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It is estimated that 1 million people in the U.S and 10 mil-
lion worldwide are suffering from PD[1, 2].

PD is the result of the loss of function or death of dopa-
minergic neurons in the substantia nigra in the ventral mid-
brain. The loss of dopaminergic innervation in deep brain 
structures results in symptoms such as slow movements 
(bradykinesia) or lack of movement (akinesia)[3]. Numer-
ous therapies, ranging from drug-based to surgical, have 
been explored in the hopes of alleviating parkinsonian symp-
toms. Many of these therapies have shown great promise, 
in particular, deep brain stimulation (DBS), which involves 
electrical stimulation of deep brain structures using surgi-
cally implanted electrodes. This review will briefly outline 
clinical presentations of PD, its therapies, the current status 
of DBS, and anticipated future developments.

1.2  Clinical Presentation

PD is traditionally characterized by the motor-based features; 
the cardinal features of PD are tremor, rigidity, bradykinesia 
and postural instability which result in involuntary move-
ment. Resting tremors seen in PD are continuous (unlike 
twitches which are transient), uncontrolled rhythmic move-
ments, predominant in the upper limb and are also observed 
in the lips, chin and legs, when the muscles are relaxed[4]. 
Rigidity is defined as hypertonia or increased resistance 
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(medication for PD) can be tested to see if the individual is 
responsive, hence confirming the diagnosis[4, 9].

1.4  Prognosis

Presently, there is no known cure for PD. While treatment 
exists, it does not halt progression; treatment alleviates 
symptoms rather than preventing the inevitable progres-
sion of the disease. With aging, the severity of symptoms 
increases, and new symptoms may emerge. PD is unique to 
each individual, the possibility of developing dementia as 
the disease progresses may be present in some patients[10]. 
The cardinal symptoms may increase in severity while addi-
tional non-motor symptoms such as sleep disturbances and 
mood changes may begin to present, if not already apparent. 
In terms of life expectancy, those with PD have a shorter life 
expectancy, however, the causes of death are not due to PD, 
but as a result of symptoms associated with PD[11].

2  Therapy

2.1  Pharmacological

Medications are prescribed to compensate for the lack of 
dopamine production to improve motor issues symptoms. 
The most effective medication prescribed is carbidopa-
levodopa which crosses the blood brain barrier and under-
goes conversion to dopamine. Other medications include 
dopamine agonists, monoamine oxidase B inhibitors, cat-
echol O-methyl transferase inhibitors, anticholinergic drugs 
and Amantadine[5].

As PD progresses the efficacy of pharmacological treat-
ment decreases and the proportion of ‘on’ time to ‘off’ time 
decreases[12]. Dyskinesias (medication-induced involun-
tary movements), tremors, and bradykinesias worsen, and 
additional treatment is required to supplement levodopa-
based treatment.

2.2  Lesioning

The thalamus is a structure located in the diencephalon of 
the brain that is important for relaying motor and sensory 
signals to the cortex. A thalamotomy is a rare procedure, 
performed under CT or MRI guidance, in which an electrode 
is surgically introduced to thermally ablate the ventral inter-
mediate nucleus in the thalamus with the desired outcome 
of eliminating tremors[13]. Thalamotomy is of limited use 
since it only addresses tremors and no other symptoms[14], 
and because it is invasive and the effects are irreversible. 
In most cases, the procedure is performed while the patient 
is awake. Insertion points are made in the skull with a drill 

in the muscles during passive motion of the limbs[4]. The 
combination of rigidity and tremors can elicit ‘cogwheel 
rigidity’ which is a jerking movement present with passive 
motion[4]. Bradykinesia is slowed movement encompass-
ing both fine and gross motor actions and describes a lower 
amplitude of motion. Decreased eye blinking, altered facial 
expression, slowed walking, difficulty standing up, and 
drooling are all considered clinical features of bradykinesia 
as seen in PD patients [4]. Postural instability manifests in 
the form of abnormal gait and stooped posture. The com-
bination of these symptoms affects the individual’s daily 
activities and can result in an inability to feed oneself, dif-
ficulty swallowing, writing, getting dressed, among other 
activities thus lowering their quality of life[4]. While the 
most notable symptoms of PD are motor-related, non-motor 
symptoms are also present in some individuals. Some of 
these symptoms include cognitive issues, behavioral disor-
ders, sensory and autonomic dysfunction, depression, sleep 
disorders, and dementia, among others[4–6].

