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Comparative efficacy of surgical approaches to disease
modification in Parkinson disease
Shervin Rahimpour1, Su-Chun Zhang2,3, Jerrold L. Vitek4, Kyle T. Mitchell5 and Dennis A. Turner 6,7,8✉

Parkinson’s disease (PD) may optimally be treated with a disease-modifying therapy to slow progression. We compare data
underlying surgical approaches proposed to impart disease modification in PD: (1) cell transplantation therapy with stem cell-
derived dopaminergic neurons to replace damaged cells; (2) clinical trials of growth factors to promote survival of existing
dopaminergic neurons; (3) subthalamic nucleus deep brain stimulation early in the course of PD; and (4) abdominal vagotomy to
lower risk of potential disease spread from gut to brain. Though targeted to engage potential mechanisms of PD these surgical
approaches remain experimental, indicating the difficulty in translating therapeutic concepts into clinical practice. The choice of
outcome measures to assess disease modification separate from the symptomatic benefit will be critical to evaluate the effect of
the disease-modifying intervention on long-term disease burden, including imaging studies and clinical rating scales, i.e., Unified
Parkinson Disease Rating Scale. Therapeutic interventions will require long follow-up times (i.e., 5–10 years) to analyze disease
modification compared to symptomatic treatments. The promise of invasive, surgical treatments to achieve disease modification
through mechanistic approaches has been constrained by the reality of translating these concepts into effective clinical trials.
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WHAT IS DISEASE MODIFICATION IN PARKINSON’S DISEASE?
Parkinson’s disease (PD) was originally described in 1817 by British
physician James Parkinson in “Essay on the Shaking Palsy”1. PD
pathology includes a loss of dopamine neurons in the substantia
nigra pars compacta (SNc)2–4. Braak postulated that an unknown
pathogen in the gut or nasal cavity could initiate the dopamine
cell loss in sporadic PD through either the vagus nerve or olfactory
tract2. Consistent with this postulate, a molecular alteration noted
in sporadic PD, misfolded and aggregated α-synuclein (αS), may
exhibit prion-like capability with the capability to cross synapses
and spread within both the enteric and central nervous systems3,5.
The complexity of PD origins, however, has been underscored by
recent discussions of brain versus gut first etiology, molecular
biomarkers, involvement of αS, phenotypic characteristics (such as
unilateral vs bilateral, or tremor predominant vs akinetic-rigid vs
postural instability, and gait disturbance), and genotyping3,4,6,7.
These various biomarkers and characteristics may eventually be
useful for surgery triage.
The concept of disease modification implies prevention or

slowing of progression over a long-time scale (i.e., 5–10 years),
potentially separate from a direct symptomatic treatment effect8,9.
Surgical treatments promoted to confer possible disease mod-
ification include (1) cell transplantation (to replace lost dopami-
nergic neurons); (2) dopamine cell growth factor administration
(to promote survival of and restore function in residual dopamine
cells); (3) early, subthalamic deep brain stimulation (DBS) (to
alleviate medication side effects, any associated toxicity, and
induce growth factor release promoting neuronal survival); and (4)
abdominal vagotomy (to prevent spread into the CNS of
misfolded αS)10 (Fig. 1).

Our goal is to compare clinical outcomes of these surgical
treatments proposed to alter disease progression in PD, to help
prioritize future research (Table 1). There are multiple excellent
reviews on medical approaches to disease modification in PD and
appropriate clinical trial formats, but these have generally
excluded surgical treatments9,11, whereas individual reviews of
gene therapy, regenerative medicine strategies, and stem cell
transplantation in PD12,13 do not critically discuss comparative
potential efficacy and disease modification across surgical
approaches10. Inherent to a discussion of surgical approaches is
the trade-off between the greater invasiveness and risks
associated with surgery compared to medical treatments, and
whether this risk is truly balanced by a greater benefit than can be
achieved by less invasive routes.

