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ARTICLE INFO ABSTRACT

Keywords: Deep Brain Stimulation (DBS) is a well-established therapeutic option for patients with Parkinson's disease (PD).
Parkinson's disease The high variability observed in the outcome demands better prediction criteria to select candidate patients that
Genetics may obtain the best results from DBS. Recent advances in genetics have provided important tools to investigate
Deep brain stimulation variability in clinical features of PD patients, creating the possibility to correlate the patient's individual gen-
l(jfr/;in otypes with clinical outcome of therapeutic responsiveness. The purpose of this review is to examine current
LRKK2 evidence supporting the role of genetic background on the DBS efficacy. Three databases were searched to

identify relevant articles reporting the outcomes of DBS in patients with PD and related genetic mutations.
Twelve studies that compared the DBS response in different genetic forms of PD and non-mutated cases were
found; mutations in PRKN, LRRK2 and GBA were the most common PD-related mutations. All the studies
confirmed the effectiveness of DBS to control motor symptoms independently from the genetic status of patients,
although some differences in the response to DBS were found. Due to the several limitations of the available data,
all the existing evidence is preliminary. Future well-designed studies are needed to draw more consistent con-
clusions about genotype-related differences on DBS outcome.

1. Introduction

Deep brain stimulation (DBS) is a surgical option to treat Parkinson's
Disease (PD) through the high frequency electrical stimulation of a
selected target [1]. The most commonly used targets in PD are the
subthalamic nucleus (STN), the globus pallidus internus (GPi) and the
ventralis intermediate nucleus (Vim) of the thalamus. DBS disrupts the
abnormal information flow that occurs through the cortico-basal
ganglia loop in PD improving motor symptoms [1] and it is mainly
indicated for the treatment of PD with severe motor complications;
several studies demonstrated its efficacy in improving motor symptoms
and health-related quality of life (HRQoL) [2-4]. The outcome of DBS is
determined by different factors such as the patient selection, surgical
procedure and electrode placement, postoperative setting of stimula-
tion parameters and adjustment of pharmacological therapy [5].

Patient selection is of pivotal importance, and relevance is given to
the disease duration, age, levodopa responsiveness, type and severity of
levodopa-unresponsive symptoms, cognitive and psychiatric issues,
comorbidities and brain MRI alterations. Generally, the best results are
observed in patients with a good response to levodopa, a younger age
and no or few axial non-levodopa-responsive motor symptoms [6].

Moreover, optimal candidates must have no cognitive impairment nor
significant psychiatric disorders [7].

In spite of these selection criteria, a significant inter-individual
heterogeneity can be observed in DBS outcome, both in the control of
motor symptoms and the emergence of cognitive/psychiatric dis-
turbances [8]; in this context, adding more information for the char-
acterization of patients could provide a more precise and personalized
approach to the treatment of parkinsonian patients with DBS.

Over the last two decades, substantial progress has been made in
understanding the genetics of PD; data on both Mendelian genetics and
genome-wide association studies (GWAS) led to the identification of
several chromosomal loci that cause or modulate the risk for PD [9-13].

In addition, genetic factors can be associated to specific clinical
pictures and may also influence the response to the therapy [14]. Mu-
tations of a-synuclein (SNCA; PARK1), parkin (PRKN; PARK2), PTEN-
induced putative kinase 1 (PINK1; PARK6), DJ-1 (PARK7) and Leucine-
rich repeat kinase 2 (LRRK2; PARKS8) genes have been associated with
monogenic forms of PD and linked to specific clinical characteristics
slightly different from those observed in non-mutated patients. Patients
with mutations in PRKN usually show juvenile-PD (JPD, onset < 21
years old) or early-onset PD (EOPD, between 21 and 40 years old) with
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a slow clinical course, excellent response to low doses of levodopa and
frequent treatment-induced dyskinesias [15]. Specific characteristics
have also been associated to genetic risk factors for PD, such as GBA; PD
patients with some GBA mutations (GBA-PD) tend to have an earlier
onset of symptoms, more aggressive disease, with more severe and
earlier cognitive impairment and psychiatric manifestations [16].
Current evidence suggests that the genetic background may influ-
ence the clinical picture, the natural progression of the disease and the
individual responsiveness to treatments [17]; however, it is still unclear
how genetic factors influence the outcome of DBS. The observation that
genetic forms of PD are over-represented among cohorts of patients
undergoing DBS [18] raised further interest regarding the relationship
between genotype and DBS responsiveness. Data on DBS outcomes in
patients with PD-related mutation are still not conclusive; existing
studies are highly heterogeneous in the selection of patients, in-
vestigated outcomes and duration of the follow-up. The aim of the
present review is to summarize the current evidence on relationship
between genetic status of PD patients and DBS responsiveness.

