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Parkinson’s disease (PD) is a progressive neurode-
generative illness with both motor and nonmo-
tor symptoms. Deep brain stimulation (DBS) is an
established safe neurosurgical symptomatic ther-
apy for eligible patients with advanced disease
in whom medical treatment fails to provide ade-
quate symptom control and good quality of life, or
in whom dopaminergic medications induce severe
side effects such as dyskinesias. DBS can be tai-
lored to the patient’s symptoms and targeted to
various nodes along the basal ganglia–thalamus
circuitry, which mediates the various symptoms
of the illness; DBS in the thalamus is most effi-
cient for tremors, and DBS in the pallidum most
efficient for rigidity and dyskinesias, whereas DBS
in the subthalamic nucleus (STN) can treat both
tremors, akinesia, rigidity and dyskinesias, and
allows for decrease in doses of medications even
in patients with advanced stages of the disease,
which makes it the preferred target for DBS. How-
ever, DBS in the STN assumes that the patient
is not too old, with no cognitive decline or rele-
vant depression, and does not exhibit severe and

medically resistant axial symptoms such as bal-
ance and gait disturbances, and falls. Dysarthria
is the most common side effect of DBS, regardless
of the brain target. DBS has a long-lasting effect
on appendicular symptoms, but with progression
of disease, nondopaminergic axial features become
less responsive to DBS. DBS for PD is highly spe-
cialised; to enable adequate selection and follow-
up of patients, DBS requires dedicated multidisci-
plinary teams of movement disorder neurologists,
functional neurosurgeons, specialised DBS nurses
and neuropsychologists.
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Introduction

Parkinson’s disease (PD) is the second most com-
mon neurodegenerative disorder. It is a progres-
sive illness due to loss of dopaminergic neurons in
the substantia nigra compacta (Fig. 1), and degen-
eration of its projections to the corpus striatum
(nucleus caudatus and putamen) [1, 2]. The main
motor symptoms of PD are tremors, rigidity, akine-
sia (both bradykinesia, i.e., slowness of movement,
and hypokinesia, i.e., small amplitude of move-
ment) and postural instability. These motor fea-
tures can vary between patients, and also within
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the same patient during the course of the illness.
Phenotypically, at any point in time, a PD patient
can be classified as tremor dominant, rigid akinetic
(often accompanied by postural instability and gait
disorders) or so-called intermediary [3, 4]. Nonmo-
tor symptoms of PD include constipation, depres-
sion, pain, sleep disorders, loss of sense of smell
and, eventually, cognitive decline and autonomic
dysfunction. There is no cure for PD. The hall-
mark of symptomatic treatment is levodopa, which
is converted to dopamine in the brain. As needed,
one can add other drugs such as dopamine ago-
nists acting on dopamine receptors in the stria-
tum, inhibitors of monoamine oxidase B and/or
inhibitors of the catechol-o-methyl-transferase
that prevent peripheral degradation of levodopa.
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Fig. 1 Appearance of substantia nigra compacta (SNc) in a person without and a person with Parkinson’s disease (PD). (a)
Macroscopic view of healthy pigmented SNc (arrows). (b) Loss of neurons leads to loss of pigmentation of the SNc (arrows).
(c) Histology of SNc in a person without PD shows a dense network of melanin-pigmented dopaminergic neurons. (d) Loss of
dopaminergic neurons in a person with PD; the cell in the black square shows a cytoplasmic protein aggregate called Lewy
body (figure adapted from the dissertation ‘Genetic analysis of dopaminergic neuron survival’ by Liviu Aron, PhD, with kind
permission from the author).

As the disease progresses, the duration of the
good effect of medication will decrease, necessi-
tating a further increase in doses of dopaminer-
gic medications, which leads to the appearance of
motor fluctuations between ‘off state’ (decreased
mobility) and ‘on state’, which is mobility often
accompanied by disabling involuntary movements
(dopa-induced dyskinesias). This ‘on/off’ stage of
the disease is labeled a state of ‘advanced PD’
and will require ‘advanced’ more or less inva-
sive treatments, even called ‘device-aided’ treat-
ments [5]. These device-aided treatments fall into
two categories—medical and neurosurgical. The
medical treatment includes continuous delivery
through a pump of either the potent dopamine
agonist apomorphine subcutaneously, or a lev-
odopa gel delivered through ventriculostomy into
the duodenum (Duodopa). The neurosurgical treat-
ment involves either making a stereotactic lesion in
subcortical structures (the thalamus or the globus
pallidus) or the more modern and widespread
‘neuromodulation’, which is the delivery by an
implantable ‘neuropacemaker’ of high-frequency
electric current through electrodes permanently

implanted into distinct nodes of the basal gan-
glia’s (BG) motor circuitries. This technique, called
deep brain stimulation (DBS), is the most common
today. The present work will briefly review the his-
tory of neurosurgery for PD, especially that of DBS,
as well as explain the rationale for DBS in PD, and
will then expand on the indications, contraindica-
tions, results and future prospects of modern DBS
in the treatment of PD.