CELL TRANSPLANTATION
Since degeneration of dopamine cells in the SNc underlies the
pathogenesis of PD regardless of phenotype or genotype2,6,7,14 a
natural consideration is simply to replace cells through grafting of
dopamine neurons. The grafted cells need to integrate within the
host and restore damaged neural circuits. Questions include which
specific cell sources are suitable as appropriate donor cells, where
to place the cells in the brain (i.e., directly into the SNc or into
the target field in the putamen), and the mechanisms of action of
the grafted cells15. Early clinical attempts employed autologous
adrenal autografts16 but with only brief and modest improvement
in motor symptoms, since the transplanted chromaffin cells do not
differentiate into dopamine neurons. Alternatively, nonneural cells
have not proven capable of either restoring dopaminergic circuits
in PD or demonstrating efficacy17.
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The grafting of embryonic dopaminergic neurons has
demonstrated variable outcomes in human trials. The Lund
group observed improvement in motor function and PET
imaging following grafting of embryonic mesencephalic tissue
into the striatum of PD patients18. Subsequently two double-
blind clinical trials of transplantation therapy for PD (using
mixed allograft embryonic tissue)19,20 demonstrated a net
benefit, but some patients (Table 1) showed unexpected

dyskinesia. Complicating issues in trial outcomes included the
inherent neurodegenerative nature of PD, potential host-to-graft
transfer of Lewy body pathology, difficulty with availability,
quality control concerns, and embryonic allograft inconsis-
tency18,21,22. A few long-term surviving PD patients were noted
to have grafts on autopsy and to be less dependent on L-DOPA
posttransplant22,23, suggesting a relationship between surviving
grafted DA neurons and clinical benefits.
The advent of human pluripotent stem cells, including

embryonic stem cells (ESCs) from blastocysts and induced
pluripotent stem cells (iPSCs) reprogrammed from somatic cells,
has rekindled the drive for cell replacement therapy18,24,25.
Generation of authentic midbrain dopamine neurons from human
ESCs and iPSCs has been shown to be feasible26,27. These
generated dopamine neurons also are capable of surviving,
projecting axons to target neurons, and correcting motor function
deficits in rodent PD models24,26,27. The therapeutic effect of
human iPSCs was further demonstrated in a nonhuman primate
model of PD28. Hence, stem cell-based transplantation therapy
shows promise and could overcome many of the limitations noted
with embryonic dopamine cells25,29–32. Further, human iPSCs
could undergo genome editing (i.e., clustered regularly inter-
spaced short palindromic repeats [CRISPR] and CRISPR-associated
protein 9 [Cas9]) for both disease model generation as well as to
enhance the therapeutic potential once grafted33,34.
Though pilot human iPSC transplantation procedures have

occurred30,32 there are numerous residual trial design, manufactur-
ing, administration, and ethical questions that will need to be
addressed before larger-scale controlled trials can commence10,13,29.

Which PD patient population is ideal to consider?
Younger PD patients without tremor (i.e., <60 years) may be more
responsive to cell transplantation since tremor did not reliably
improve in previous cell transplantation studies19,35. Whether
older patients with more severe symptoms, tremors, longer
duration of disease, or less robust levodopa-responsiveness are
also potential candidates for cell therapy is unclear10.

Fig. 1 Surgical methods of disease modification. Disease-modifying surgical strategies include cell replacement therapy, infusion or gene
therapy of dopamine neurotrophic growth factors (both intraventricular and intraparenchymal administration), early subthalamic deep brain
stimulation, and abdominal vagotomy.

Table 1. Timing and outcome of surgical approaches.

PD treatment PD timing UPDRS III (%) Hazard ratio

Abdominal
vagotomy

>10 years prior None 0.7875/0.58*76

GDNF/Neurturin >5 years after NS39,40 ---------------

Early Neurturin
subset

<5 years after −14% *40 ---------------

Embryonic
Transplants

~14 years after −18% *19/
NS20

---------------

iPSC cells To be defined --------- --------------

STN/GPi DBS ~10–13
years after

−32% *65–67 ---------------

Early STN DBS after PD
diagnosis

NS54 0.31*54

Specific treatments are described in the left column, and the timing is with
respect to the clinical diagnosis of Parkinson’s disease (PD). The optimal
timing for abdominal vagotomy as a preventative measure would likely be
>10 years prior to Parkinson’s diagnosis, so a cohort at risk defined by
surrogate biomarkers may be essential to identify. Other treatments have
generally been applied in the window of >4 years after diagnosis of
Parkinson’s, similar to the current FDA approval for STN/GPi DBS. The pilot
Early STN DBS trial is one of the few to gain FDA approval to proceed at the
time of Parkinson’s diagnosis. The Hazard Ratio indicates protection against
progression. NS indicates no significant difference vs placebo.
*Indicates statistical significance (at least P < 0.05 difference)
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Will the grafted dopamine neurons undergo the same
pathological changes as the PD host?
PD pathology, such as mutant αS, may spread from diseased host
cells to healthy grafted cells21. Autopsy analysis revealed Lewy
bodies in a minority of grafted dopamine neurons21, ranging from
2% at 11 years, 5% at 16 years, to 11% at 24 years post-
transplantation23. Therefore, this slow and low rate of Lewy body
development in the grafted cells does not appear to substantially
affect the potential benefit for decades to come.