The aforementioned symptoms are not limited to PD; 
thus, appropriate measures must be taken to differenti-
ate PD from other motor and neurological disorders. Cer-
tain diseases, including Essential Tremor and Progressive 
Supranuclear Palsy, and the side effects of medications (i.e. 
antipsychotics) are often misdiagnosed as PD[4].

1.3  Diagnosis

Currently, no diagnostic test exists that can conclusively 
diagnose PD, which is why the disease is identified at a 
very late stage, when approximately 80% of dopaminergic 
neurons have already died[7]. To diagnose PD, clinical and 
physiologic approaches are required to reach an appropriate 
conclusion. A clinical diagnosis is based on the presentation 
of cardinal symptoms while using diagnostic criteria to rule 
out other potential causes of the present symptoms[4].

Since PD is characterized by the loss of dopaminergic 
neurons, characterization of this loss can be confirmed on 
post-mortem pathology. In terms of the pathology associ-
ated with PD, the presence of Lewy bodies is considered 
a morphological marker of the disease. Lewy bodies are 
fibrous aggregates associated with degeneration of neurons 
and are found in the dorsal motor nucleus of the vagus nerve 
and locus coeruleus. An important constituent of Lewy bod-
ies is alpha-synuclein protein prevalent in PD pathology[8].

Imaging can be conducted to confirm or rule out other 
neurological disorders. Positron Emission Tomography 
(PET) is has been used for PD diagnosis as well as dopamine 
transporter imaging and single photon emission computed 
tomography (DAT-SPECT) to detect dopaminergic neuron 
degeneration[9]. Additionally, treatment with levodopa 
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3  DBS Benefits and Limitations

3.1  Benefits

Pharmacological (Levodopa) symptom control is cur-
rently the most common therapy for those afflicted by PD 
but becomes less effective as the disease progresses. DBS 
treatment presents a great number of advantages over stand-
alone pharmacological treatment[23]. Although DBS is 
more invasive and riskier than drug-based therapy, it has 
been proven that a greater improvement in motor symptoms 
is achieved through DBS than with drug-based therapy 
alone[24, 25, 26, 27]. Weaver et al. report patients gain-
ing more “on time”, time without dyskinesias, and greater 
improvement in mobility and activities of daily living than 
did patients on traditional medical therapy only, which dem-
onstrated DBS improved quality of life compared to other 
therapeutics[26]. DBS is also advantageous because it is a 
reversible therapy unlike ablative procedures such as thala-
motomy and pallidotomy[28, 29, 30, 31, 32]. DBS imparts 
minimal damage surrounding nerve cells and tissue as com-
pared to other surgical interventions[33]. Furthermore, DBS 
targeting and stimulation parameters can be customized to 
uniquely treat each individual patient for optimal benefit.

3.2  Limitations

While DBS presents a great number of advantages, one of 
its limitations is the risk due to the complexity and invasive-
ness of the surgery. Some of the risks will be explained fur-
ther in the coming sections (see Risks). Another limitation 
of DBS is a marginal impact on non-motor symptoms. Vari-
ous studies have conflicting results thus more research is 
required to determine whether DBS can alleviate non-motor 
PD symptoms[28]. Current DBS practices are also limited 
in their requirement of regular follow-ups to adjust stimula-
tion parameters. The patient must see a surgeon or another 
specialist to optimize stimulation parameters according to 
the symptoms presented as time progresses[34].

DBS may lead to unwanted side effects. Some of these 
include impulse control limitations, cognitive impairments, 
dysphonia, dysarthria, depression and apathy, and personal-
ity changes[35, 36, 37, 38].

4  DBS Devices

A DBS system consists of the electrode(s), the implantable 
pulse generator (IPG), and leads connecting the two. The 
IPG serves as the pacemaker, initiating, and regulating the 
pulses and also containing the battery, while the electrode 
delivers pulses to the site of action[3, 34].

through which probes can enter to destroy brain tissue[7, 
15, 16]. It has more recently been supplanted by MR guided 
focused ultrasound lesioning, which creates a lesion accu-
rately without surgery.[13]

Pallidotomy is another type of brain lesioning technique 
used in PD treatment, which involves the ablation of parts of 
the overactive globus pallidus. As with other surgical treat-
ments, pallidotomy is only considered in cases of severe 
motor impairments and when there is a lack of response to 
medications. A potential side-effect of levodopa therapy is 
dyskinesia which can be addressed with pallidotomy. Addi-
tionally, pallidotomy can be beneficial in treating bradyki-
nesia, rigidity, and tremors. Pallidotomy is rarely performed 
because it is a high-risk surgery compared with DBS and 
can result in irreversible effects related to lesioning of adja-
cent structures [14, 17]. The subthalamic nucleus is another 
lesioning target. Subthalamotomy is also seldom performed 
due to the risks posed[14].