Neurosurgery for PD: The lesional era

Before the advent of levodopa in the late 1960s, PD
was considered a surgical disease. At that time the
almost sole available medical treatment for PD was
anticholinergic medication for tremors. The stereo-
tactic technique—allowing safe and precise intro-
duction of a probe into deep brain structures—
was developed in the late 1940s, and soon applied
to treat patients with PD by making small ther-
molesions in distinct areas of the brain [6]. It was
already known that the brain circuitry implicated
in mediating some of the cardinal symptoms of the
disease such as tremors and rigidity involved what
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was then labeled the ‘extrapyramidal system’—
that is, the medial globus pallidus and its pro-
jections to the ventrolateral motor thalamus, as
well as the cerebellothalamic pathway that also
terminated in the ventrolateral thalamus. Neuro-
surgeons relied on detailed human brain atlases
and X-ray ventriculography to enable calculation of
deep brain target coordinates, and used the stereo-
tactic technique to pinpoint the medial globus pal-
lidus and/or the ventrolateral thalamus as well
as various nodes in the pathways between them
to perform thalamotomy or pallidotomy lesions in
order to interrupt the pathological neuronal activ-
ity in these circuitries, and thus alleviate symp-
toms of PD [6–9]. Most operations were directed
towards alleviating mainly the tremor, which was
the most apparent and most socially stigmatizing
symptom for patients, even if akinesia, not the
tremor, was considered to be the most disabling
symptom. Hence thalamotomy, which had the
most dramatic and consistent effect on tremors,
became the most popular surgical method until the
advent of levodopa in the late 1960s, after which
almost all surgery for PD ceased.

In 1985, Lauri Laitinen, a neurosurgeon in Umeå,
Sweden, heralded the renaissance of surgery for
PD [ 6, 9–12]. He reinvigorated posteroventral pal-
lidotomy, which was a forgotten old procedure of
Lars Leksell, published in 1960 by neurologists
Svennilson et al. [12, 13], who had shown that
this procedure could also improve other symp-
toms of PD than tremors, and could result in
less disability in patients’ activities of daily living
(ADL). Svennilson–Leksell’s posteroventral pallido-
tomy was performed in the 1950s—that is, before
the advent of levodopa, whereas the revived palli-
dotomy of Laitinen took place more than 15 years
after the introduction of levodopa, at a time when
it became evident that many patients suffered from
on–off fluctuations and levodopa-induced dyskine-
sias. It appeared that posteroventral pallidotomy
had an excellent effect on fluctuations and dopa-
induced dyskinesias, aside from its good effect on
tremors, rigidity and akinesia. The clinical results
of modern-era pallidotomy were evaluated objec-
tively by using the newly developed standardised
and holistic rating scale called the Unified Parkin-
son’s Disease Rating Scale [14], which quantifies
changes in motor performance, ADL and mood,
before surgery and at various follow-up intervals,
as well as provides outcomes according to the
Hoehn and Yahr scale for staging the disease [15],
and the Schwab and England disability scale [16].

Posteroventral pallidotomy thus became the main
surgical treatment for post-levodopa-era advanced
PD during the 1990s [6] and was eventually offi-
cially endorsed as efficient and safe by the Interna-
tional Parkinson and Movement Disorders Society
[17, 18].

Both performing pallidotomy and making thalamo-
tomy lesions could be done safely only unilaterally
on one brain hemisphere because performing bilat-
eral lesions increased the risks of dysarthria, dys-
phonia and disturbances of balance [19]. It was the
advent of DBS that paved the way for performing
bilateral surgery safely and for enabling the ‘dis-
covery’ of new brain targets that provided more effi-
cient control of symptoms of PD.

Deep brain stimulation

The initial tentative use of electrostimulation of
deep brain structures in the 1950s and 1960s was
for the treatment of chronic pain and psychiatric
illnesses, whereby the brain target would be stim-
ulated chronically through implanted electrodes
instead of being destroyed by heating [20, 21]. Sim-
ilarly, during the early era of stereotactic lesional
surgery in PD, there have been some attempts at
using DBS instead of making lesions [22]. How-
ever, the technology at that time was crude and
the hardware too complicated and cumbersome to
use. It was the introduction of implantable car-
diac pacemakers that prompted the development
of implantable ‘brain pacemakers’ [23], facilitat-
ing thus the application of the method of chronic
stimulation of subcortical brain areas, hence the
name ‘deep’ brain stimulation as opposed to super-
ficial cortical brain stimulation. In fact, the label
‘DBS’ had been trademarked by Medtronic, Inc.
(Minneapolis, MN, USA), for the first commercially
marketed devices introduced in the mid-1970s [23]
and used mainly to treat chronic pain by electric
stimulation through electrodes implanted in cen-
tral pain pathways such as the lemniscus bundle
in the brainstem and the sensory nuclei of the tha-
lamus.

It was exactly 35 years ago, in 1987, in Grenoble,
France, that the modern era of DBS for movement
disorders saw the light at the hands of neurosur-
geon Alim Louis Benabid and neurologist Pierre
Pollak [24]. During a regular thalamotomy proce-
dure to treat tremors, the surgeon applied high-
frequency (100–130 Hz) stimulation to the ventral
intermediate (VIM) nucleus of the thalamus, and
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the tremor stopped abruptly each time the cur-
rent was applied, without affecting negatively the
strength or dexterity of the hand. Instead of heat-
ing the area and doing the thalamotomy, the sur-
geon implanted a permanent electrode and con-
nected it to a neuropacemaker that would deliver
continuous electrical stimulation at 130 Hz, block-
ing thus the tremor as long as the current was on
[24]. It appeared that the effect of high-frequency
DBS mimicked that of a lesion but without actu-
ally lesioning the brain. Additionally, aside from
being nondestructive, DBS was also reversible and
adaptable, and most importantly, it was possi-
ble to perform DBS safely on both sides of the
brain. Thus, a new therapy was born. Thalamic
DBS gained worldwide acceptance, including Food
and Drug Administration (FDA) and Conformité
Européenne approval, and replaced gradually tha-
lamotomy in the treatment of both Parkinsonian
tremor as well as essential tremor [25]. At the
same time, unilateral posteroventral pallidotomy
continued to be used to treat other symptoms of
advance PD such as akinesia, on–off fluctuation
and levodopa-induced dyskinesias.