Which locations should be considered for grafting and how
many cells?
Embryonic cell grafts have traditionally been injected into the
striatum (i.e., caudate and putamen)19,20. Grafts in the striatum run
the risks of less tight regulation of neurotransmitter release. Cells
transplanted into the nigra are likely regulated appropriately but
require long delays to project axons to the target striatum, as
shown in a rodent model24. One may consider grafts to both the
striatum and substantia nigra.

Autologous vs. allogeneic transplant?
Human iPSC-derived dopamine cell transplant therapy has been
demonstrated in a nonhuman primate model of PD28. Experience
from embryonic transplants showed a variable graft survival
without immunosuppression19,20. Hence, the current consensus is
to treat the recipients with immune suppressants for a period
(~1 year) for an allogeneic transplant. The use of a patient’s own
iPSCs enables autologous transplant, which would avoid immune
suppression but the process is time-consuming and costly. The
latter may be overcome by the use of universal donor iPSCs,
produced by knocking out components of the human leukocyte
antigen36. On the other hand, allogeneic grafts are often walled
off by the host tissue with less integration, as noted in embryonic
grafts in PD patients and stem cell grafts in nonhuman
primates19,20,37. In contrast, autologous grafts usually merge into
the host tissue without a clear boundary and with extensive
axonal outgrowth37.

Efficacy and relative benefit
Typical disease outcome measures like Unified Parkinson Disease
Rating Scale (UPDRS) are useful (as in most PD trials) but placebo
effects and expectation of benefit may interfere with assess-
ment38–41. An intermediate biomarker may help to gauge effective
dopamine re-innervation of the striatum, such as Fluorodopa
uptake or vesicular monoamine type 2 transporters (VMAT2)
positron emission tomography (PET) scans30,42. There are cost
concerns, based on decades of autologous and allogeneic cell
therapy in patients undergoing bone marrow transplantation43.
Relative treatment benefits may be measured in terms of quality-
adjusted life-years (QALYs) and the incremental cost-effectiveness
ratio44. Further feasibility and Phase II/III pivotal trials will clarify
both relative efficacy and cost10. In these trials, outcome tools may
be optimally assessed after withholding dopaminergic medica-
tions for a true baseline condition, including patient-oriented,
objective, and biomarker measures45. It is worth noting investi-
gators who are developing PD cell therapy, including the GForce-
PD collaboration, regularly discuss steps and procedures critical
for clinical application13,35.

Summary of cell transplantation
Though promising and moderate efficacy was demonstrated in
prior embryonic trials19 there are multiple issues to be resolved in
pilot trial designs to achieve a reliable clinical outcome.

DOPAMINE NEUROTROPHIC FACTORS
Neural growth factors facilitate neuronal growth, survival, and
maturation (i.e., dendritic and axonal elongation). The discovery of
glial-derived neurotrophic factor (GDNF) in 1993 by Lin et al.
demonstrated a survival factor specific to dopaminergic neu-
rons46. Preclinical in vivo studies demonstrated the ability of GDNF
to rescue and regenerate dopaminergic neurons, which led to
open-label and randomized clinical trials38,40,47–49. However, initial
intraventricular administration of GDNF47 demonstrated unantici-
pated side effects of nausea and paresthesias due to off-target
effects on non-dopaminergic cell populations.
Hence, subsequent trials administered GDNF through either

parenchymal infusions into the striatum48 or via gene therapy to
transfect the host, but with overall negative results10,40,50. More
recent trials of parenchymal GDNF infusions have shown
improved delivery techniques to the striatum but echoed
earlier trial results in which treatment effects were clouded by
placebo responses39, a typical problem with randomized PD
trials41. However, re-analysis of PD patients treated with a GDNF
analog (Fig. 3 in Olanow et al.40), neurturin gene therapy, who
were less than 5 years beyond PD diagnosis, did show a
significant improvement compared to placebo (-14 points
UPDRS-3, 40% change, Table 1)40. This result suggests that
future trials be directed towards patients recently diagnosed
with PD to gain the most benefit, since there may be more
residual, functional dopamine cells in the SNc that could
respond to the growth factor.
The lack of a consistent treatment benefit with growth factors