2.3  Deep Brain Stimulation (DBS)

Deep Brain Stimulation (DBS) delivers pulses of electri-
cal current to deep brain structures via surgically implanted 
electrodes and a pulse generator. For PD treatment, the sub-
thalamic nucleus and globus pallidus pars interna are the 
most common targets. DBS will be described in greater 
detail in upcoming sections.

2.4  Other Therapies

Stem cell therapies for replacing dopaminergic neurons are 
being explored as a treatment option for PD. Transplanting 
dopamine producing neurons has led to alleviation of symp-
toms resulting from the loss of these neurons in patients. 
Inconsistent results across studies call for further research 
and development in the field[18].

Recent developments in brain-computer interface tech-
nologies and increased appreciation for the potential for 
plasticity in the adult brain has led to a renewed interest in 
using neurofeedback to induce and guide adaptive plastic-
ity[19]. It has recently been proposed that the neurophysi-
ological correlates of PD (e.g. beta bursts) may be good 
targets for neurofeedback-based operant conditioning to 
modify brain pathology and reduce symptom severity[20, 
21, 22].
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4.3  IPG programming

In order to achieve the desired therapeutic effect while 
avoiding side effects, pulse generators must be appropri-
ately configured for localized stimulation. The reach of the 
electrical field is dictated by both the configuration of the 
IPG and electrode design. Changes to parameters such as 
the pulse width and stimulation rate can result in undesired 
stimulation and side effects[43]. The signal from the pulse 
generator stimulates the target area based on a predeter-
mined rate (between 2 and 255 Hz), pulse width (20–507 
microseconds), and stimulation amplitude (up to 25.5 mA 
depending on manufacturer)[34]. After the initial setting of 
these parameters, follow-ups are conducted to reprogram 
the IPG, replace the battery and evaluate the pharmacologi-
cal treatment regimen[7].

One of the key parameters for DBS is the frequency of 
stimulation which can either be high frequency stimulation 
(HFS, > 100 Hz) or low frequency stimulation (LFS, 60 Hz)
[44]. HFS has been used more often and has a longer history 
of relieving motor symptoms of various neurodegenerative 
diseases including PD [30, 44]. An alternative to HFS is 
LFS DBS which is used for treating both motor and non-
motor symptoms [45]. Research suggests that LFS might 
worsen tremors while HFS may resolve tremors - thus fur-
ther research needs to be conducted to deduce when HFS 
and LFS should be used[46].

5  DBS Surgery

Prior to the procedure, at our centre, the patient undergoes 
a levodopa challenge in which the motor scores are quanti-
fied off and on medications. They are also assessed by a 
neuropsychologist and a psychiatrist. Any outstanding psy-
chiatric issues are optimized prior to consideration of sur-
gery. Patients undergo an MRI for surgical planning within 
2 weeks of the surgery (Figs. 1 and 2).

5.1  DBS Targets

The standard DBS targets for the treatment of motor disor-
ders include the STN, thalamus (VIM) and globus pallidus 
interna (GPi)[33]. The target choice depends on the individ-
ual’s symptoms[30, 47, 48]. Most commonly, DBS targets 
the STN or the GPi, both of which are components of the 
basal-ganglia-thalamo-cortical network. These two nuclei 
have been described by Almeida et al. to be a part of direct, 
indirect and hyperdirect pathways in which faulty signaling 
results in motor and cognitive defects[49]. By electrically 
stimulating the neural networks involving the STN and GPi, 
imbalances can be offset to relieve motor symptoms. The 

4.1  Electrodes

DBS electrodes are composed of a central shaft on which 
electrode contacts reside; the active sites are manufactured 
near the distal region of the shaft. Current commercial DBS 
electrodes have 4 or 8 segmented contacts, with a typical 
contact length of 1.5 mm and inter-electrode spacing rang-
ing between 0.5 and 1.5 mm depending on the design and 
manufacturer. The electrode contact is typically a platinum-
based metal or alloy such as platinum-iridium. The imped-
ance of current DBS macro electrodes is in the range of 
500–1500 Ω when tested at 1 kHz[38, 39, 40].

4.2  Implantable Pulse Generators

The second half of a DBS system is the IPG, which is 
implanted in the chest and connected to the electrodes to 
modulate the electrical signal. The impulse generator is 
programmed to dictate the signal amplitude, frequency, 
and pulse width. The IPG can use either a voltage source 
or a current source for pulse generation, although each have 
their advantages and limitations, current sources are gaining 
popularity in the field[34].