Since the effect of DBS on tremors mimicked the
effect of thalamotomy, could the same be valid
for DBS in the pallidum instead of pallidotomy
in patients with advanced PD? Siegfried and Lip-
pitz in 1994 in Zurich were the first to per-
form high-frequency DBS in the posteroventral
globus pallidus internus (GPi) instead of pallido-
tomy [26], showing that DBS resulted in an equiv-
alent improvement of akinesia, on–off fluctuations
and dyskinesias. Similar to DBS in thalamus for
tremors, DBS in the GPi could also be performed
safely bilaterally in patients with advanced PD.

In 1990, Neuroscientist Hagai Bergman, working
at Johns Hopkins in Baltimore, USA, published a
paper in Science showing that lesioning the sub-
thalamic nucleus (STN) in a nonhuman primate
model of PD had a striking effect on akinesia and
tremors [27]. This was confirmed the following year
in a similar experiment by Aziz et al. in Manch-
ester, UK [28]. In 1993, Benazzouz in Bordeaux
showed that high-frequency DBS of the STN in a
similar animal model of PD had a striking effect
on the Parkinsonian symptoms of the animal [29].
Hence, the stage was set for trying DBS of the STN
in patients with advanced PD. Here again, it was
the Grenoble group who performed the first human
trial of STN DBS, first unilaterally in one patient
in 1993 [30], then bilaterally in three advanced PD

patients, the results of which were published in the
Lancet in 1995 [31]. It was shown that DBS in the
STN was efficient not only on akinesia, rigidity and
motor fluctuations but also on tremors. According
to the famous movement disorders neurologist, the
late UK professor David Marsden, DBS of the STN
was ‘the most important discovery since levodopa’.
It was subsequently shown in a larger cohort of
patients published in 1998 [32] that this procedure
allowed in most patients a radical decrease of the
doses of anti-Parkinsonianmedications, which was
something unique compared to any other surgery
for advanced PD.

Following the publication in September 2001 in
the New England Journal of Medicine of a world-
wide multicentre trial of DBS in STN or in GPi [33],
FDA approved these procedures for surgical treat-
ment of patients with advanced PD, and they even-
tually received endorsement as efficient and safe
by the International Parkinson and Movement Dis-
orders Society [18]. DBS of the STN and the GPi
became, since then, and still are, the most popular
and world-spread methods for surgical treatment
of PD [34].

BG-thalamo-cortical circuitry in PD

The BG consist of the corpus striatum (that is, the
caudate nucleus and the putamen), the GPi and
globus pallidus externus, the STN, the peduncu-
lopontine nucleus (PPN) and the substantia nigra,
and are involved in motor, associative-cognitive
and limbic functions through segregated parallel
circuits to and from the cortex [35, 36]. In relation
to execution of movements, the BG ‘are responsi-
ble for the automatic execution of learned motor
plans’ [37], and the GPi is the main output struc-
ture towards the thalamus and further to the cere-
bral cortex and brain stem nuclei. Thus, one of
the roles of the BG is to modulate and stream-
line execution of movements. This occurs through
a balance between Gaba-ergic inhibitory and gluta-
matergic excitatory pathways. In PD, this balance
is disturbed. The lack of dopamine in the striatum
leads to increased inhibitory activity of the stria-
tum on the globus pallidus externus, which in turn
decreases its inhibition on the STN, allowing the
latter to increase its glutamatergic excitation on the
GPi whose inhibitory activity on the thalamus is
increased. At the same time, the striatum’s direct
inhibitory projection to the GPi is decreased allow-
ing a further increased inhibitory activity of the GPi
on the thalamus. The net effect is that both the
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STN and the GPi become overactive, contributing
thus to an inhibition of the thalamo-cortical pro-
jections and thus contributing to the rigidity and
akinesia of PD [38, 39]. By ‘silencing’ the patholog-
ical increased neuronal activity of the GPi or the
STN through lesioning or through high-frequency
DBS of these nuclei, akinesia, rigidity and tremors
are decreased, which leads to the re-establishment
of a more or less normal movement pattern. This
is the rationale behind the use of high-frequency
DBS of either the GPi or the STN in the surgical
treatment of patients with advanced PD (Fig. 2).