2. Material and methods

To identify relevant articles investigating the impact of genetic
status on DBS outcome in PD we performed a search on PubMed,
Embase and Cochrane Library databases; key words for the search were
“Parkinson's Disease”, “Gene”, “Genetic variation” and “Deep Brain
Stimulation”; major details of the queries used to interrogate each da-
tabase and the flow diagram of search strategy are provided in
Supplementary File 1. Additional records were identified by searching
the literature list of the references cited in relevant studies. The search
was updated to 24 October 2017 and was not restricted by year of
publication. After removing duplicated articles, two independent au-
thors screened the titles and the abstracts of all the retrieved records. To
be included, the studies had to report the score of the motor section
(part III) of the Unified Parkinson's Disease Rating Scale (UPDRS-III),
assessed at baseline and after DBS at least in 1 medication-stimulation
(med-stim) condition. Other outcomes of interest were cognitive func-
tion (assessed with different instruments), UPDRS part I (non-motor
activities of daily living), II (motor activities of daily life) and -IV
(motor complications), Hoehn and Yahr (HY) stage, Schwab and
England Activities of Daily Living Scale (SE), motor subscores of the
UPDRSIII and levodopa equivalent daily dosage (LEDD) before and
after DBS. Only full articles published in English were included. The
study design, number of subjects, mutational status, follow-up period,
assessments tool and outcome measures of each study are reported in
Table 1. Case reports, case series and small descriptive studies were
briefly discussed, even when they did not fulfill the criteria above re-
ported, if they added further information or referred to other genes not
considered in larger studies (Table 2).

3. Results

We identified 30 relevant papers. Twelve of them were comparative
studies, either retrospective or prospective, investigating the differences
in the outcome between PD patients carrying different genetic muta-
tions (MC) and non-mutation carriers (NC) in the DBS cohorts [19-30].
The main characteristics of these studies are listed in Table 1, the dif-
ferent methods used to screen mutations for each study are reported in
Supplementary Table 1 and the individual mutations identified are in-
dicated in Supplementary Table 2. The size of population in compara-
tive studies varied from 14 to 94, the follow-up ranged from six months
to 10 years and enrollment criteria and genetic testing methods were
different across the several studies. Mutations in PRKN, LRRK2 and
GBA genes were found more frequently than in other PD-associated
genes. UPDRS-III scores and LEDDs before and after DBS according to
genetic mutations are reported in Table 3. Different instruments were
used to assess cognitive functions across the studies (Table 1). Among
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the remaining 18 retrieved articles, 14 were case reports [31-44], one
was a case series study [45] and the remaining were studies describing
the outcome of patients carrying mutation treated with DBS as a part of
other studies [46-48]. These reports are summarized in Table 2.

3.1. PRKN genetic status and DBS outcome

Six studies analyzed the differences in the outcome of DBS between
PRKN MC and NC or carriers of other mutations [19,22-24,26,27].
Three of them only included patients with EOPD [23,24,26].

A total of 315 subjects were enrolled; PRKN gene alterations were
found in 47 patients, either homozygote/compound heterozygote (24
cases) or single heterozygote mutations (23 cases). In two cases [19,23]
the authors did not consider single mutations for the subsequent ana-
lysis, so five patients were excluded. In one study [22] patients with
mutations of PRKN, PINK1 and LRRK2 were not considered separately.
The target of DBS was the bilateral STN in 38 cases, bilateral GPi in
three cases and unilateral GPi in one case.

Outcome evaluations across the studies confirmed the effectiveness
of DBS; in the majority of studies, there were no significant differences
between the improvement in the UPDRS-III scores and the reduction of
LEDD after DBS between MC and NC (Tables 1 and 3)
[19,22-24,26,27]. Case reports confirmed the efficacy of STN-DBS
[34,39,40,48] and GPi DBS [48] in PRKN MC patients, even in a pe-
diatric case [38] (Table 2).

The comparison between MC and NC patients showed significant
differences in some studies. PRKN MC patients in the DBS-group tended
to have younger age and a longer duration of PD at baseline [19,23];
the age at onset of PD was significantly younger and the disease
duration at DBS significantly longer in patients with double PRKN
mutations compared to patients with single or no PRKN mutations [24].
In one study, patients with double PRKN mutations showed a lower
LEDD than NC after DBS [24]; in another study PRKN MC showed a
greater LEDD reduction after DBS compared to NC [27]; a lower LEDD
in PRKN MC than in NC were noted, although not confirmed statisti-
cally, both at baseline and after DBS, in other two studies [23,27].