DBS systems require a battery which can be recharge-
able or non-rechargeable[40, 41]. The battery life of the 
DBS system is dependent on electrical characteristics such 
as the stimulation amplitude and rate as well as the number 
of contacts, battery capacity and pulse width[38, 42].

Fig. 1  Images obtained from the DBS surgery planning station show-
ing coronal (top left), sagittal (top right), and axial (bottom left) pre-
operative MRI with an overlayed atlas to identify the STN based on 
high iron deposits (coloured MRI) and atlas anatomic identification. 
Bottom right image showing a 3D reconstruction with the planned 
bilateral electrode insertion trajectory
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5.3  Surgical Planning

Accurate placement of the DBS electrode is paramount for 
optimal treatment efficacy. Electrodes misaligned with ana-
tomic structures can have intolerable side effects[38]. Great 
care is taken to position the DBS electrode in the target to 
maximize efficacy and minimize side effects.

Prior to the surgery, the patient will undergo magnetic 
resonance imaging (MRI) of their head and brain to reveal 
the individual’s neuroanatomy (Figs. 1 and 2). The neuro-
surgeon uses their expertise to combine atlas information 
with indirect targeting and patient anatomy with direct tar-
geting to determine the DBS electrode target and plan the 
trajectory from the surface of the brain to the target.

In indirect targeting, the surgeon selects the target based 
on alignment of the patient images with a human brain atlas. 
A non-linear warping from template space to patient space 
is calculated, then a standard atlas (in template space) is 
warped to patient space and atlas structures are overlaid on 
the patient images (Fig. 1).

In direct targeting, a 1.5 or 3T MRI is used to identify 
the motor region in the posteriolateral region of the STN 
directly in the patient images. Using a thalamic parcella-
tion protocol with a T1-weighted brain scan, a T2- weighted 
coronal scan, and a diffusion-weighted brain scan, the STN 
is identified as a hypointense structure above the substantia 
nigra with an approximate volume 125.4 mm3 [62]. Spin 
echo, susceptibility-weighted and T2-weighted imaging are 
commonly used in imaging the STN which is biconvex and 
has an oblique orientation. Some disagreement on the effec-
tiveness of susceptibility-weighted imaging in identifying 
the STN exists in current literature [62–64].

Using high field diffusion-weighted imaging and pulse 
sequences, the STN motor region can be better resolved and 

STN comprises associative, motor, and limbic regions but 
only the motor region is targeted [48]. Other research shows 
additional areas that can be targeted for therapy which 
include the internal capsule (IC) to thalamic structures such 
as the somatosensory thalamus, centromedian intralaminar 
perifascicular complex (CMPf), to the periventricular and 
periaqueductal grey (PVG/PAG), to the nucleus accumbens 
(NAc) and anterior cingulate cortex (AC) and the subcal-
losal cingulate gyrus (SCG) in DBS for unipolar treatment 
resistant depression (TRD)[50–55].

5.2  Globus Pallidus interna (GPi) or Subthalamic 
(STN) DBS

The two most commonly targeted areas are the GPi and the 
STN. Studies comparing the two targets have either dem-
onstrated neither target being more advantageous than the 
other with respect to motor function, or slightly greater 
improvement with STN stimulation[56]. Non-motor func-
tion and side effects were also explored when comparing 
the two indicating trade-offs associated with stimulating 
one region over the other[28]. Hence, Follett et al. suggests 
selecting a target on a case-by-case basis based on nonmotor 
factors for each individual patient’s specific needs[57].

Some of the nonmotor factors studied were post-DBS 
medication requirement, depression, visuomotor function, 
and cognitive function among others. Follet et al’s results 
demonstrated worsened depression with STN stimulation 
while the level of depression improved with GPi stimula-
tion[57]. On the other hand, Odekekentetal et al. dem-
onstrated no significant difference between the two on 
mood[56]. Further studies must be conducted to confirm the 
advantages of one target over the other[58–61].

Fig. 2  Images obtained from the DBS surgery planning station showing pre-operative (left) and post-operative (right) axial MRIs with an over-
layed atlas for DBS of the STN
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GPi has proven effective particularly in distinguishing the 
structure from the rest of the basal ganglia[65].