DBS hardware, surgical procedure and mechanism of
action of DBS

Modern-era DBS hardware consists of the follow-
ing: an electrode, 1.3 mm in diameter, with 4–8
contacts of 1.5 mm each at its tip, separated by 0.5
or 1.5 mm. These electrodes are introduced stereo-
tactically to the desired brain target identified
on three-dimensional magnetic resonance imaging
(MRI). The surgery is traditionally performed with
the patient awake, but can now, thanks to mod-
ern imaging, be performed with the patient asleep
without compromising the clinical outcome [40–
43]. The electrodes are fixed at the burrhole of the
skull and connected with cables that run under
the skin to a pocket fashioned usually below the
collarbone where the cables are connected to an
implantable neuropacemaker. The accurate loca-
tion of the brain electrodes is verified by intra- or
postoperative imaging on either an MRI or a com-
puted tomography machine. An overview of how
the surgery is performed is provided in this video:
https://youtu.be/sZu2PYdocJQ. The electrostim-
ulation is applied by the neurologist, the neuro-
surgeon or a dedicated DBS nurse some days after
surgery, through an external computer remotely
connected with the neuropacemaker, by screen-
ing the various contacts of the lead, looking for an
effect on the symptoms and eventual side effects.
Typical programming of the stimulation uses a cur-
rent of 130 Hz, 60 ms pulse width and the ampli-
tude is varied between 1 and 4 milliampere accord-
ing to the clinical response. One can use monopo-
lar or bipolar stimulation and the various electrode
contacts can be activated separately or together,
as clinically indicated (Fig. 3). The latest brands
of DBS hardware use electrodes with directional
contacts that can ‘direct’ the current perpendicu-
lar to the axis of the lead to focus the stimulation
more precisely on the relevant brain target instead
of having an omnidirectional electric field. The neu-

Fig. 2 Simplified basal ganglia-thalamo-cortical circuitry in
Parkinson’s disease (PD) and rationale for deep brain stim-
ulation (DBS) in various targets: in PD there is an imbal-
ance between gabaergic inhibitory pathways and gluta-
matergic excitatory pathways. Death of dopaminergic cells
in the substantia nigra compacta (SNc) leads to depletion of
dopamine in the corpus striatum (caudate and putamen).
This leads to changes in the output of the striatum towards
the globus pallidus along two pathways; in the indirect
pathways, the striatum increases its gabaergic inhibition
of the globus pallidus externus (GPe), which leads to a
decreased inhibition of the GPe on the subthalamic nucleus
(STN). The STN then becomes overactive and exerts an
increased glutamatergic excitation on the globus pallidus
internus (GPi) and on the substantia nigra reticulata (SNr),
both of which become overactive. At the same time, there
is a decrease in the striatum’s inhibitory activity on the
GPi through the direct pathway, leading to further increase
of the inhibitory activity of the GPi. The highly overactive
GPi then exerts an increased inhibition on the motor thala-
mus, the activity of which is decreased on the cortex. There
is also increased inhibition on brain stem nuclei includ-
ing the locomotor centre in the pedunculopontine nucleus
(PPN). The net effect is the akinesia, rigidity and tremors of
PD. Hence, the rationale for targeting the GPi or the STN by
high-frequency DBS is to decrease their pathological over-
activity, which would thus contribute to restoring normal
movement patterns in patients with PD.

ropacemaker consists of either primary cells and
will need to be replaced when its battery is empty
(typically after 3–5 years of continuous stimulation)
or can be rechargeable and will then last 15–25
years.

The exact mechanism of high-frequency DBS is
not fully understood. In most targets used in the
treatment of PD (STN, GPi, VIM), high-frequency
DBS mimics an ablation, as explained above. It
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Fig. 3 Anatomical template of basal ganglia and thalamus
with three quadripolar leads in situ, one in the VIM, one in
the STN and one in the GPi. Abbreviations: DBS, deep brain
stimulation; GPi, globus pallidus internus; SNr, substantia
nigra reticulata; STN, subthalamic nucleus; VIM, ventral
intermediate nucleus of the thalamus.

is thought that a high-frequency stimulation will
create a noise jamming the pathological neuronal
firing pattern of the cells in the stimulated struc-
ture. However, axons are also affected by the stim-
ulation in both orthodromic and antidromic direc-
tions. Hence, DBS may act by several nonexclu-
sive mechanisms on the disruption of pathological
oscillatory neuronal activity in BG–thalamus cir-
cuitry at various nodes in the network [44]. Be it
as it may, the net clinical effect of high-frequency
DBS is pretty much similar to that of a lesion, albeit
a reversible one, which means that the symptoms
are suppressed as long as the stimulation is on,
and the symptoms return when the stimulation is
turned off.

Current practices of DBS for PD

DBS for PD requires a dedicated multidisciplinary
team including a functional neurosurgeon, move-
ment disorders neurologist, neuropsychologist and
a specialist DBS nurse. This is necessary to enable
a proper selection of patients suitable for DBS
and an adequate life-long follow-up of operated
patients. The neurosurgical procedure of implant-
ing deep-seated electrodes in the brain is today a
very safe routine procedure with virtually no mor-
tality and a very low surgical morbidity in experi-
enced multidisciplinary centres [44–47]. The main

surgical complication, although rare, is a risk for
infection of the extracranial implanted hardware
and occasionally mistargeting electrodes in case
proper intraoperative or postoperative imaging ver-
ification of targeting accuracy is not performed [48,
49]. Although DBS has expanded to the realm of
other movement disorders than PD such as essen-
tial tremor and dystonia, and is being investigated
for the treatment of some other neurological and
neuropsychiatric illnesses, PD has remained by far
the main indication for DBS [34]. A recently pub-
lished review of the literature revealed that almost
half of the publications on DBS of the last 35
years concerned DBS for PD, and the most pub-
lished brain regions targeted by DBS have been
the STN, followed by the GPi then the VIM nucleus
of the thalamus [34]. In the following, the indica-
tions, contraindications, clinical results and poten-
tial side effects of DBS will be detailed for each of
the most common DBS procedures performed in
PD patients (Tables 1 and 2).