A significantly higher UPDRS axial score after DBS in OFFmed/
ONstim condition in PRKN MC (5.5 = 3.1) compared to PRKN NC
patients (2.0 + 1.4) was reported in one study [23]; there was already
a difference, although not significant, between PRKN MC (8.0 = 4.4)
and NC (5.3 + 2.4) at baseline in OFFmed condition. Another study
reported a worse response in PRKN MC than NC after DBS (lower im-
provement in UPDRS total motor scores, akinesia and postural in-
stability and gait disturbance subscores, and H-Y score in OFFmed/
ONstim condition) at short-term follow-up (3-12 months), but a com-
parable response to NC at a longer follow-up (3-6 years) [26].

3.2. LRRK2 genetic status and DBS outcome

The effectiveness of DBS in patients carrying LRRK2 mutations has
been investigated in seven studies for a total of 359 PD patients who
underwent DBS [19-22,28-30]. The mutations mentioned in the dif-
ferent studies are a combination of clearly established pathogenic mu-
tations and genetic risk factors with variable penetrance and biological
effect. Six out of seven studies [19-22,28,29] found heterozygous
LRRK2 mutations in a total of 49 patients. Considering that some stu-
dies examined only specific LRRK2 mutations, G2019S mutations were
found in 44 patients, R1441G mutations in four patients and T2031S
mutation in one patient. One study focused on the LRRK2 variant
rs1491923 [30]. The target of DBS was the bilateral STN in all 49 cases.
Among the considered studies no significant difference between LRRK2
G2019S MC and NC was reported in improvement in the UPDRS-III
scores, reduction of LEDD, and in cognition or psychiatric symptoms in
studies that considered these aspects [21,29] (Tables 1 and 3). A recent
study [28] reported a greater improvement in LRRK2 G2019S MC
compared to NC.
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S SEEN
o o= é ; g DBS outcome of patients with another well-established genetic risk
E 5 Eu R P_.Z S factor for PD, the MAPT gene haplotype H1, which was considered only
o 0 =R .. .
AR % 8 g in one study [22].
m %R g = S
|2 R T =l E Lo~
Saodan =070 3
D 0 = o > e . .
ERE B L% 8 4. Discussion
g8’ s 35 &
=} =] 5ET2Q
2 B = E 25eE . ) .
E é é E 5 T g 2 Several studies have demonstrated the efficacy of DBS in advanced
£§90:0 B ; 5 PD to control motor symptoms and complications with a reduction of
E‘é ‘%E S S g ) levodopa intake and an improvement in HRQoL [50-53]. In the long-
= % - % é g g.g term follow-up, although DBS continues to be effective on tremor, ri-
—f; 5 s 5 P el '§ 8 gidity, bradykinesia and motor fluctuations, PD-related disability can
E SRS % T2 E* increase because of the worsening of levodopa-resistant motor symp-
=1 = 3 . - 1 . - i
& ~a=a E 'g 88 toms (hypophonia, postural instability, freezing of gait) and cognitive
E =4 8 impairment [3,4,54,55]. Considering the clinical heterogeneity of PD in
t= R
2 g8 respect to the age of onset, motor ph linical i d
o o S88= p g " phenotype, clinical progression an
E g ; g2 burden of non-motor-symptoms, an accurate selection of patients is
5 ? & E ] ‘é' pivotal for a sustained and long-term positive outcome of DBS [6]. The
[
Eoe g § =8 genetic background may influence the natural progression of the dis-
2 S g g g 5 2 ease and contribute to the high heterogeneity of clinical features and
— s S - N .
2 é é E E g g treatment outcomes [17]; therefore, a better understanding of whether
~ AR 5 8585 . : . .
R R genetic subtypes of PD may influence the DBS responsiveness is re-
EgE< levant to develop a more lized and tailored treatment of PD
YT p personalized and tailored treatment o .
£ 'i § 2 g Data analyzed in this review confirmed that DBS is effective in the
B 3 = g8 8= control of motor symptoms both in MC and NC patients, although some
T ymp p 8
S - -
- 3; g 2 S| differences in response to DBS were reported.
2 ] 'z E § The majority of studies [19,22,24,27] confirmed an improvement of
= RS .
@ Z zZz = g-gs" ) PRKN MC from DBS comparable to that observed in NC. Only two
A w Owno 29= 5 studies [23,26] showed less satisfactory improvement in MC patients.
