorating Parkinson’s pathology in animal
models [41]. GDNF and related neurotrophins are members
of the transforming growth factor-β (TGF-β) superfamily.
Two GDNF delivery paradigms have been developed and
evaluated in preclinical and clinical trials: direct protein infu-
sions and AAV-mediated gene transfer. In clinical trials,
intrastriatal infusions of GDNF protein [42], despite positive
open-label phase I findings [43, 44], failed to meet primary
endpoints in double-blind phase II testing, and were halted
after the development of hardware complications and the de-
tection of neutralizing antibodies against recombinant GDNF
in the cerebrospinal fluid. Analysis of this trial revealed that
majority of GDNF failed to migrate far from the catheter tip,
leading tominimal coverage of the putamen [45]. A new study
of intermittent glial GDNF infusions administered via CED
currently is underway in the UK (EudraCT# 2011-003866-
34). This trial tests a recently developed platform consisting
of a transcutaneous bone-anchored port and implantable
multi-catheter system for chronic intermittent CED [46].

The first reported preclinical GDNF gene therapy experi-
ments employed a lentiviral vector, delivered to the striatum
and substantia nigra of aged normal andMPTP-lesioned mon-
keys [47]. These studies provided evidence for the prevention
of further nigrostriatal degeneration and for the sprouting of
degenerated fibers, and animals demonstrated no immunolog-
ical response and continued GDNF expression 8 months fol-
lowing infusion. Subsequently, multiple studies have investi-
gated the safety and efficacy of delivering larger doses of
AAV2-GDNF to the normal and MPTP-lesioned NHP brain
[48–50]. Importantly, Bankiewicz and colleagues altered the
experimental model to more accurately match the clinical pre-
sentation of PD [50]. They delivered the viral vector only after
PD symptoms had been present for more than 6 months, rather
than delivering the gene within weeks of creating the MPTP
lesion, a timeframe in which GDNF could still act in a protec-
tive rather than restorative fashion. In monkeys having PD
symptoms for 6 months, subsequent putamenal AAV2-

GDNF delivery resulted in significantly improved clinical rat-
ing scores, increased PET-FMT uptake, and increased DA
turnover. Building from this work, combined with advances
by Bankiewicz and colleagues using interventional MRI-
guided CED [27], an NIH-funded phase 1 trial was initiated
at the National Institutes of Health Clinical Center to deliver
four different doses of AAV2-GDNF to patients with ad-
vanced Parkinson ’s disease (Clin ica lTr ia ls .gov:
NCT01621581).

Neurturin

Neurturin (NTN) is a functional and structural homolog of
GDNF that has been reported to bind to both the GDNF re-
ceptor (GFRα2) and the GFRα1 receptor [51]. The potential
for neurturin to act as a neuroprotective agent, similar to that
of GDNF, was tested in NHPs who received an infusion of
AAV2-NTN 4 days following MPTP infusion in the striatum
and substantia nigra [52]. A progressive recovery of function
occurred, starting 4 months post-infusion and persisting until
the end of the study (10 months), in conjunction with histo-
logical evidence of preserved nigrostriatal dopaminergic in-
nervation. AAV2-NTN delivery to the human putamen subse-
quently was explored in phase I and phase II clinical trials [11,
15, 53]. Twelve phase I patients received bilateral infusions of
AAV2-NTN (labeled CERE-120 by the industry sponsor) to
the putamen, in two dosing groups: low dose (1.4 × 1011 vg/
mL) and high dose (5.7 × 1011 vg/mL), each of which received
only 40 μL of vector, delivered through a Hamilton syringe
without CED. There were no serious adverse effects, and pa-
tients displayed a significant UPDRS motor score improve-
ment 6 months following the infusion (27.9% reduction in the
low-dose group and 51.2% in the high-dose group).

Based on these results, a 12-month double-blind sham
surgery-controlled phase II trial was conducted with the same
methodology, and 34 patients were enrolled who received
40 μL per hemisphere of AAV2-NTN (5.7 × 1011 vg/mL).
This cohort, however, did not experience clinically significant
improvements, compared to a placebo group, at 12 months
following the infusion [15]. The study investigators hypothe-
sized that the lack of clinical efficacy resulted from failure of
retrograde transport of the vector from the putamen to the
substantia nigra and conducted a second phase I study with
AAV2-NTN, in which the vector was delivered to the
substantia nigra of PD patients [54]. Following an adequate
demonstration of safety, a phase II trial was then performed,
targeting both the substantia nigra and the putamen (2.0 ×
11 vg and 1.0 × 12 vg respectively); however, only 30 μL
and 150 μL of vector were delivered to these respective re-
gions. Fifty-one patients were enrolled in this 15- to 24-
month, multicenter, double-blind trial, but there was no sig-
nificant difference between groups in the primary endpoint or
in most secondary endpoints [53]. These results strongly
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suggest that insufficient or inaccurate delivery of the vector
occurred, given the low infusion volumes and lack of real-
time MRI.

