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Abstract: Parkinson disease (PD) is a chronic neurodegenerative disorder that can’t be cured. It happens when 
brain nerve cells don’t produce enough dopamine. The cause of the PD is not clear. As the disease progresses, pa-
tients may have difficulties in walking, speaking, working and even basic life. They may also have problems such as 
depression, sleep problems, chewing, swallowing or speech. There are no specific laboratory or imaging indicators 
for the diagnosis of Parkinson’s disease. It is difficult to make a definite diagnosis in the early stage of the disease. 
Dopamine replacement therapy remained the most effective symptomatic treatment of PD. However, after dopa-
mine treatment, there will be movement fluctuations and other side effects. In addition to drug therapy, surgery is 
also an effective treatment for Parkinson’s disease. Deep brain stimulation (DBS) is an effective surgical method 
for Parkinson’s disease. This article summarizes the related situation of DBS in the treatment of Parkinson disease, 
and prospects the development of DBS in the treatment of Parkinson disease.
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Introduction

Parkinson’s disease is a neurodegenerative 
disease characterized by loss of dopaminergic 
neurons in the midbrain. It is the second most 
common neurodegenerative disorder after 
Alzheimer disease. Slow movement, quiescent 
tremor, muscle stiffness and postural instabili-
ty are the main clinical dyskinesia manifesta-
tions of PD. With the progress of the disease, 
psychiatric symptoms such as anxiety and 
depression, dementia, personality changes, as 
well as non-motor symptoms such as sensory 
disorders, olfactory disorders, and sleep disor-
ders can occur [1]. The PD symptoms were  
first described two centuries ago by James 
Parkinson [2, 3]. It affects around 1-3% of  
the population over the age of 65 and its num-
ber is going to rise [4-6]. Parkinson’s disease 
accounts for about 1.7% of the population over 
65 years old in China, with an annual increase 
of 100,000 people [7]. Pathological changes of 
Parkinson’s disease include degeneration and 
death of dopaminergic neurons in substantian-
igra, significant decrease of striatal dopamine 

content and presence of Lewis bodies in the 
cytoplasm of residual neurons in substantian-
igra [8]. The exact reason of Parkinson’s dis-
ease is still unknown. Genetic factors, environ-
mental factors, aging and oxidative stress may 
be involved in the process of degenerative 
death of PD dopaminergic neurons. Parkinson’s 
disease may be the result of the interaction of 
multiple genetic and environmental factors [9, 
10]. The diagnosis of Parkinson’s disease main-
ly depends on its history, clinical symptoms and 
signs. There are no specific biological markers 
or imaging indicators for definitive diagnosis of 
Parkinson’s disease. The main treatment meth-
ods for the PD include medication and opera-
tion. L-DOPA is still the most effective pharma-
cological therapy in PD [11]. In recent years, 
deep brain stimulation (DBS) has become a 
standard evidence-based therapy [12, 13]. 

The diagnosis of the PD

The diagnosis of Parkinson’s disease mainly 
depends on its history, clinical symptoms and 
signs. Early clinical manifestations of Parkin- 
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son’s disease are atypical. It is characterized by 
occult onset and progressive progression. The 
first symptom is usually the tremor or clumsi-
ness of one limb, which then affects the other 
limb. The main clinical manifestations were 
static tremor, motor retardation, muscular rigid-
ity and postural gait disorder. In 2015, MDS 
proposed new diagnostic criteria for PD, and 
put forward the concepts of preclinical, prodro-
mal and clinical stages, which are more conve-
nient for research and clinical diagnosis. The 
diagnostic criteria for PD will be introduced in 
this paper.

The first thing for PD patients is to ensure 
whether the diagnosis is correct. The diagnos-
tic criteria for PD proposed by the Movement 
Disorder Society (MDS) are suitable for evaluat-
ing cases [14, 15]. The diagnosis of parkinson-
ism is a prerequisite for the diagnosis of 
Parkinson disease. The diagnosis of parkinson-
ism is based on three core motor symptoms, 
bradykinesia and either a resting tremor or 
rigidity, which must be obvious and indepen-
dent of other disturbing factors. The supportive 
criteria should be found to support the diagno-
sis of PD. The supportive criteria include 4 
points. They are clear and dramatic beneficial 
response to dopaminergic therapy, presence of 
levodopa-induced dyskinesia, rest tremor of a 
limb and olfactory loss or metaiodobenzylgua-
nidine scintigraphy clearly documenting cardiac 
sympathetic denervation. In these supportive 
criteria, the most important one is “clear and 
dramatic beneficial response to dopaminergic 
therapy”. Because the patient is not yet on 

ing criteria; (3) there are no warning signs 
(Figure 1). At present, many studies have stud-
ied the role of biological markers in the diagno-
sis of Parkinson’s disease. Zhao et al. found 
that the levels of malondialdehy (MDA), 8-hyd- 
roxy-2-deoxyguanosine (8-OHdG) and DJ-1 pro-
tein were different at the different stages of the 
PD (Figure 1).

Clinical stage of Parkinson disease

In clinical practice, the classification of Par- 
kinson’s disease is still based on Hoehn-Yahr 
classification, but it has been revised. The 
revised Hoehn-Yahr has six levels (0-5). Among 
the six grades, two new grades, 1.5 and 2.5, 
have been added (Table 1). According to the 
severity of clinical symptoms, Parkinson’s dis-
ease can be divided into early, middle and late 
stages. Grade 1-2.5 is early stage, grade 3 is 
middle stage and grade 4-5 is late stage. This 
grading can guide the follow-up treatment.