5 e s Ki 1 d a significantly higher UPDRS axial fter DBS
= 2 ges im et al. reported a significantly higher axial score after
5 . 3 =
R .§ @ g i (in OFFmed/ONstim) in PRKN MC than NC; however, there was already
a é? 5 g. : g?: a difference, although not significant, at baseline in OFFmed condition,
£ = o £ ':; L; > %5 and this could reflect a heavier burden of axial symptoms responsible
- _ & -FE 8 for a worse response to DBS [23]. Another study reported a worse re-
© . 1
$282| o son -§’ 5 g5 sponse in PRKN MC than NC at a short-term follow-up, but a compar-
Rl B @ % g 3 able response to NC at a longer follow-up; as stated by the authors, a
= © % TS possible explanation could be that MC had a more advanced disease at
© =~ 7?5 . . . . .
g 2 = | hi ; ] 5 4] baseline (higher axial scores with poor response to levodopa), while NC
R B S E3 8 had later but faster progression of disease after three to five years of
4 E ; ?a treatment, with a consequent abolition of the initial difference in the
5 E = E responsiveness to STN-DBS [26]. Further studies are needed to clarify
b= v -2 . .
= - R the role of PRKN mutations on DBS response, also comparing the re-
=
- g § 8 % sponse of PRKN MC to DBS versus conventional medical therapy.
L ~ . . . .
. S5 & S 2 A The outcome of GBA-PD after DBS is of particular interest, given
-
E g 3 v g '% ; that approximately 12-17% of DBS PD patients are GBA mutation
% g E_ % q LZJ" é I*g carriers, and that PD patients carrying some GBA variants seem to be
g " g B S 5 525 more susceptible to develop cognitive impairments [16,18,19,57].
>~ .o . . .
= S Bmiw 8 E °°>‘3f GBA-PD patients undergo to DBS earlier than NC patients, probably
; 2588 because of a more aggressive disease; although their motor response to
. = a o 8 =} 88 ] g P
Ej 8 E 8 2 E DBS is positive, at a longer follow-up they show more complications,
@ s g g EE '3 2 particularly a more severe and rapid cognitive impairment. This is
£ Tg T 3 -E E g ¥ consistent with current evidence that suggests that PD patients carrying
2 SE8A&R S o8& specific GBA mutations have a greater burden of cognitive impairment
Z g T A P g g p
= = 25 than NC patients [16]. However, a comparison with patients with GBA-
Easy PD not undergoing DBS has not yet been performed; it is therefore
Ao B ’
& % § § difficult to estimate the relative role of the natural history of GBA-PD
§ Ci é &0 and DBS in respect to the cognitive impairment. Moreover, data from
3 ER: 5 currently available studies are insufficient to evaluate a different out-
Y H 5 g come between GPi- or - in these patients, which wou e
g“{gm bet GPi-DBS or STN-DBS in these patients, which 1d b
E‘% ] 8 interesting because of a potentially higher risk for neuropsychiatric
g g8 5A symptoms observed in STN-DBS compared to GPi-DBS [56]. Further
< 5] o> ymp p
§ E g A % S & studies are also necessary to elucidate the effect of DBS in patients
§ ! s & 20 & é carrying different GBA variants, considering that specific mutations, as
S| & I § s oy~ L444P, seem to be related with a higher risk of developing cognitive
~ il =% . . . PO .
~ % E ; :&‘G & 5 - problems [57]. Given the few studies published, it is not possible to
Q . . .
2| 5 S g Mo gE definitely consider GBA-PD patients as poor candidates for DBS.
s | O © o) g5 E . . .
= A § Sl=} Interestingly, the response to DBS in LRKK2 mutated patients seems
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to be different depending on which mutation is considered. Patients
with G2019S mutations seem to have a satisfactory response, even
better than NC patients, while a worse response has been reported in
patients with R1441G mutations. It is to clarify whether this different
response could be related to the different domain involved (the kinase
domain for the G2019S mutation, the Ras of complex proteins — ROC -
domain for the R1441G) [58].

No differences were observed on cognitive functions between
LRRK2 MC and NC. A satisfactory response after DBS was also reported
by case report studies in patients carrying R793M or Y1699C muta-
tions.