regardless of administration approach has prompted a further
review of regenerative therapy10,38. Growth factors are dependent
on the presence of residual, functional dopamine cells, which
rapidly decline in number as PD progresses, though if still alive
could potentially be “rescued”51. Also, capability for retrograde
axonal transport from the target field (i.e., putamen) back to the
SNc is critical for growth factor function but this may be defective
in humans with PD compared to a nonhuman primate model of
PD52. Subsequent trials combined both putaminal and SNc
injections of neurturin viral transfection to attempt to overcome
this limitation40. These overall negative studies highlight the
difficult process of translation from nonhuman primates into
human clinical trials12. Additionally, most growth factor trials in
Parkinson’s disease have shown a significant placebo effect over
1–2 years, implying that expectation of benefit may overwhelm
any observed treatment response39–41, whereas other surgical PD
trials (e.g., Vitek et al. pallidotomy trial) typically demonstrate a
long-term progression of PD symptoms in control patients53,54. In
addition to GDNF and neurturin, other analogous growth factors
in the GDNF family may also eventually demonstrate benefit,
particularly artemin and persephin, though these have not yet
been tested in clinical trials55,56.

DEEP BRAIN STIMULATION
Deep brain stimulation (DBS) for PD tremor was introduced by
Benabid and colleagues in 198757. Pallidotomy studies (Leksell
posteroventral pallidotomy procedures)58 revealed that lesions
in the internal segment of the globus pallidus (GPi) could help
control symptoms of bradykinesia, rigidity, tremor, and dyski-
nesias53,54, while lesions in the subthalamic nucleus (STN) of the
nonhuman primate 1-methyl-4-phenyl-1,2,3,6-tetrahydropyri-
dine (MPTP) model of PD also markedly improved Parkinsonian
symptoms59. This work rapidly led to the clinical adoption of
DBS for PD59. The initial concept of how DBS worked centered
on a “temporary lesion effect” induced during stimulation57,60.
Subsequent studies, however, led to the notion that DBS
mechanisms were more complicated, also activating outputs
from the stimulated structure, leading to widespread
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modulation of basal ganglia-thalamocortical circuits and improv-
ing the downstream effects of dopaminergic deficiency in a non-
chemical manner60–64.
Multiple randomized DBS studies of PD have confirmed

symptomatic benefit65–67, now recommended to within four years
of PD disease onset when medically indicated (medication
refractory tremor, motor fluctuations, or medication limiting side
effects)68. Treatment effects of DBS in PD are considered
symptomatic, with expected PD disease progression occurring
particularly in non-motor symptoms, such as worsening balance
and gait, swallowing, speech, and cognition65,67,69. Overall, STN or
GPi DBS therapy shows ~32% motor improvement in UPDRS III in
patients ~10 years from PD diagnosis44.
Symptom improvement through DBS allows for the reduction of

dopaminergic medication. Although levodopa toxicity to dopa-
mine cells has been reported in vitro70 this finding has not been
replicated in vivo hence the benefits of levodopa are felt to
outweigh any theoretical toxicity71. Benefits of reductions of
levodopa following DBS may be related more to the reduction in
drug-induced dyskinesia, motor fluctuations, or mood/cognitive
side effects associated with antiparkinsonian medication. The
EARLY-STIM study compared active STN DBS at the time of
symptomatic PD onset to optimal levodopa therapy [ODT]54. At
the 5-year outcome assessment, off DBS and medical treatment
for 7 days (avoiding long duration levodopa responses71), the
patients who had undergone active STN DBS stimulation showed
improved tremor compared to ODT, with a hazard ratio [HR] of
0.31 confirming tremor reduction (p < 0.001 vs. ODT). This finding
suggests a disease-modifying effect on at least one symptom
(tremor) in comparison to medical treatment72. However the
numbers were small and a pivotal, multicenter trial will be needed
to fully evaluate if early STN DBS can slow the progression of
motor signs and symptoms of PD. Furthermore, the constant
stimulation of STN excitatory neurons (at 130–180 Hz) may result
in brain-derived neurotrophic factor (BDNF) release to STN and
distant circuit targets, potentially exerting a significant neuropro-
tective effect60,73. Though STN may be an initial target for possible
disease modification, GPi should not be excluded, given its
projections to the brainstem and thalamocortical circuits that are
involved in both motor and non-motor function.74