Introduction of DBS

DBS has more than 30 years’ history of treating 
both PD and essential tremor, since first show-
ing success as early as 1980 [18, 19]. DBS, as 
one of the functional neurosurgery operations, 
can help control the symptoms such as tremor, 
bradykinesia, and stiffness of PD. When medi-
cations aren’t as effective as they used to be 
and the symptoms make everyday life a chal-
lenge, DBS may be an effective approach. Till 
now, more than 160,000 patients have been 
treated with DBS [20, 21]. DBS is a kind of 

Figure 1. Diagnostic 
process of PD.

dopaminergic therapy, the 
result is not clear. But all 
patients with PD will require 
treatment of dopamine. The 
diagnosis of PD can be made 
till that time [16]. The next 
step is to make sure that the 
patient has no absolute ex- 
clusion criteria. The final part 
of criteria is “red flags”, which 
refer to features that do not 
reach the level of absolute 
exclusion criteria [14-17]. Cli- 
nical diagnosis of Parkinson’s 
disease requires the follow- 
ing conditions: (1) there is no 
absolute exclusion criteria; (2) 
there are at least two support-
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treatment method which is known as neuro-
modulation. The effects are immediate, revers-
ible, adaptable, and titratable without neural 
tissue damage. DBS consists of three parts: 
electrodes implanted at specific targets, con-
nected wires and implantable pulse genera- 
tor. Stereotactic method is used to precisely 
locate specific targets in the brain before oper-
ation. Stimulation electrodes are implanted 
during the operation, and send electronic sig-
nals to the target continuously, which can 
reversibly change the excitability of nucleus, 
regulate the cerebral nerve circuit, and allevi-
ate the symptoms of patients. Although DBS 
has worked for many years in the clinical, many 
things such as mechanism, long-term out-
comes, target selection, and the best operation 
time window are not known very clearly. The 
effect of DBS depends on target selection, 
electrode location, programming settings, app- 
ropriate medical management, age, expected 
benefit, and perhaps genotype, among others 
[22, 23]. The stimulation parameter and loca-
tion could be titrated to maximize operation 
outcome but minimize stimulation-provoked 
adverse effects. 

Opportunity of DBS operation

DBS is regarded as an earlier treatment option 
for PD. There are no strict criteria defining “ear-
lier” use of DBS. It is usually considered that 
the time for the DBS is once patients are no 
longer benefitting from medication, or are hav-
ing significant medication side effects. With  
the increase of relevant evidence, the concept 
of timing of DBS treatment is also shifting  
[24, 25]. In 2015, the U.S. Food and Drug 
Administration (FDA) gave approval for the use 
of DBS in PD. In this approval, the earlier use of 
DBS has to satisfy the following conditions: at 

least four years duration and with a recent 
onset of motor complications, or motor compli-
cations of longer-standing duration that are not 
adequately controlled with medication. There 
have been many research teams working on 
the optimal timing frame of DBS surgery [24-
27]. Some groups investigated the potential 
benefit of DBS prior to the onset of motor com-
plications [28, 29]. Christen et al. found that 
DBS is not considered to be a treatment of last 
resort (67.0%). DBS should be offered even 
when the disease is still manageable by medi-
cations (60.4%) [30]. Laura et al. found that the 
timing of DBS is dependent on disease severity 
and medication response. Their clinical prac-
tice evidenced the mean referral timing of less 
than 4 years [31, 32]. The choice of DBS treat-
ment time should be based on the patient’s 
condition development, medication treatment 
effect and patient’s expectations and other 
aspects of comprehensive analysis.

Target selection

Appropriate target selection is the prerequisite 
for good results of DBS treatment. Because  
the mechanism of DBS surgical treatment for 
PD is not clear, the selection of target is mainly 
based on the patient’s condition and the clini-
cal experience of the operator. The most com-
monly used targets of DBS are the internal glo-
buspallidus (GPi) and subthalamic nucleus 
(STN), while pedunculopontine nucleus (PPN), 
posterior subthalamic area (PSA) and ventral-
isintermedius (VIM) are reportedly effective tar-
gets for parkinsonian tremor control [33-37]. 
With the further study of PD’s pathogenesis, 
some new targets are being explored step by 
step. Some RCT research indicated that the 
STN and GPi are equally effective in improving 
motor symptoms and suggested the same in 

Table 1. Clinical grades of PD
Grade Symptom
0 Asymptomatic
1 Unilateral/lateral body is affected, but not balance
1.5 The body is unilaterally affected and affects balance
2 The bilateral/lateral body is affected, but the balance is not affected
2.5 The bilateral side of the body is affected, but it can restore balance by itself under pull test
3 Balance affected, mild to moderate illness. But patients can live independently
4 Serious business activity ability. But patients can walk and stand on their own
5 Bed or wheelchair without help
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improving dyskinesia [37-40]. However, there 
has been discrepancy as to dyskinesia reduc-
tion between two targets. Several researches 
demonstrated that dyskinesia reduction from 
GPi was superior to STN [41, 42]. Liu et al. per-
formed a meta-analysis to evaluate the efficacy 
of STN and GPi in the dyskinesia. In their 
research, they get the following conclusion:  
GPi is superior to STN in reducing dyskinesia at 
12 months after surgery for advanced PD 
patients, and the mechanisms of dyskinesia 
reduction in STN and GPi are fundamentally dif-
ferent. STN allowed for significant dopaminer-
gic medication reduction [43]. Neudorferet  
et al. found that simultaneous stimulation of 
VIM and STN using one trajectory is good for 
control of tremors [44]. Mao’s meta-analysis 
documented that the efficacy of GPi and STN  
is similar in the on-medication phase and in  
the off-medication phase, while Vim was asso-
ciated with better improvement in UPDRS 
scores and could be a choice for tremor-domi-
nant Parkinsonism [45, 46]. Rughani gave 
some advices in their research as following: 1. 
If bilateral STN-DBS and bilateral GPi-DBS are 
equally effective in the treatment of motor 
symptoms of Parkinson’s disease, any target of 
STN or GPi can be selected to improve the 
motor symptoms of Parkinson’s disease; 2. 
Bilateral STN-DBS should be performed when 
the main objective of surgery is to reduce  
the dosage of dopaminergic drugs in patients 
with Parkinson’s disease. 3. GPi should be pre-
ferred when there is no reduction in drug 
demand and the goal is to reduce the severity 
of dyskinesia caused by drugs in the “open” 
phase. 4. GPi-DBS or other targets should be 
considered if there are major concerns about 
cognitive impairment, especially speech speed 
and working memory, in patients with PD treat-
ed with DBS. 5. GPi-DBS should be considered 
for PD patients at risk of severe depression 
[47].