The boundaries of the GPi are indicated by the combina-
tion of the internal capsule, medial intramedullary lamina, 
and transition to white matter at the border of the GPi [66]. 
Ventrally the GPi transitions to white matter, dorsally the 
GPi is in contact with the internal capsule, the posterior 
and anterior aspects intersect with the internal capsule and 
medial intermedullary lamina, the GPi is bound laterally by 
the medial intermedullary lamina and medially by the inter-
nal capsule[66]. Using 3T FLASH T2 imaging is another 
protocol that has effectively identified the GPi[66, 67].

contrasted, allowing for more precise targeting[62]. These 
methods of surgical planning can be used to provide patient 
specific information on the location of the STN. Studies 
have shown that newly developed 7T MRI technology is 
able to provide localization that is in agreement with MER 
localization lending to the possibility of novel imaging tech-
nology displacing the need for MER[65].

As with STN imaging sequences, specific sequences 
have been used for imaging of the GPi. At our centre the 
Fast Gray Matter Acquisition T1 Inversion Recovery MRI 
sequence is used to delineate the GPi and GPe. At other cen-
tres the use of modified driven equilibrium Fourier trans-
form (MDEFT) MRI sequencing for identification of the 

Fig. 3  Intraoperative anterior thalamic nucleus stimulation surgery ventriculograms showing DBS lead placement. (top left – coronal; top right – 
sagittal; bottom – sagittal)
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VIM) are not perfectly delineated from surrounding tissue, 
and the subregion of the target nuclei cannot be determined 
using current imaging techniques. Preoperative imaging 
cannot account for intraoperative brain shift due to CSF 
loss and changes in intracranial pressure[69]. This results 
in a deviation of the DBS target from the planned trajectory. 
Intraoperative mapping is required to accurately target the 
region of interest. Brain mapping can be achieved with mul-
tiple modalities including imaging and electrophysiology.

Interventional imaging is an emerging technique to assist 
with electrode targeting refinement[70, 71, 72]. Interven-
tional MRI and CT methods present real-time imaging 
allowing for target localization. Using a 1.5 T MRI machine 
the insertion points can be determined as well as confirma-
tion of precise implantation intraoperatively. Using this 
approach, some have argued that the need for MER is also 
eliminated[72]. The combination of MRI and CT intra-
operatively, termed CT-MRI fusion, allows for use of the 
modalities pre-, intra- and postoperatively for effective and 

The planned trajectory must be aligned with the surgi-
cal apparatus using frame-based or frameless stereotaxy. In 
the former, a head frame is placed and immobilized with 
screws. In the latter, fiducial screws are inserted[46]. After 
placement of the frame or fiducials, a computed tomography 
(CT) scan is performed and the CT is co-registered with the 
MRI, and fiducials are marked in MRI space[68]. The ste-
reotaxy system is then used to determine the position and 
orientation of the microdrive that will be used to drive the 
DBS electrode to the target along the planned trajectory.

5.4  Intraoperative Mapping

While use of imaging to determine trajectory and location 
are effective in treatment planning, it is prone to error. The 
imaging and superposition of the atlas is a theoretical model 
of what is expected and does not necessarily indicate the 
exact anatomy at the time of the procedure. Despite dedi-
cated MRI sequences, the target nuclei (e.g. STN, GPi, or 

Fig. 4  Post-operative, bone-window CT head images showing coronal (top left), sagittal (top right), and axial (bottom left) positioning of bilateral, 
STN DBS leads
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groups (1) surgical complications (2) hardware-related 
complications and (3) stimulation-based complications[80]. 
Some of the surgical complications associated with the 
surgery are common to most invasive procedures include 
hemorrhage and infection. Other complications can occur 
such seizures, cognitive impairment, behavioral and mood 
changes, and speech problems, which can be attributed to 
surgical complications or undesired stimulation[80].

Associated hardware complications include skin ero-
sions, lead migration, lead fracture/ failure, IPG malfunc-
tion, extension wire damage and failure of other electronic 
components[81]. Due to the highly complex nature of the 
surgery, care must be taken in the placement of electrodes, 
patient selection, IPG programming, postoperative stimu-
lation, and drug-based treatment[82]. Errors in these areas 
can result in postoperative complications. While there are 
potential complications associated with DBS, they are less 
severe and less common than those presented by other sur-
gical therapies for PD. A list of possible complications of 
DBS surgery and their prevalence is seen in Table I.

According to one study almost three times as many 
‘severe adverse effects’ were reported with DBS compared 
to treatment with medical therapy[84]. These adverse events 
include falls, gait disturbance, dyskinesia, motor dysfunc-
tion, balance disorder, depression, and dystonia[84]. Addi-
tionally, studies have reported increased mood swings, 
suicide attempts, depression and hypomania[84, 85]. 
Speech centers in the brain may also be unintentionally 
affected leading to speech impediments or improvements 
in any speech disorders present prior to surgery[84], [85]. 
Of these complications, hemorrhage risk increases with the 
number of microelectrode passes, infection rate is related 
to the duration of surgery, and lead misplacement is related 
to the accuracy and interpretability of the physiological 
recording. Thus considerable effort contributes to ongoing 
innovation in microelectrode design to mitigate these risks.

efficient insertion and implantation of DBS electrodes[71]. 
Intraoperative ventriculography is another option to confirm 
the location of the DBS leads (Fig. 3).