VIM DBS for tremors

Tremor (both Parkinsonian as well as essential)
was the first application in the modern era of DBS
[24]. Although dopaminergic treatment provides a
good relief from akinesia and rigidity, the tremor
responds less well. Thus, in PD patients whose
other symptoms of PD are well controlled by medi-
cation and who do not exhibit dopa-induced dysk-
inesias, and in whom the only disturbing symp-
tom is tremor, VIM DBS provides a solid and long-
lasting control of their tremors [25, 50]. There is no
age limit for this procedure, provided the patient
is in an otherwise good condition and the brain
does not show extensive atrophy on MRI. VIM DBS
can, if needed, be performed bilaterally, although
in elderly patients it would be wise to stage the
two procedures at an interval of at least 6 months.
Stimulation of the VIM is turned ‘on’ typically
during the waking hour and should be stopped
when the patient goes to sleep at night. Possi-
ble side effects of stimulation in the VIM, espe-
cially if bilateral, include dysarthria and affection
of balance, but this can sometimes be managed by
alteration of the stimulation’s electric parameters.
In some patients, with time, tolerance or habitu-
ation to stimulation develops, whereby control of
tremors requires higher amplitudes of stimulation
[51]. Rarely, ataxia may develop, which will require
stopping the stimulation for some time (‘stimula-
tion vacation’) to get rid of the ataxia [52]. The risk
for both tolerance and ataxia is greater in patients
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Table 1. Indications for, and possible side effects of, bilateral DBS in various brain targets

DBS target Indication Potential side effects Comments

VIM Tremors Dysarthria
Balance disturbance
Rarely: tolerance

Risk of side effects increases with age

GPi Advanced PDa

Dyskinesias
Dysarthria Well tolerated by elderly patients

Less mood issues; patient can keep or
increase medication doses

Excellent effect on dyskinesias
STN Advanced PDa Dysarthria

Mood swings
Behavioural changes

Allows/requires some decrease of doses of
medications; requires more expertise in the
management of patients;

Risk for apathy and depression if too much
decrease of medications

Abbreviations: DBS, deep brain stimulation; GPi, globus pallidus internus; PD, Parkinson’s disease; STN, subthalamic
nucleus; VIM, ventral intermediate nucleus of the thalamus.
aAdvanced PD refers to patients with on/off fluctuations, dyskinesias, and so on.

Table 2. Impact of DBS on various motor symptoms of PD according to the brain target

Tremors Rigidity Akinesia Gait/axial Dyskinesias

VIM DBS +++ ++ (+) – (+)
GPi DBS ++ +++ ++ + +++
STN DBS ++ +++ +++ ++a ++b

Abbreviations: DBS, deep brain stimulation; GPi, globus pallidus internus; STN, subthalamic nucleus; VIM, ventral
intermediate nucleus of the thalamus.
Note: +++, excellent; ++, good; +, fair; (+), doubtful; –, no effect or worsening.
aAssumes that axial and gait symptoms are still responsive to dopaminergic medication.
bAssumes decrease in doses of dopaminergic medications.

who do not turn off the DBS at night. In current
practice, since most patients referred for surgery
are in a more advanced stage of the disease, and
suffer also from symptoms other than tremors, VIM
DBS is not performed as often as DBS in the GPi
or in the STN.

GPi DBS for advanced PD and dopa-induced dyskinesias

DBS in the posteroventral GPi has virtually
replaced pallidotomy. This surgery addresses all
major motor symptoms of PD including akinesia,
rigidity and dyskinesias. Although performed bilat-
erally in patients with more advanced disease,
bilateral-GPi DBS is better tolerated than bilateral
VIM DBS or bilateral STN DBS (see further below).
There is no age limit for GPi DBS and the risk
of negative affection of balance and dysarthria is
less than that following VIM DBS. The impact pro-
file of GPi DBS is mainly of dopa-induced dyskine-
sias, including painful dystonia, followed by rigid-
ity, then akinesia and tremors, with the least effect

on gait disturbances, such as freezing of gait [11,
47, 53, 54]. Given its excellent effect on dyskine-
sias, GPi DBS allows the patient to continue tak-
ing the same doses of dopaminergic medications
or even increase them if needed, without the risk
for dopa-induced dyskinesias. Despite its positive
effects on symptoms and its lenience for patients
with advanced PD, GPi DBS has been in most
countries overshadowed by DBS in the STN.