In a research, they found that the target cZI 
(Caudal zonaincerta) has shown promise in 
alleviating severe parkinsonian tremor. The 
clinical application of cZI still needs large-scale 
clinical data [48, 49]. With the development of 
genomics and epigenetics, subtypes of PD can 
be identified using genetic and biochemical bio-
markers [50]. Future studies can use specific 
biomarkers to guide the selection of surgical 
targets for DBS and evaluate the therapeutic 

effect based on the expression of the biomark-
ers [51-54].

Postoperative management

At present, it is commonly used to turn on the 
machine about 4 weeks after operation. There 
is no literature and data against early start-up. 
In addition, intraoperative implantation of stim-
ulus electrodes and therapeutic electrodes 
results in edema of peripheral brain tissue and 
instability of impedance, which is prone to side 
effects such as dyskinesia, dizziness and limb 
numbness. Some research recommend con-
stant current stimulation mode for early pro-
grammable control [55, 56].

The complications should be avoided first after 
DBS operation. The common complications of 
DBS include hemorrhage, infection and elec-
trode displacement. For hemorrhage and infec-
tion, the treatment programs are relatively 
mature. The infection range is between 0 and 
15%, and the average rate is 4.5% [57, 58]. 
Intracerebral abscess is rare, but if it is not 
diagnosed in time, the result is catastrophic 
[59].

Programming is a very important work after 
operation. Accurate implantation of intraopera-
tive electrodes is the prerequisite to achieve 
therapeutic effect. Intraoperative MRI-guided 
frameless DBS can monitor the implantation 
position of electrodes in real time and reduce 
the errors caused by brain drift after cerebro-
spinal fluid loss [60]. Directional controllable 
electrodes divide annular contacts into 3 to 4 
contacts, so as to control the direction of cur-
rent, form a controllable stimulation range, 
increase the therapeutic window. The advan-
tages of directional controllable electrode are 
obvious, but its operation requirements are 
higher and the adjustment of programmable 
parameters after operation is more complicat-
ed [61]. Postoperative electrode location can 
be determined by imaging examination and 
fusion with preoperative images [62, 63].  
At present, the parameters of voltage, frequen-
cy and pulse width should be set on the ba- 
sis of the selection of stimulating electrode. 
Adjustment of parameters should be combined 
with medicine treatment. At present, besides 
the traditional program control, one way of pro-
gram control also is to implement visual remote 
program control. The development of regula-
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tion technology makes the patient’s post-oper-
ative programmable control more convenient. 
If patients need to undergo MRI examination 
after operation, the magnetic field intensity 
requirement is 1.5T; high or low are not recom-
mended. With the maturity of technology, the 
development of ultra-high field intensity MRI 
compatible DBS has become an inevitable 
trend in the future. Heat generation of DBS 
equipment in magnetic field is a potential risk 
factor affecting its safety [64, 65].

Battery exhaustion, accidental shutdown or 
removal of infected IPGs may rapidly worsen 
Parkinson’s symptoms and may lead to severe 
DBS withdrawal syndrome [66]. Patients with 
early onset, longstanding and advanced dis-
ease may be more prone to these effects  
[66, 67]. The main determinants of IPG battery 
life include battery capacity, energy consump-
tion, stimulation mode, etc. [68-70]. Low volt-
age stimulation, low frequency stimulation and 
bipolar stimulation can prolong battery life. The 
use of rechargeable devices can help the bat-
tery to last longer, and reduce the cost of bat-
tery replacement and the incidence of related 
complications [68, 71].

The development of MRI technology makes the 
preoperative target determination clearer and 
more accurate. Magnetic resonance imaging 
technology such as diffusion tensor imaging 
(DTI), susceptibility weighted imaging (SWI) and 
quantitative magnetic susceptibility imaging 
(QSM) can help operators identify nuclei more 
clearly and make surgical plans.

Development of related technologies

Intraoperative MRI can omit the steps of install-
ing head frame. Robot-assisted DBS technolo-
gy can not only save operation steps, but also 
reduce human errors and improve the accura- 
cy of surgery to a new level [60, 72, 73]. Local 
field potential (LFP) is a new technology which 
can sum of postsynaptic potential signals 
recorded near the tip of the electrode. It can be 
divided into low-frequency oscillation, β-osci- 
llation, Υ-oscillation and high-frequency oscilla- 
tion according to different frequencies. LFP can 
change after treatment with DBS or levodopa. 
LFP can be recorded by DBS electrode. DBS 
devices with LFP perception function can help 
us understand the pathogenesis of PD and the 
principle of DBS treatment [74-76].

Most DBS systems in current use are open-loop 
devices, meaning that they provide continuous 
stimulation that is not influenced by any input 
signal. Because there is no feedback regulation 
in traditional DBS, we can only adjust the 
parameters according to the clinical symptoms. 
Closed-loop DBS can overcome this shortcom-
ing. It can sense the electrophysiological sur-
rogates of PD motor signs and respond with 
delivery of an automatically adapted stimula-
tion. Closed-loop DBS is still in its infancy as a 
long-term treatment for patients with PD [77-
80]. Sensitive to the change of specific markers 
and stable operation are the necessary condi-
tions for the development and popularization of 
this technology [81].