Interventional imaging is not indicated for all patients. 
For many DBS cases, the preferred method for intraop-
erative targeting refinement is microelectrode recording 
(MER) mapping of targets based on their neurophysiology. 
Furthermore, recent studies suggest that optimal DBS elec-
trode locations are not defined precisely by anatomy and 
neurophysiological definition may be better[73–76]. Precise 
and accurate localization of neurophysiological targets is 
also important for adaptive DBS which measures ongoing 
neurophysiology to adapt stimulation parameters[77, 78].

After stereotactic measures are performed to determine 
the trajectory, a rigid guide tube is placed into the brain to 
initiate the desired path. A microdrive is used to advance the 
electrode precisely, in increments of 100–300 micrometers, 
through the guide tubes and into the brain during the record-
ing procedure.

MER is a process in which signals of the neurons sur-
rounding the electrode are recorded to determine the precise 
location of the electrode. Each brain region has a charac-
teristic signal that is elicited both passively and actively 
through patient behaviour. The DBS team observes the 
signal visually and aurally to determine which region the 
electrode is in.

After recording, high-frequency (130–300  Hz) current 
is passed through low impedance electrodes on the micro-
electrode shank at increasing intensities. The patient is con-
scious during this procedure to monitor the impact of the 
stimulation. The patient may be asked to perform certain 
cognitive and physical tasks to identify the side effects of 
microstimulation; side effects indicate which structures are 
being stimulated which helps to further localize the elec-
trode position in the brain [7, 13].

Current MER and microstimulation mapping techniques 
and devices require serial examination of each site. Map-
ping duration is extended when the initial microelectrode 
pass does not provide enough information to localize the 
DBS target and additional passes are needed to map more of 
the subcortical volume. This can be a very time-consuming 
process that increases the risk of infection, hemorrhages 
and general discomfort for the patient[79]. New electrode 
designs that may help to speed this process up are described 
in part VI. Post-operative imaging can be obtained to con-
firm placement of the DBS leads (Fig. 4).

5.5  DBS Risks

While DBS surgery has a great number of benefits, as with 
any other complex surgery it has its associated risks. These 
risks and complications have been categorized into three 

Table I  Post-surgical complications and risk associated
Complication Risk of Occurrence
Hemorrhage 1.3 ~ 4% [26, 83]
Epileptic seizures 0.4 ~ 2.8%[26, 83]
Pneumonia 0.4 ~ 0.6% [26, 83]
Infection from long term implant 2.8 ~ 6.1%[83]
Infection after surgery 1.5 ~ 15%[83]
Lead migration or misplacement 5.1%[83]
Skin erosion 1.3 ~ 2% [83]
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Polyimide tubing (another option is a stainless-steel tube) 
[88]. The tip is 1 mm in length and made of Tungsten, the 
first contact is placed 0.5  mm from the bottom of the tip 
while the rest of the contacts are placed subsequently with a 
spacing of 0.75 micrometer to 1 mm along the length of the 
electrode[88]. The polyimide tube can be as long as 25 mm 
allowing 4–24 contacts per shank with an outer diameter 
of 198 ~ 560 micrometers[88]. There has been much excite-
ment about a new silicon probe known as Neuropixels 
for recording from a very large number of contact sites in 
animals[89]. Each probe has 384 recording channels that 
can access 960 complementary metal–oxide–semiconduc-
tor (CMOS), processing-compatible, low-impedance TiN6 
sites that tile a single 10-mm long, 70 × 20-µm cross-section 
shank[89]. These probes enable the placement of 960 sites 
on a single, 10-mm long, non-tapered shank with 70 × 20-µ 
m cross-section which is the main advantage over the exist-
ing technology[89]. The 12 × 12-µ m sites are arranged in a 
checkerboard pattern with 4 columns and 25-µ m center-to-
center nearest neighbor spacing. Additional features of this 
probe include low noise, minimal movement related arti-
facts, and efficient data transmission due to the use of low 
noise analog amplifiers, multiplexers and digitizers. The use 
of TiN6 for recording sites addresses stability and fabrica-
tion concerns[59, 89]. While the current form factor is not 
suitable for use in DBS MER, this combination of high-per-
formance electrode technology and scalable chip fabrication 
methods should be translatable to novel designs appropriate 
for longer electrodes.