STN DBS for PD

There has been no surgical procedure for PD as
much publicised and as much hailed as STN DBS.
A PubMed survey (16 May 2022) of ‘deep brain
stimulation’ and ‘Parkinson’s disease’ yielded 7677
papers. When adding ‘subthalamic nucleus’ to the
above search words, the PubMed lists 4758 papers.
The main reasons for the popularity of this pro-
cedure are as follow: STN DBS is the most effi-
cient surgical treatment for the cardinal symp-
toms of PD; it is the only surgery allowing patients
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with advanced PD to radically decrease daily doses
of dopaminergic medications, and sometimes even
stop them altogether; STN DBS has undergone
the strictest scrutiny with several multicentre ran-
domised blinded studies and meta-analyses of out-
comes [55–60], and it has the longest documented
follow-up [61–65]. At the same time, STN DBS
demands the strictest criteria when selecting PD
patients for this procedure, compared to DBS in
other brain targets, and it requires a meticulous
postoperative management of patients by expert
movement disorders neurologists.

Since the beginning of the era of STN DBS in the
mid-1990s, there have been continuous attempts
to fine tune its indications and to provide clinical
criteria for the eligibility for this procedure in order
to maximise the benefit for patients, and decrease
unwanted side effects of stimulation [47, 53]. The
first criterium for eligibility to STN DBS was found
to be the response to levodopa [66, 67]: in patients
with good symptomatic response to levodopa, STN
DBS resulted in good motor outcome. Since then,
all PD patients referred for DBS undergo a so-
called L-dopa challenge by which motor symptoms
are quantified first with the patient without med-
ication then after administration of a substantial
dose of levodopa. The more the improvement of
symptoms after this L-dopa challenge the more
the patient will benefit from STN DBS. The second
criterium was age [47, 68]: it was found that the
older the patient was at the time of surgery the less
improvement from STN DBS, and the more side
effects from stimulation, even though there still
was indeed a relevant benefit from surgery [69, 70].
In some centres, a cutoff age for this procedure
was decided at an age of 69–70 years. The third
criterium for good outcome was a good cognition
because it has been reported that cognitive decline
could be exacerbated following STN DBS [71, 72];
hence all patients referred for DBS undergo a
neuropsychologic test to evaluate cognitive skills
including memory and executive function. Finally,
the last criteria is related to the mood of the
patient, which should be formally evaluated in
order to avoid performing STN DBS in patients
with relevant or untreated depression. Thus, an
expert consensus for ensuring the best results
following STN DBS in patients with advanced PD
has established the following selection criteria:
excellent levodopa response, younger age, no or
very mild cognitive impairment, and absence of,
or well controlled, psychiatric disease [47, 53].
Strict contra-indications for STN DBS involve lev-

odopa unresponsiveness of cardinal symptoms of
PD, especially rigidity and akinesia (which would
question the diagnosis of idiopathic PD in the first
place); severe axial symptoms that are not ame-
liorated by levodopa; so-called nondopaminergic
symptoms, such as poor balance, falls, advanced
freezing of gait, or severe dysarthria; relevant
cognitive decline; and severe depression.

Since STN DBS has proven to be quite safe and effi-
cient, provided strict inclusion criteria, and espe-
cially in younger patients, some leading neurolo-
gists proposed that maybe it should be offered to
patients earlier in the course of their progressive
disease. This would enable the younger patients
to pursue their normal life, avoid early retirement,
decrease the burden on family, avoid marital con-
flicts and contribute to maintain their opportuni-
ties in life. Hence, a randomised trial called the
‘EARLYSTIM’ trial comparing best medical man-
agement strategies to STN DBS has been con-
ducted in patients with early on/off motor com-
plications who received STN DBS after a mean of
7 years after diagnosis (instead of the usual 11
years or more) [58]. It was shown that at 2 years
follow-up, patients who had received STN DBS did
significantly better than those with the best medi-
cal treatment alone, both concerning measures of
quality of life as well as motor symptoms. Other
aspects of the disease that show amelioration after
STN DBS are some of the nonmotor symptoms of
PD, including sleep difficulties, pain and anxiety
[73–75].

STN DBS versus GPi DBS

While there is a general consensus among move-
ment disorders clinicians that stimulation of the
thalamic VIM is an effective surgical treatment for
PD patients whosemain and sometimes only symp-
tom is tremor, opinions diverge on which is better,
STN DBS or GPi DBS, in patients with advanced
PD suffering from motor fluctuations and dyskine-
sias. There have been several trials comparing the
outcome of these two procedures [76–80]. Some tri-
als showed superiority of STN DBS over GPi DBS in
terms of motor improvement [76, 77], while others
showed no difference [78, 79].

Interestingly, even the two most recent major pub-
lications [59, 60] providing detailed metaanaly-
sis of the available literature on STN DBS ver-
sus GPi DBS provided two different results: the
North-American paper from 2018 analysing 13
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randomised trials of STN DBS versus GPi DBS con-
cluded that up to 36 months after surgery, the
motor benefit was similar between the two brain
targets; however, medications were significantly
reduced only following STN DBS while depression
scores were better with GPi DBS [60]. The Euro-
pean paper from 2021 analysed relevant papers
over a 19 years period, including only studies
with more than 10 patients that provided formal
detailed outcome up to 1 year after surgery. There
were 39 eligible studies of STN DBS (2035 patients)
and five eligible studies of GPi DBS (292 patients).
It was shown that motor scores improved by 50.5%
with STN DBS and 29.8% with GPi DBS. It was
also confirmed that a good pre-operative levodopa
response was a prerequisite for a good response
to STN DBS [59]. Besides, especially for patients
with STN DBS, it is of utmost importance that they
are cared for by highly experienced movement dis-
orders neurologists in order to titrate judiciously
both medication doses and stimulation amplitude
in the months and years after surgery to maintain
improvement as well as to minimise the occurrence
of a hypodopaminergic syndrome (apathy, depres-
sion, suicide) or a hyperdopaminergic syndrome
(dyskinesias, impulsivity, hypersexuality, mania)
[81–88].