American scholars proposed non-invasive brain 
stimulation based on frequency superposition, 
which laid a theoretical foundation for non-inva-
sive brain stimulation [82]. It is expected that 
under the guidance of MR, non-invasive brain 
stimulation can be achieved by using mag- 
netic resonance guided focus ultrasound tech-
nology to intervene target tissue [83]. The clini-
cal effect of DBS in PD is definite. With the 
development of technology, DBS will develop 
towards minimally invasive, non-invasive, min-
iature, intelligent and individualized treatment. 
Brain science related to DBS is being highly val-
ued by all countries in the world. With the devel-
opment of large data technology, it will provide 
a basis for the selection of therapeutic targets. 
Exploring the relationship between DBS and 
symptom improvement through biophysical 
computational modeling will be the direction of 
DBS development [84].

Acknowledgements

We would like to express our appreciation to 
members of Department of Neurosurgery, 
Taizhou People’s Hospital, especially those of 
Functional Neurosurgery, for their helpful com-
ments on this paper.

Disclosure of conflict of interest

None.

Address correspondence to: Xiaolin Wang, Depart- 
ment of Neurosurgery, Taizhou People’s Hospital, 
No. 366 Taihu Road, Taizhou 225300, Jiangsu, 
China. E-mail: wxl123465@sina.com; Yongkun Yang, 
Equipment Department, Taizhou People’s Hospital, 

mailto:wxl123465@sina.com


Review of DBS treating PD

1554 Int J Clin Exp Med 2021;14(4):1549-1558

No. 366 Taihu Road, Taizhou 225300, Jiangsu, 
China. E-mail: 41839432@qq.com

References

[1] Pahwa R and Lyons KE. Early diagnosis of Par-
kinson’s disease: recommendations from di-
agnostic clinical guidelines. Am J Manag Care 
2010; 16 Suppl Implications: S94-9.

[2] Parkinson J. An essay on the shaking palsy. 
1817. J Neuropsychiatry Clin Neurosci 2002; 
14: 223-236; discussion 222.

[3] Mulhearn RJ. The history of James Parkinson 
and his disease. Aust N Z J Med 1971; 1 Suppl 
1: 1-6.

[4] de Rijk MC, Launer LJ, Berger K, Breteler MM, 
Dartigues JF, Baldereschi M, Fratiglioni L, Lobo 
A, Martinez-Lage J, Trenkwalder C and Hofman 
A. Prevalence of Parkinson’s disease in Eu-
rope: a collaborative study of population-based 
cohorts. Neurologic Diseases in the Elderly Re-
search Group. Neurol 2000; 54: S21-23.

[5] Dorsey ER, Constantinescu R, Thompson JP, 
Biglan KM, Holloway RG, Kieburtz K, Marshall 
FJ, Ravina BM, Schifitto G, Siderowf A and Tan-
ner CM. Projected number of people with Par-
kinson disease in the most populous nations, 
2005 through 2030. Neurol 2007; 68: 384-
386.

[6] Raza C, Anjum R and Shakeel NUA. Parkin-
son’s disease: mechanisms, translational 
models and management strategies. Life Sci 
2019; 226: 77-90.

[7] Ma CL, Su L, Xie JJ, Long JX, Wu P and Gu L. 
The prevalence and incidence of Parkinson’s 
disease in China: a systematic review and me-
ta-analysis. J Neural Transm (Vienna) 2014; 
121: 123-134.

[8] Volpicelli-Daley LA, Luk KC and Lee VM. Addi-
tion of exogenous α-synuclein preformed fibrils 
to primary neuronal cultures to seed recruit-
ment of endogenous α-synuclein to Lewy body 
and Lewy neurite-like aggregates. Nat Protoc 
2014; 9: 2135-2146.

[9] Deng H, Wang P and Jankovic J. The genetics 
of Parkinson disease. Ageing Res Rev 2018; 
42: 72-85.

[10] Dickson DW. Neuropathology of Parkinson dis-
ease. Parkinsonism Relat Disord 2018; 46 
Suppl 1: S30-S33.

[11] Bastide MF, Meissner WG, Picconi B, Fasano S, 
Fernagut PO, Feyder M, Francardo V, Alcacer C, 
Ding Y, Brambilla R, Fisone G, Jon Stoessl A, 
Bourdenx M, Engeln M, Navailles S, De Deur-
waerdère P, Ko WK, Simola N, Morelli M, Groc 
L, Rodriguez MC, Gurevich EV, Quik M, Morari 
M, Mellone M, Gardoni F, Tronci E, Guehl D, Ti-
son F, Crossman AR, Kang UJ, Steece-Collier K, 
Fox S, Carta M, Angela Cenci M and Bézard E. 

Pathophysiology of L-dopa-induced motor and 
non-motor complications in Parkinson’s dis-
ease. Prog Neurobiol 2015; 132: 96-168.

[12] Allert N, Cheeran B, Deuschl G, Barbe MT, Cso-
ti I, Ebke M, Glaser M, Kang JS, Kelm S, Krack 
P, Kroth J, Jobst U, Leisse M, Oliviero A, Nolte 
PN, Quick-Weller J, Strothjohann M, Tamás G, 
Werner M, Muthuraman M, Volkmann J, Fasa-
no A and Groppa S. Postoperative rehabilita-
tion after deep brain stimulation surgery for 
movement disorders. Clin Neurophysiol 2018; 
129: 592-601.