ABDOMINAL VAGOTOMY
Abdominal vagotomy can improve refractory peptic ulcer
disease75,76. Given the Braak hypothesis and the potential for
mutant αS to be transferred from the gut to the CNS through the
vagus nerve, early vagotomy prior to PD diagnosis, that severs
the connection between the gut (particularly the colon) and the
brainstem, could be considered as a disease-modifying or
preventative approach to alter PD development. Two large
population series compared truncal vagotomy (which severs the
vagus nerve from the entire gut including the colon) and
selective vagotomy (severing only stomach vagus nerve branches
for peptic ulcer treatment)75,76. In a Swedish matched-cohort
study, vagotomy overall was not associated with reduced PD risk
(HR 0.96), but within the truncal vagotomy cohort, there was a
suggested decreased risk of PD development (HR 0.78)75. In a
Danish registry study, when compared to the general population
(HR 0.53), and selective vagotomy (HR 0.58), the eventual risk of
PD was significantly decreased in the truncal vagotomy cohort
(see Table 1)76.
Similarly, preclinical models5 show that mutant αS originating in

the gut can be transferred trans-synaptically through the vagus
nerve to the central nervous system3. Additionally, gut wall
injection of preformed, abnormal fibrils of αS led to the conversion
of endogenous αS into the pathological phenotype5, resulting in
the transfer of the pathologic αS into the central nervous system.
A prospective evaluation of this intervention could include a

randomized, clinical trial where younger individuals with risk
factors suggestive of PD development later in life, such as mutant
αS (identified via colonic biopsy8) or clinical predictors77, would
undergo either truncal vagotomy or a placebo intervention at
least 10 years prior to any PD diagnosis8. Vagotomy may lead to
vomiting, diarrhea, and dysphagia78, which underscores the need
for developing high probability predictive biomarkers of PD
before consideration of such an invasive study.

COMPARISON OF APPROACHES
These potential disease-modifying approaches to treat PD
progression await definitive individual and comparative pivotal
trials, preferably with trial formats optimized for detecting disease
modification9. Outcome measures included in trials to establish
disease modification should include disease state assessment over
5–10 years while temporarily off all confounding symptomatic
treatments (i.e., DBS and PD medications) with both appropriate
clinical scales (i.e., UPDRS) as well as more innovative biomar-
kers8,10,45. Biomarkers could include Fluorodopa uptake, VMAT2
PET, and other markers of dopamine innervation in the striatum3,8.
Disease modification may target progression of PD through
multiple mechanisms18,25,29,31,35,38,49. For example, other gene
therapy trials have targeted restoration of dopaminergic function
by delivering one or more gene(s) necessary for dopamine
conversion from levodopa, such as L-amino acid decarboxylase
[AADC], into nondegenerating striatal neurons, the ultimate site of
dopamine action79. In this open-label, phase I study, reduced
requirements for PD medications (21–30%) were noted but
further, randomized trials will be needed to confirm the potential,
disease modification benefit.
Common metrics for determining relative efficacy amongst

different medical and surgical treatment approaches should be
prospectively identified so that similar outcomes can be assessed.
Once initial trial information is available, the possibility of direct,
comparative efficacy trials across treatments and modalities
should also be considered. It remains to be determined if the
degree of disease modification afforded by these invasive surgical
procedures can effectively offset the associated risks of perform-
ing these treatments in PD patients. However, if potential
treatments are not explored with critical trials and due diligence,
we will continue to ask the same questions 10, 20, or 30 years
from now, with persistent claims of “promise” rather than
demonstrated efficacy. These approaches highlight the difficulty
in translating preclinical mechanistic concepts into effective,
practical clinical treatments.

METHODS
We review surgical outcomes from existing literature and no
individual patients are involved, hence there are no relevant
patient consent issues, Institutional Review Board involvement, or
ethics approval integral to this perspective. The initial search terms
used were: surgical, Parkinson’s disease, disease modification, cell
transplantation, dopamine growth factors, deep brain stimulation,
abdominal vagotomy. However, most articles found with these
search terms did not discuss surgical approaches to disease
modification, necessitating reviewing each article for context.
Additionally, we emphasize clinical trial outcomes involving
surgical approaches within the last 20 years since this is a focused
perspective.

Reporting Summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.
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