Side effects of DBS

DBS in any brain target is not without risk of
inducing side effects. These are partly different for
different brain targets, and are due to diffusion of
the electric current beyond the area aimed at, espe-
cially in cases where the electrodes are not perfectly
placed. Table 1 provides a summary of effects and
potential side effects according to the brain target.
Also, most stimulation-induced side effects can
be partly reversible and managed by alteration of
the stimulation strength, including its amplitude,
pulse width, frequency and/or polarity. A common
potential side effect to bilateral DBS to any brain
target, albeit to different degrees, is stimulation-
induced dysarthria. In VIM thalamic DBS, espe-
cially when bilateral, there is a risk for dysarthria
and disturbance of balance, mainly due to diffu-
sion of the current to the adjacent motor internal
capsule. In GPi DBS, dysarthria may also worsen
but less than with bilateral VIM DBS. In the STN,
asides from the risk for dysarthria [89–91], there is
potential risk for eyelid opening dyspraxia (that can
be treated with botulium toxin injections) [92], as
well as risk for behavioural disturbances if the elec-
trode is too ventral–anterior–medial because that

area of the STN is connected to limbic cortical
structures. Additionally, if doses of dopaminergic
medications, especially dopamine agonists are not
decreased after surgery, STN DBS will potentiate
their effect, leading to increased impulsivity and
mania [82–86]. On the other hand, if dopa med-
ication is decreased too much because STN DBS
per se can provide a very good motor improvement
for the patient, patients will suffer from apathy and
even depression, leading, rarely, to suicide [87, 88].
All this explains why this most potent surgical pro-
cedure, that is, STN DBS, needs expert manage-
ment by a movement disorders neurologist who
is specialised in the management of PD [47, 53].
This also explains why GPi DBS, although not as
efficient on motor symptoms as STN DBS, is con-
sidered more lenient for older patients and pre-
ferred by some clinicians even for younger patients,
because it is less laborious, less time demand-
ing and easier to manage than STN DBS and, in
GPi DBS, doses of medications do not need to
be adjusted. However, if patients with advanced
PD suffer from relevant dopaminergic medication-
induced impulse control disorders, then it may be
wise to avoid GPi DBS and offer STN DBS, because
it is only the latter that would allow a decrease
in doses of dopaminergic medication, contribut-
ing thus to treat the medication-induced impulse-
control disorder [84, 93]. Tables 1 and 2 provide a
summary of indications, potential side effects and
symptomatic impact profile of the three established
brain targets for DBS procedures, based on the
present authors’ own 30-year-long experience of
DBS for PD, and based on the literature.

Limits of, and issues in, DBS for PD

Even if DBS, especially STN DBS, is the best
that has happened for patients with PD since the
introduction of levodopa [11], one has to remem-
ber that all that glitters is not gold [94]. To start
with, similar to levodopa treatment, DBS is not
a cure of the disease, and the progression of the
illness will continue no matter, but at variable
and individual speed [95]. DBS is, as previously
explained, a symptomatic treatment of some of the
main symptoms of the disease. In some patients,
as the disease progresses, nondopaminergic
symptoms appear that no longer respond to dopa
and therefore no longer respond to DBS. These
nondopaminergic symptoms affect mainly axial
features such as speech, gait difficulties including
gait freezing, postural instability and cognitive
decline, and remain a challenge for both medical
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and surgical treatments. However, as with any
treatment for PD, a new phenotype of the illness
may appear after years of STN DBS [96]: while the
effect on appendicular symptoms such as hand
tremors, rigidity and dyskinesias is still good,
and measures of quality of life are still better than
before surgery, the axial symptoms deteriorate and
the patient may have difficulty walking, and may
suffer from falls, dysarthria and cognitive decline.

Another issue with DBS is that knowing who
will continue to benefit from it and who will not
can be difficult to ascertain, especially in some
genetic types of PD [97]. Patients with muta-
tion in the Parkin gene or the leucine-rich repeat
kinase 2 (LRRK2) have excellent dopa responsive-
ness and their good outcome from DBS is long
lasting [98–100]. On the other end of the spec-
trum, patients with glucocerebrosidase mutation
are generally older, and present mostly with the
akinetic–rigid phenotype and may develop cogni-
tive decline sooner, so that in them both the good
dopa effect and the results from DBS are not long
lasting [101, 102]. Therefore, when counselling PD
patients and their family before DBS surgery, it
may be of interest to know whether there is a
genetic predisposition for the disease because even
if most idiopathic PD is sporadic, a genetic screen-
ing of some patients with atypical presentation
or whose onset of disease occurs at younger age
(before 40 years) may be recommended.

DBS for PD is a life-long treatment: ‘once DBS,
always DBS’ [103]. This means, again, that
patients with DBS must be under the care of clin-
icians familiar with both the disease and DBS.
Especially in patients with STN DBS, a sud-
den arrest of stimulation due, for example, to a
technical issue or battery depletion of the neu-
ropacemaker may lead to a severe rebound of PD
symptoms, necessitating emergency care, includ-
ing emergency surgery to replace the neuropace-
maker [104]. A status of therapy-resistant malig-
nant Parkinsonian crisis has been described in
patients who could not afford to pay for a replace-
ment of the neuropacemaker [105], and in patients
in whom the implanted hardware had to be
removed because of infection, leading sometimes
to a fatal outcome [106, 107].