[13] Cagnan H, Denison T, McIntyre C and Brown P. 
Emerging technologies for improved deep 
brain stimulation. Nat Biotechnol 2019; 37: 
1024-1033.

[14] Postuma RB, Berg D, Stern M, Poewe W, Ola-
now CW, Oertel W, Obeso J, Marek K, Litvan I, 
Lang AE, Halliday G, Goetz CG, Gasser T, Du-
bois B, Chan P, Bloem BR, Adler CH and Deus-
chl G. MDS clinical diagnostic criteria for Par-
kinson’s disease. Mov Disord 2015; 30: 
1591-1601.

[15] Heinzel S, Berg D, Gasser T, Chen H, Yao C and 
Postuma RB. Update of the MDS research cri-
teria for prodromal Parkinson’s disease. Mov 
Disord 2019; 34: 1464-1470.

[16] Reich SG and Savitt JM. Parkinson’s disease. 
Med Clin North Am 2019; 103: 337-350.

[17] Köllensperger M, Geser F, Seppi K, Stampfer-
Kountchev M, Sawires M, Scherfler C, Boesch 
S, Mueller J, Koukouni V, Quinn N, Pellecchia 
MT, Barone P, Schimke N, Dodel R, Oertel W, 
Dupont E, Østergaard K, Daniels C, Deuschl G, 
Gurevich T, Giladi N, Coelho M, Sampaio C, 
Nilsson C, Widner H, Sorbo FD, Albanese A, 
Cardozo A, Tolosa E, Abele M, Klockgether T, 
Kamm C, Gasser T, Djaldetti R, Colosimo C, 
Meco G, Schrag A, Poewe W and Wenning GK. 
Red flags for multiple system atrophy. Mov Dis-
ord 2008; 23: 1093-1099.

[18] Benabid AL, Pollak P, Louveau A, Henry S and 
de Rougemont J. Combined (thalamotomy and 
stimulation) stereotactic surgery of the VIM 
thalamic nucleus for bilateral Parkinson dis-
ease. Appl Neurophysiol 1987; 50: 344-346.

[19] Benabid AL, Pollak P, Gervason C, Hoffmann D, 
Gao DM, Hommel M, Perret JE and de Rouge-
mont J. Long-term suppression of tremor by 
chronic stimulation of the ventral intermediate 
thalamic nucleus. Lancet 1991; 337: 403-
406.

[20] Jakobs M, Fomenko A, Lozano AM and Kiening 
KL. Cellular, molecular, and clinical mecha-
nisms of action of deep brain stimulation-a 
systematic review on established indications 
and outlook on future developments. EMBO 
Mol Med 2019; 11: e9575.

mailto:41839432@qq.com


Review of DBS treating PD

1555 Int J Clin Exp Med 2021;14(4):1549-1558

[21] Okun MS. Deep-brain stimulation for Parkin-
son’s disease. N Engl J Med 2012; 367: 1529-
1538.

[22] Angeli A, Mencacci NE, Duran R, Aviles-Olmos 
I, Kefalopoulou Z, Candelario J, Rusbridge S, 
Foley J, Pradhan P, Jahanshahi M, Zrinzo L, 
Hariz M, Wood NW, Hardy J, Limousin P and 
Foltynie T. Genotype and phenotype in Parkin-
son’s disease: lessons in heterogeneity from 
deep brain stimulation. Mov Disord 2013; 28: 
1370-1375.

[23] Bronstein JM, Tagliati M, Alterman RL, Lozano 
AM, Volkmann J, Stefani A, Horak FB, Okun 
MS, Foote KD, Krack P, Pahwa R, Henderson 
JM, Hariz MI, Bakay RA, Rezai A, Marks WJ, 
Moro E, Vitek JL, Weaver FM, Gross RE and De-
Long MR. Deep brain stimulation for Parkinson 
disease: an expert consensus and review of 
key issues. Arch Neurol 2011; 68: 165.

[24] Siddiqui J, Aldaajani Z, Mehanna R, Changizi 
BK, Bhatti D, Al-Johani ZG, Wagle Shukla A, 
Fernandez HH and Bajwa JA. Rationale and pa-
tient selection for interventional therapies in 
Parkinson’s disease. Expert Rev Neurother 
2018; 18: 811-823.

[25] Lang AE, Rodriguez RL, Boyd JT, Chouinard S, 
Zadikoff C, Espay AJ, Slevin JT, Fernandez HH, 
Lew MF, Stein DA, Odin P, Fung VS, Klos-
termann F, Fasano A, Draganov PV, Schmule-
witz N, Robieson WZ, Eaton S, Chatamra K, 
Benesh JA and Dubow J. Integrated safety of 
levodopa-carbidopa intestinal gel from pro-
spective clinical trials. Mov Disord 2016; 31: 
538-546.

[26] Suarez-Cedeno G, Suescun J and Schiess MC. 
Earlier intervention with deep brain stimula-
tion for Parkinson’s disease. Parkinsons Dis 
2017; 2017: 9358153.

[27] deSouza RM, Moro E, Lang AE and Schapira 
AH. Timing of deep brain stimulation in Parkin-
son disease: a need for reappraisal? Ann Neu-
rol 2013; 73: 565-575.

[28] Charles D, Konrad PE, Neimat JS, Molinari AL, 
Tramontana MG, Finder SG, Gill CE, Bliton MJ, 
Kao C, Phibbs FT, Hedera P, Salomon RM, Can-
nard KR, Wang L, Song Y and Davis TL. Subtha-
lamic nucleus deep brain stimulation in early 
stage Parkinson’s disease. Parkinsonism Relat 
Disord 2014; 20: 731-737.