Huntington’s Disease

Huntington’s disease is an autosomal dominant disorder
caused by an excessive number of trinucleotide CAG repeats
on exon 1 of chromosome 4, resulting in a polyglutaminated
huntingtin (mHtt) protein [55]. Ultimately, increased levels of
mHtt aggregate within striatal medium spiny neurons and py-
ramidal cortical neurons and are responsible for the patholog-
ical phenotype observed in HD. Patients often present around
the age of 40 with motor, cognitive, and psychiatric symp-
toms. Motor symptoms vary by the progression of the disease.
Early on, patients display choreiform movements with gait
impairment which progress to bradykinesia and rigidity [56].
Cognitive changes include deficits in attention and mental
flexibility, whereas psychiatric manifestations include depres-
sion, apathy, and impulsivity [57].

A popular experimental therapeutic approach to address the
underlying pathology has been to design drugs that decrease
levels of mHtt in an effort to halt disease progression [58].
Gene therapy is an attractive treatment option for HD, as it
allows for direct targeting of dysfunctional nuclei in an effort
to reduce levels of mHtt. Preclinical gene therapy strategies
for HD have evolved and now are centered around using RNA
interference (RNAi) to suppress pathologic levels of mHtt.
RNAi involves the use of small RNA molecules such as short
interfering RNA, short hairpin RNA, and microRNA to target
mRNA molecules and cause them to be destroyed by the
RNA-induced silencing complex [59]. These techniques al-
low for precise targeting of the mHtt mRNA and reduce the
likelihood of off-target adverse effects. In addition, nonhuman
primate studies have demonstrated that reductions in normal
Htt of up to 45% may be well tolerated [60, 61]. An
engineered microRNA targeting human huntingtin, delivered
via AAV5 with a transgene encoding an engineered miRNA
against HTT mRNA (AAV5-miHTT), has been developed
[62–64]. Widespread distribution of the transgene has been
observed, as would be expected from the properties of
AAV5 [5], and as would be desired for this disorder. At the
time of writing, this work has not progressed to a clinical
stage.

Alzheimer’s Disease

Although Alzheimer’s disease (AD) is the most common
cause of dementia worldwide, its underlying pathophysiology
is less well understood than in PD and HD. AD is associated
with loss of cholinergic neurons in the nucleus basalis of
Meynert, and cholinesterase inhibitors remain the primary
treatment offered to patients with AD but provide only modest

symptomatic improvement overall. The function of choliner-
gic neurons in the basal forebrain is augmented by nerve
growth factor (NGF), whose protective effects have been
demonstrated in aged nonhuman primates and those with le-
sions [65–67].

Gene delivery of NGF using AAV2 was initially studied in
a dose-escalating phase 1 clinical trial in patients with mild to
moderate AD, in which long-term safety and feasibility via a
traditional surgical approach was demonstrated. The results of
the follow-up, multicenter (10 US academic medical centers)
phase 2 trial, was recently reported [14]. That study enrolled
49 participants with mild to moderate ADwho were randomly
assigned (1:1) to sham surgery or to receive intracerebral in-
jections of AAV2-NGF. These infusions were undertaken
without using CED and without using iMRI guidance.
Although this procedure was safe and well tolerated through
24 months, no significant difference was observed between
the treatment and placebo groups on the primary outcome
measure, the Alzheimer Disease Assessment Scale–cognitive
subscale. The study authors noted that pathological confirma-
tion of accurate gene targeting is needed, which is especially
true given that infusions occurred in a black box, without any
verification that adequate vector was delivered, as could have
been realized with iMRI-CED.

Conclusions

Therapeutic strategies for gene replacement or addition in
neurodegenerative brain disorders continue to evolve as ad-
vances are made in understanding critical aspects of the un-
derlying molecular pathophysiology. With the advent of
iMRI-CED, which allows reliable delivery of therapeutic vec-
tors with real-time verification, the neurosurgical field now
stands ready to maximize the potential translation of these
strategies for clinical efficacy.
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