Other issues with DBS are of a more general
nature: it has been shown that globally, DBS is
much more prevalent in male PD patients than in
females [108], beyond the male/female prevalence

of the disease. This may have to do with referral
patterns and societal issues [109]. Also, DBS being
a therapy that needs frequent replacements of the
neuropacemaker, means that in countries without
a general and free healthcare system, DBS is lim-
ited only to patients who can afford it [105].

Other investigated brain targets for DBS in PD

There are ongoing attempts to investigate DBS in
other brain targets, either to provide more effi-
cient therapy to some symptoms, or to address
some motor symptoms otherwise resistant to DBS
in conventional brain targets, or aiming to alle-
viate nonmotor symptoms of PD such as demen-
tia [110]. The posterior subthalamic area (PSA) is
an area below the thalamus that is crowded with
sensory and motor tracts. One such tract is the
dentato–rubro–thalamic tract involved in mediat-
ing the symptom of tremor. Studies of DBS tar-
geting this area of the PSA [111, 112], including
a randomised trial [113], have shown an excellent
effect on both Parkinsonian and essential tremor,
and possibly lesser side effects than DBS in the
VIM.

The PPN, part the brain stem locomotor area, and
the substantia nigra reticulata, part of the output
structures of the BG (Fig. 2), have been investi-
gated as targets for DBS to treat therapy-resistant
gait and balance disturbances. So far, these stud-
ies have included too few patients, their follow-up
has been too short, and the results have been con-
flictual [110, 114, 115].

The nucleus basalis of Meynert (NBM) is the main
source of cholinergic innervation of the cortex and
undergoes atrophy in patients with PD dementia.
It was assumed that low-frequency DBS to stim-
ulate that nucleus (not high frequency to inhibit
it!) may be beneficial to slow down the cognitive
decline. A previous single-case report of DBS in the
NBM ameliorated apraxia in a PD patient with cog-
nitive decline [116]. Subsequently, a randomised
controlled study comparing 6 weeks of DBS on
versus 6 weeks DBS off was conducted in six PD
patients with cognitive decline and showed no dif-
ference in the cognitive outcome [117].

Future prospects of DBS in PD

After three decades of DBS, this procedure remains
the most used and most efficient surgical treat-
ment for some cardinal symptoms of PD. Investi-
gations of the new brain targets mentioned above,
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and maybe of other brain areas, will continue aim-
ing to further improving outcome [110]. This will
be facilitated by improved imaging of the brain,
including functional MRI [118] and connectivity
imaging [119, 120]. Additionally, from DBS hav-
ing been initially the exclusivity of one company,
there are now at least three major DBS companies,
resulting in several technical DBS innovations
that are already being implemented or investigated
[121–123], such as MRI-compatible DBS hard-
ware; neuropacemakers with rechargeable batter-
ies and extended life up to 25 years; neuropace-
makers with sensing technology allowing to record
the depth electroencephalogram, especially beta
activity, and adapt the stimulation accordingly, so
called closed loop stimulation, with the potential
to decrease side effects and battery drain; direc-
tional DBS electrodes allowing the electric current
to be focused precisely on the region of interest,
again to decrease side effects such as dysarthria
and improve outcome; remote web-based follow-up
programming and troubleshooting of the stimula-
tion to help patients who live far away from the
DBS centre; and new modes of stimulation based
on judicious use of more flexible electric parame-
ters (such as pulse width, pulse shape, frequency,
amplitude, etc.).

Regardless of all the features mentioned above,
DBS for PD remains an efficient symptomatic treat-
ment, although the magnitude of improvement
tends to decline over time [124], and DBS may
contribute to delay some of the late-stage disabil-
ity milestones [95]. With the expanding technical
innovations and increasing sophistication of DBS,
this therapy will put even more constraints on clin-
icians to keep themselves à jour, requiring thus
their enhanced specialization in the multifaceted
modern treatments of PD and the increased poten-
tials offered by DBS technology to further improve
patients’ outcome.

Conclusions

There is still no cure for PD but there are effec-
tive symptomatic treatments. Similar to levodopa
being and remaining the mainstay and most effi-
cient medical treatment for PD ever since the
late 1960s, DBS for the motor fluctuations and
dyskinesias of advanced stages of that disease is,
and will remain, the mainstay of its neurosurgi-
cal treatment since the 1990s. Especially DBS of
the STN and DBS of the pallidum have proven
to be the most efficient treatments for the myriad

motor symptoms of advanced stages of the disease,
including the side effects of medications. However,
unlike levodopa, whch can be administered to any
PD patient, DBS, in order to be efficient and sta-
ble, requires stricter patient selection to avoid sub-
mitting to the surgery patients who have devel-
oped nondopaminergic symptoms, including cogni-
tive decline, or patients who have unrealistic expec-
tations. Therefore, patients referred for DBS treat-
ment need to undergo a comprehensive evaluation
prior to surgery by a multidisciplinary team of at
least a specialised movement disorders neurologist
and a functional neurosurgeon.
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