[29] Heusinkveld L, Hacker M, Turchan M, Bollig M, 
Tamargo C, Fisher W, McLaughlin L, Martig A 
and Charles D. Patient perspectives on deep 
brain stimulation clinical research in early 
stage Parkinson’s disease. J Parkinsons Dis 
2017; 7: 89-94.

[30] Schjerling L, Hjermind LE, Jespersen B, Mad-
sen FF, Brennum J, Jensen SR, Løkkegaard A 
and Karlsborg M. A randomized double-blind 
crossover trial comparing subthalamic and pal-

lidal deep brain stimulation for dystonia. J Neu-
rosurg 2013; 119: 1537-1545.

[31] Cabrera LY, Sarva H and Sidiropoulos C. Per-
spectives on the earlier use of deep brain stim-
ulation for parkinson disease from a qualita-
tive study of U.S. clinicians. World Neurosurg 
2019; 128: e16-e20.

[32] Sidiropoulos C. Reader response: quality of life 
predicts outcome of deep brain stimulation in 
early Parkinson disease. Neurology 2020; 94: 
412.

[33] Cury RG, Fraix V, Castrioto A, Pérez Fernández 
MA, Krack P, Chabardes S, Seigneuret E, Alho 
EJL, Benabid AL and Moro E. Thalamic deep 
brain stimulation for tremor in Parkinson dis-
ease, essential tremor, and dystonia. Neurolo-
gy 2017; 89: 1416-1423.

[34] Blomstedt P, Sandvik U, Fytagoridis A and 
Tisch S. The posterior subthalamic area in the 
treatment of movement disorders: past, pres-
ent, and future. Neurosurgery 2009; 64: 1029-
1038; discussion 1038-1042.

[35] Plaha P, Ben-Shlomo Y, Patel NK and Gill SS. 
Stimulation of the caudal zona incerta is supe-
rior to stimulation of the subthalamic nucleus 
in improving contralateral parkinsonism. Brain 
2006; 129: 1732-1747.

[36] Neudorfer C and Maarouf M. Neuroanatomical 
background and functional considerations for 
stereotactic interventions in the H fields of 
Forel. Brain Struct Funct 2018; 223: 17-30.

[37] Benabid AL, Pollak P, Gervason C, Hoffmann D, 
Gao DM, Hommel M, Perret JE and de Rouge-
mont J. Long-term suppression of tremor by 
chronic stimulation of the ventral intermediate 
thalamic nucleus. Lancet 1991; 337: 403-
406.

[38] Follett KA, Weaver FM, Stern M, Hur K, Harris 
CL, Luo P, Marks WJ, Rothlind J, Sagher O, Moy 
C, Pahwa R, Burchiel K, Hogarth P, Lai EC, 
Duda JE, Holloway K, Samii A, Horn S, Bron-
stein JM, Stoner G, Starr PA, Simpson R, Bal-
tuch G, De Salles A, Huang GD and Reda DJ. 
Pallidal versus subthalamic deep-brain stimu-
lation for Parkinson’s disease. N Engl J Med 
2010; 362: 2077-2091.

[39] Fasano A, Daniele A and Albanese A. Treat-
ment of motor and non-motor features of Par-
kinson’s disease with deep brain stimulation. 
Lancet Neurol 2012; 11: 429-442.

[40] Tan ZG, Zhou Q, Huang T and Jiang Y. Efficacies 
of globus pallidus stimulation and subthalamic 
nucleus stimulation for advanced Parkinson’s 
disease: a meta-analysis of randomized con-
trolled trials. Clin Interv Aging 2016; 11: 777-
786.

[41] Odekerken VJ, van Laar T, Staal MJ, Mosch A, 
Hoffmann CF, Nijssen PC, Beute GN, van Vugt 
JP, Lenders MW, Contarino MF, Mink MS, Bour 



Review of DBS treating PD

1556 Int J Clin Exp Med 2021;14(4):1549-1558

LJ, van den Munckhof P, Schmand BA, de Haan 
RJ, Schuurman PR and de Bie RM. Subthalam-
ic nucleus versus globus pallidus bilateral 
deep brain stimulation for advanced Parkin-
son’s disease (NSTAPS study): a randomised 
controlled trial. Lancet Neurol 2013; 12: 37-
44.

[42] Mei S, Eisinger RS, Hu W, Tsuboi T, Foote KD, 
Hass CJ, Okun MS, Chan P and Ramirez-Zamo-
ra A. Three-year gait and axial outcomes of bi-
lateral STN and GPi Parkinson’s disease deep 
brain stimulation. Front Hum Neurosci 2020; 
14: 1.

[43] Liu Y, Li F, Luo H, He Q, Chen L, Cheng Y, Zhang 
W and Xie Z. Improvement of deep brain stimu-
lation in dyskinesia in Parkinson’s disease: a 
meta-analysis. Front Neurol 2019; 10: 151.

[44] Neudorfer C, Hinzke M, Hunsche S, El Majdoub 
F, Lozano A and Maarouf M. Combined deep 
brain stimulation of subthalamic nucleus and 
ventral intermediate thalamic nucleus in trem-
or-dominant Parkinson’s disease using a pari-
etal approach. Neuromodulation 2019; 22: 
493-502.

[45] Krack P, Volkmann J, Tinkhauser G and Deus-
chl G. Deep brain stimulation in movement  
disorders: from experimental surgery to evi-
dence-based therapy. Mov Disord 2019; 34: 
1795-1810.

[46] Mao Z, Ling Z, Pan L, Xu X, Cui Z, Liang S and 
Yu X. Comparison of efficacy of deep brain 
stimulation of different targets in Parkinson’s 
disease: a network meta-analysis. Front Aging 
Neurosci 2019; 11: 23.