7  Current Application and Future Outlook

7.1  Current Applications

DBS therapy has shown promise in not only alleviating 
symptoms of PD but also for treatment of other diseases 
both motor and non-motor.

Studies have shown DBS effectiveness for the following 
symptoms when targeting particular brain regions:

	● Essential tremor: DBS targeting the thalamus can 
resolve hand tremors, however, may increase head and 
voice tremors[90].

	● Parkinson’s Disease: DBS targeting the subthalamic 
nucleus improves slowness, tremors, and rigidity in 
70% of patients[90].

	● Dystonias: DBS targeting the Globus Pallidus has been 
reported to be very effective[91].

6  Microelectrodes For Brain Mapping

6.1  Current microelectrode design factors

Current microelectrode recording techniques determine 
microelectrode design factors. The recording electrode must 
be able to discriminate activity from a small volume of tis-
sue and this requires high impedance (typically 400–2000 
kOhm). The stimulation electrode must have relatively low 
impedance (< 3 kOhm, lower is better) to minimize the volt-
age required to drive enough current to evoke a response. 
A common solution to these combined constraints is to use 
separate recording and stimulation electrodes; the recording 
electrode is positioned at the microelectrode tip located on 
an inner core, and the stimulating electrode is positioned 
10-mm proximal on an outer sheath. The recording elec-
trode can be retracted within the outer sheath to protect it 
during insertion through the drive, and so that the recording 
electrode is not driven deeper than necessary while placing 
the stimulating electrode.

Another design factor is that the electrode must be rigid 
to maintain its intended trajectory as it is driven through the 
tissue. This can be achieved by using a rigid electrode of a 
large diameter or using a small diameter electrode in a rigid 
guide tube that terminates a minimum distance above the 
target. Guide tubes typically terminate 10–15 mm above the 
target[86]. Recording sample locations span ~ 10 mm above 
the target to a few mm past the target. Steps through the tra-
jectory can be automated or manually controlled.

Multiple MER leads may be used in an array inserted 
through guide tubes. Electrodes in the array configuration 
are typically spaced 2 mm apart and traverse parallel trajec-
tories. More electrodes sample more cortical volume simul-
taneously to help increase information from each mapping 
pass to decrease surgical time and improve outcomes, but 
unnecessary electrodes also increase the risk of tissue dam-
age and potential for hemorrhage[87]. Each surgical team 
must decide on a compromise between information and risk 
when deciding how many electrodes to use.

Microelectrodes meeting these specifications have medi-
cal licensing approval in all major markets and are available 
from several different manufacturers.

6.2  Future microelectrode designs

There are several different electrode designs used in ani-
mal models that enable recording from many more con-
tacts simultaneously with a similar profile to the currently 
approved electrodes. An example of an electrode with mul-
tiple contacts is the Linear Microelectrode Array (LMA) 
electrode. The LMAs are fabricated using Polyimide 
Insulated Platinum/Iridium wire that is threaded through 
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disturbances, blood pressure issues, bowel changes, among 
others[4, 5].

7.2  Anticipated technological developments in DBS

There are several different DBS technology advances being 
developed to improve target localization and to improve 
electrical current delivery.

Precise DBS electrode localization depends on intraoper-
ative mapping. The utility and efficiency of MER mapping 
may be improved and simultaneously reduce the burden on 
the expert through assisted or automated discrimination of 
DBS targets[99, 100]. Trained machine-learning models can 
be used to infer target identities from the raw MER data or 
extracted features[99]. Automatic identification of anatomi-
cal identity based on neurophysiology will have synergis-
tic gains with multichannel axial electrode arrays because 
identification can be performed in real-time at multiple sites 
in parallel[100–102]. This will enable kinesthetic mapping 
of many different sites as well as leveraging effective con-
nectivity-based signal features that require many simultane-
ously acquired signals.

Two avenues of innovation are being pursued to improve 
electrical current delivery. The first is to modify the geom-
etry of the electrode contacts to direct or shape the electric 
fields generated by the DBS electrodes. Traditional systems 
use leads that stimulate a spherical region of the brain and 
this may stimulate a larger volume than required[101]. This 
leads to undesired stimulation and leakage currents which 
can cause unwanted side effects. Directional DBS can direct 
the current in one of several different directions, reducing 
the volume of undesired stimulation[101, 102]. Abott’s St. 
Jude Medical Infinity DBS system and Boston Scientific’s 
Vercise Directional DBS Systems have the capacity to per-
form directional. Both systems contain segmented elec-
trodes allowing for targeted stimulation with the option of 
customized shape, position, length and direction of stimu-
lation allowing for more patient specific stimulation and 
treatment.