An important limit of these studies is that the pathogenicity has not
been solidly established for all LRKK2 variants. LRRK2 G2019S,
R1441C/G/H and Y1699C variants are reported to be pathogenic, while
the role of the LRRK2 R793 M and T2031S variants is not well estab-
lished. Other variants such as the G2385R and R1628P seem to be only
a risk factor for PD in some population [59].

A particularly satisfactory response to DBS has been reported in
SNCA rs356220 variant carriers; however, this has been observed in an
SNCA variant at a short follow-up [30] and this could represent sig-
nificant limits, especially given that SNCA variability may modulate the
cognitive profile in PD [60].

Only case reports are available regarding other mutations; although
no conclusion can be deducted, all the studies reported positive out-
comes.

Based on the above findings, the available data do not allow a de-
finitive conclusion on the impact of genotype on the DBS outcome and
should be interpreted with great caution, given the numerous limita-
tions.

Firstly, the available information on genetic status is limited to a
few PD related genes. Selection criteria have made the cohort of DBS
patients a valuable resource to identify the genetic forms of PD because
of the inclusion of relatively young patients with a long PD duration,
and a relative uniformity of clinical features across the groups.
Therefore, such consistency may have introduced a bias in the analysis,
as most of the available information so far has been limited to a few
genes among those more frequently mutated in PD. Also, the variability
in the approaches used across the studies to screen PD-related genes
may have significantly influenced the results: the techniques used to
analyze genetic alterations were not uniform (full sequencing analysis,
MLPA or linkage analysis) (Supplementary Table 1) with some studies
investigating only specific mutations in some genes (i.e. G2019S for
LRRK2) whereas others assessing several known mutations. Some stu-
dies on PRKN MC included in the analysis exclusively patients with
homozygous mutations, whereas some others considered heterozygous
carriers. There is evidence that individuals with two PRKN mutations
have younger AAO than those with only one mutation or without mu-
tations, while it is still unclear whether a mutation in only one allele
may increase the risk for PD [61].

Other factors that may confound the results of the studies include
widely heterogeneous cohorts with respect to the size, the demographic
data and the enrollment criteria of patients; in some studies, patients
were selected according to clinical features (age of onset, family his-
tory), while in other studies they were not selected. Moreover, most
studies were retrospective and based solely on recorded medical data;
hence, data may be insufficient to completely evaluate the effects of
DBS.

Also the lack of data relative to the different conditions of stimu-
lation and drug intake make it difficult to distinguish between the ef-
fects of pharmacological therapy and DBS.

The great variability in the length of follow-up and the lack of data
on the long-term effects of DBS represent a further significant limitation
of the studies.

Also, it is possible to hypothesize a publication bias linked to the
report of only positive outcomes in MC.

Several variables should be considered as possible confounding
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factors in the assessment of the DBS response of patients with different
genetic profiles.

For example, it is known that recessive PD is often associated with
early onset of symptoms and with a phenotype characterized by the
presence of a few motor symptoms, a slow disease progression and a
good response to levodopa [61]; on the other hand, there is evidence
that the phenotype of EOPD, with a few non-motor symptoms, is not
correlated to genotype but with age at onset [62]. It is therefore diffi-
cult to attribute the different response to DBS of EOPD to the genotype
rather than to the age of onset of the disease.

Another relevant confounding factor is the intrinsic characteristics
of DBS, a complex treatment with a wide possibility of modifying sti-
mulation parameters in order to adapt stimulation to the patient's
needs. Different parameter settings may determine different side ef-
fects: high intensity stimulations can spread to brain areas near to the
target, determining the onset of either motor or non-motor adverse
effects, and the clinical effect of the diffusion may be different de-
pending on patient's characteristics. For example, the stimulus spread to
associative or limbic areas could worsen cognitive functions in patients
already at risk for cognitive impairment (eg., older patients or GBA-PD
patients) more than in other patients.

The role of the stimulation parameters is often poorly considered in
the studies, but it can be a relevant confounding factor when attempting
to analyze the outcome of DBS in patients with different genotype.
Moreover, most of the studies referred to the effectiveness of STN-DBS,
with the lack of comparison of outcome between different targets in
different genetic PD forms.

In conclusion, due to the several limitations in the available data, no
definitive conclusion can be drawn yet on the genotype impact on DBS
outcome. All the existing evidence is preliminary, and well-designed
prospective studies, performed on larger cohorts with longer follow-up
and assessing a wider PD gene related panel are needed to reliably
decipher genotype related differences in DBS outcome and therefore
offer new insights to customize the treatment of PD.
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