[47] Rughani A, Schwalb JM, Sidiropoulos C, Pilitsis 
J, Ramirez-Zamora A, Sweet JA, Mittal S, Espay 
AJ, Martinez JG, Abosch A, Eskandar E, Gross 
R, Alterman R and Hamani C. Congress of neu-
rological surgeons systematic review and evi-
dence-based guideline on subthalamic nucle-
us and globus pallidus internus deep brain 
stimulation for the treatment of patients with 
Parkinson’s disease: executive summary. Neu-
rosurgery 2018; 82: 753-756.

[48] Anderson D, Beecher G and Ba F. Deep Brain 
stimulation in Parkinson’s disease: new and 
emerging targets for refractory motor and non-
motor symptoms. Parkinsons Dis 2017; 2017: 
5124328.

[49] Bari AA, Fasano A, Munhoz RP and Lozano AM. 
Improving outcomes of subthalamic nucleus 
deep brain stimulation in Parkinson’s disease. 
Expert Rev Neurother 2015; 15: 1151-1160.

[50] Tropea TF and Chen-Plotkin AS. Unlocking the 
mystery of biomarkers: a brief introduction, 
challenges and opportunities in Parkinson dis-
ease. Parkinsonism Relat Disord 2018; S15-
S18.

[51] Kalia LV. Biomarkers for cognitive dysfunction 
in Parkinson’s disease. Parkinsonism Relat 
Disord 2018; S19-S23.

[52] Morishita T and Inoue T. Need for multiple bio-
markers to adjust parameters of closed-loop 
deep brain stimulation for Parkinson’s dis-
ease. Neural Regen Res 2017; 12: 747-748.

[53] Beudel M, Cagnan H and Little S. Adaptive 
brain stimulation for movement disorders. 
Prog Neurol Surg 2018; 33: 230-242.

[54] Sakai W, Nakane S, Urasaki E, Toyoda K, Sada-
kata E, Nagaishi A, Fukudome T, Yamakawa Y 
and Matsuo H. The cross-sectional area of 
paraspinal muscles predicts the efficacy of 
deep drain stimulation for camptocormia. J 
Parkinsons Dis 2017; 7: 247-253.

[55] Picillo M, Lozano AM, Kou N, Puppi Munhoz R 
and Fasano A. Programming deep brain stimu-
lation for Parkinson’s disease: the toronto 
western hospital algorithms. Brain Stimul 
2016; 9: 425-437.

[56] Karl JA, Ouyang B, Goetz S and Metman LV. A 
novel DBS paradigm for axial features in Par-
kinson’s disease: a randomized crossover 
study. Mov Disord 2020; 35:1369-1378. 

[57] Pepper J, Zrinzo L, Mirza B, Foltynie T, Limou-
sin P and Hariz M. The risk of hardware infec-
tion in deep brain stimulation surgery is great-
er at impulse generator replacement than at 
the primary procedure. Stereotact Funct Neu-
rosurg 2013; 91: 56-65.

[58] Sillay KA, Larson PS and Starr PA. Deep brain 
stimulator hardware-related infections: inci-
dence and management in a large series. Neu-
rosurgery 2008; 62: 360-366; discussion 
366-367.

[59] Merello M, Cammarota A, Leiguarda R and 
Pikielny R. Delayed intracerebral electrode in-
fection after bilateral STN implantation for Par-
kinson’s disease. Case report. Mov Disord 
2001; 16: 168-170.

[60] Chabardes S, Isnard S, Castrioto A, Oddoux M, 
Fraix V, Carlucci L, Payen JF, Krainik A, Krack P, 
Larson P and Le Bas JF. Surgical implantation 
of STN-DBS leads using intraoperative MRI 
guidance: technique, accuracy, and clinical 
benefit at 1-year follow-up. Acta Neurochir 
(Wien) 2015; 157: 729-737.

[61] Schüpbach WMM, Chabardes S, Matthies C, 
Pollo C, Steigerwald F, Timmermann L, Visser 
Vandewalle V, Volkmann J and Schuurman PR. 
Directional leads for deep brain stimulation: 
opportunities and challenges. Mov Disord 
2017; 32: 1371-1375.

[62] Lee JY, Jeon BS, Paek SH, Lim YH, Kim MR and 
Kim C. Reprogramming guided by the fused 
images of MRI and CT in subthalamic nucleus 
stimulation in Parkinson disease. Clin Neurol 
Neurosurg 2010; 112: 47-53.



Review of DBS treating PD

1557 Int J Clin Exp Med 2021;14(4):1549-1558

[63] Anderson DN, Osting B, Vorwerk J, Dorval AD 
and Butson CR. Optimized programming algo-
rithm for cylindrical and directional deep brain 
stimulation electrodes. J Neural Eng 2018; 15: 
026005.

[64] Spiegel J, Fuss G, Backens M, Reith W, Magnus 
T, Becker G, Moringlane JR and Dillmann U. 
Transient dystonia following magnetic reso-
nance imaging in a patient with deep brain 
stimulation electrodes for the treatment of 
Parkinson disease. Case report. J Neurosurg 
2003; 99: 772-774.

[65] Martin AJ. MRI in Patients with deep brain 
stimulation electrodes: balancing risks and 
benefits. Radiology 2019; 293: 184-185.

[66] Neuneier J, Barbe MT, Dohmen C, Maarouf M, 
Wirths J, Fink GR and Timmermann L. Malig-
nant deep brain stimulation-withdrawal syn-
drome in a patient with Parkinson’s disease. 
Mov Disord 2013; 28: 1640-1641.

[67] Reuter S, Deuschl G, Falk D, Mehdorn M and 
Witt K. Uncoupling of dopaminergic and sub-
thalamic stimulation: life-threatening DBS 
withdrawal syndrome. Mov Disord 2015; 30: 
1407-1413.