The second innovation is to adjust stimulation param-
eters based on the ongoing needs of the patient as deter-
mined by behavioural or neurophysiological sensors. This is 
referred to as closed-loop DBS or adaptive DBS[103, 104]. 
In adaptive DBS, stimulation is turned on when the neuro-
physiological or behavioural state is determined to require 
stimulation to reduce symptom presentation and stimulation 
is turned off when the state suggests that symptoms are no 
longer of concern. By reducing stimulation delivery when it 
is not needed, side effects are reduced and the IPG battery 
can last longer[103, 105, 106].

Adaptive DBS requires additional processing to integrate 
sensor information and make decisions about stimulation 

7.1.1  Treatment Resistant Depression

DBS is used as a last resort to treat those with chronic 
depression who are not responsive to traditional pharma-
cologic, electroconvulsive, and psychotherapy. High-fre-
quency stimulation of the subgenual cingulate gyrus has 
demonstrated improvement of depression in treatment resis-
tant depression patients. Testing with a larger sample size 
needs to be conducted in order to affirm the benefits of DBS 
for TRD[91].

7.1.2  Alzheimer’s Disease

Research is being conducted in targeted stimulation of the 
fornix, a part of the hippocampus, and the nucleus basa-
lis of Meynert, in efforts to stimulate memory circuits in 
the brain studied the impact of DBS for Alzheimer’s and 
demonstrated improvements in and slowing of cognitive 
decline in patients receiving continuous stimulation for 12 
months[92]. The current state of research is preliminary but 
shows promise for Alzheimer’s treatment[92, 93].

7.1.3  Tourette Syndrome

Tourette Syndrome is a neurological childhood disease that 
results in abnormal movements and vocal changes known 
as tics. Although Bloch et al. discourage the use of DBS, 
studies have shown improvement in motor and neuropsy-
chiatric symptoms[94]. As with Alzheimer’s disease, DBS 
treatment for Tourette Syndrome is in its early stages and 
requires further exploration[95].

7.1.4  Neuropathic Pain

DBS of the periventricular and periaqueductal gray mat-
ter, sensory thalamus and internal capsule have proven to 
alleviate neuropathic pain and provide long-term relief. The 
mechanism of action is believed to be through the release of 
opioids in the region of stimulation resulting in pain relief 
that may not be achieved by pharmacological interven-
tion[96, 97].

7.1.5  Other general non-motor symptoms

Studies have shown that DBS can also impact a variety of 
non-motor symptoms due to either direct stimulation, or 
as a byproduct of undesired stimulation[98]. Disorders of 
Consciousness have been shown to be improved through 
deep brain stimulation as well as resolution of vegetative 
state[98]. Some of these symptoms include behavioral, 
cognitive, and autonomic dysfunction, resulting in sleep 
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8  Conclusions

Parkinson’s Disease is not an easily diagnosed condition due 
to symptoms that can be attributed to various other neuro-
logical and motor diseases. Similarly, treatment of PD also 
presents various challenges. Medication, while lessening the 
severity of the symptoms, does not have a long-term impact 
as the disease continues to progress rendering the medica-
tion ineffective. Furthermore, a subset of the affected popu-
lation may be unresponsive to medication - requiring novel 
therapy development, in the form of DBS. DBS therapy is 
gaining popularity for PD treatment as well as other motor-
neuron related diseases. Using electrodes and a pulse gener-
ator to artificially stimulate neural networks in the brain has 
shown promise in treating the cardinal motor symptoms of 
PD. A variety of electrode designs and hardware are being 
explored to optimize the results obtained from DBS, some 
of which have been described in this review. Prior to per-
forming DBS each patient must be assessed to determine 
their anatomy, baseline symptoms, and memory to ensure 
that the therapy is personalized and to compare pre- and 
post-surgical conditions, Optimization of the system is 
being explored in the form of smart DBS, to have a cloud-
based database to store data obtained from recording micro-
electrodes, as well as closed-loop DBS to have automated 
adjustment of stimulation parameters. Optimization in the 
MER mapping process is also being conducted. Of particu-
lar interest is the investment in longitudinally designed DBS 
recording electrodes for multi-level feature extraction and 
nucleus identification. Research on these enhancements is 
being conducted in the hopes of creating a more efficient 
and patient friendly system. While DBS is a promising 
approach, it does have its limitations and further research 
and development is required to improve current technology 
and implementation of DBS therapy.
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