[68] Almeida L, Rawal PV, Ditty B, Smelser BL, 
Huang H, Okun MS, Guthrie BL and Walker HC. 
Deep brain stimulation battery longevity: com-
parison of monopolar versus bipolar stimula-
tion modes. Mov Disord Clin Pract 2016; 3: 
359-366.

[69] Rawal PV, Almeida L, Smelser LB, Huang H, 
Guthrie BL and Walker HC. Shorter pulse gen-
erator longevity and more frequent stimulator 
adjustments with pallidal DBS for dystonia ver-
sus other movement disorders. Brain Stimul 
2014; 7: 345-349.

[70] Miocinovic S, Khemani P, Whiddon R, Zeilman 
P, Martinez-Ramirez D, Okun MS and Chitnis S. 
Outcomes, management, and potential mech-
anisms of interleaving deep brain stimulation 
settings. Parkinsonism Relat Disord 2014; 20: 
1434-1437.

[71] Rizzi M, Messina G, Penner F, D’Ammando A, 
Muratorio F and Franzini A. Internal pulse gen-
erators in deep brain stimulation: recharge-
able or not? World Neurosurg 2015; 84: 1020-
1029.

[72] Vadera S, Chan A, Lo T, Gill A, Morenkova A, 
Phielipp NM, Hermanowicz N and Hsu FP. Fra-
meless stereotactic robot-assisted subthalam-
ic nucleus deep brain stimulation: case report. 
World Neurosurg 2017; 97: 762.e11-762.e14.

[73] Mazzone P, Arena P, Cantelli L, Spampinato G, 
Sposato S, Cozzolino S, Demarinis P and Mus-
cato G. Experimental new automatic tools for 
robotic stereotactic neurosurgery: towards “no 
hands” procedure of leads implantation into a 

brain target. J Neural Transm (Vienna) 2016; 
123: 737-750.

[74] Little S, Pogosyan A, Neal S, Zavala B, Zrinzo L, 
Hariz M, Foltynie T, Limousin P, Ashkan K, 
FitzGerald J, Green AL, Aziz TZ and Brown P. 
Adaptive deep brain stimulation in advanced 
Parkinson disease. Ann Neurol 2013; 74: 449-
457.

[75] Rosa M, Giannicola G, Servello D, Marceglia S, 
Pacchetti C, Porta M, Sassi M, Scelzo E, Barb-
ieri S and Priori A. Subthalamic local field beta 
oscillations during ongoing deep brain stimula-
tion in Parkinson’s disease in hyperacute and 
chronic phases. Neurosignals 2011; 19: 151-
162.

[76] Dayal V, Limousin P and Foltynie T. Subthalam-
ic nucleus deep brain stimulation in Parkin-
son’s disease: the effect of varying stimulation 
parameters. J Parkinsons Dis 2017; 7: 235-
245.

[77] Hell F, Palleis C, Mehrkens JH, Koeglsperger T 
and Bötzel K. Deep brain stimulation program-
ming 2.0: future perspectives for target identi-
fication and adaptive closed loop stimulation. 
Front Neurol 2019; 10: 314.

[78] Tan H, Debarros J, He S, Pogosyan A, Aziz TZ, 
Huang Y, Wang S, Timmermann L, Visser-
Vandewalle V, Pedrosa DJ, Green AL and Brown 
P. Decoding voluntary movements and postur-
al tremor based on thalamic LFPs as a basis 
for closed-loop stimulation for essential trem-
or. Brain Stimul 2019; 12: 858-867.

[79] Houston B, Thompson M, Ko A and Chizeck H. 
A machine-learning approach to volitional con-
trol of a closed-loop deep brain stimulation 
system. J Neural Eng 2019; 16: 016004.

[80] Moraud EM, Tinkhauser G, Agrawal M, Brown P 
and Bogacz R. Predicting beta bursts from lo-
cal field potentials to improve closed-loop DBS 
paradigms in Parkinson’s patients. Annu Int 
Conf IEEE Eng Med Biol Soc 2018; 2018: 
3766-3796.

[81] Deeb W, Giordano JJ, Rossi PJ, Mogilner AY, 
Gunduz A, Judy JW, Klassen BT, Butson CR, 
Van Horne C, Deny D, Dougherty DD, Rowell D, 
Gerhardt GA, Smith GS, Ponce FA, Walker HC, 
Bronte-Stewart HM, Mayberg HS, Chizeck HJ, 
Langevin JP, Volkmann J, Ostrem JL, Shute JB, 
Jimenez-Shahed J, Foote KD, Wagle Shukla A, 
Rossi MA, Oh M, Pourfar M, Rosenberg PB, Sil-
burn PA, de Hemptine C, Starr PA, Denison T, 
Akbar U, Grill WM and Okun MS. Proceedings 
of the fourth annual deep brain stimulation 
think tank: a review of emerging issues and 
technologies. Front Integr Neurosci 2016; 10: 
38.

[82] Grossman N, Bono D, Dedic N, Kodandara-
maiah SB, Rudenko A, Suk HJ, Cassara AM, 



Review of DBS treating PD

1558 Int J Clin Exp Med 2021;14(4):1549-1558

Neufeld E, Kuster N, Tsai LH, Pascual-Leone A 
and Boyden ES. Noninvasive deep brain stimu-
lation via temporally interfering electric fields. 
Cell 2017; 169: 1029-1041, e16.

[83] Fishman PS and Frenkel V. Treatment of move-
ment disorders with focused ultrasound. J 
Cent Nerv Syst Dis 2017; 9: 117957351770- 
5670.

[84] Little S and Bestmann S. Computational neuro-
stimulation for Parkinson’s disease. Prog Brain 
Res 2015; 222: 163-190.


