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ABSTRACT: BackgroundBackground: The long-term impact of deep brain stimulation (DBS) on Parkinson’s disease (PD) is
difficult to assess and has not yet been rigorously evaluated in comparison to its natural history.
ObjectiveObjective: Comparison of key disability milestones (recurrent falls, psychosis, dementia, and institutionalization)
and death in patients with PD with versus without DBS.
MethodsMethods: We collected retrospective information from clinical notes of patients with PD at our center that were
implanted with subthalamic DBS >8 years ago (1999–2010) and a control group of PD patients without DBS
similar in age at onset, age at baseline, sex distribution, and number of comorbidities at baseline (extracted
from a registry study performed in 2004). Cox regression models were used to calculate hazard ratios, adjusted
for potential baseline confounding variables (age, sex, disease duration, disease severity, and number of
comorbidities).
ResultsResults: A total of 74 DBS-treated and 61 control patients with PD were included. For a median observational
period of 14 years, patients treated with DBS were at lower risk of experiencing recurrent falls (hazard
ratio = 0.57; 95% confidence interval, 0.37–0.90; P = 0.015) and psychosis (hazard ratio = 0.26; 95% confidence
interval, 0.12–0.59; P = 0.001) compared with control patients. There was no significant difference in risk for
dementia, institutionalization, or death. Disease progression as assessed by Hoehn and Yahr scores was not
slower in DBS-treated patients.
ConclusionsConclusions: Treatment with chronic subthalamic DBS was associated with lower risk for recurrent falls and
psychotic symptoms, effects that may be mediated through improved motor symptom control and reduction in
dopaminergic therapies, respectively. There was no evidence for DBS effects on underlying disease progression.

Parkinson’s disease (PD) is a relentlessly progressive neurodegen-
erative disorder leading to increasingly disabling motor and non-
motor symptoms with a substantial risk for dependency and
reduced life expectancy.1 In the very advanced stages of the dis-
ease, a set of disability milestones including psychosis, falls,
dementia, and institutionalization tend to cluster together before
death.2 Although levodopa and other dopaminergic therapies can

effectively control motor symptoms, these treatments do not
modify underlying disease progression or normalize life expec-
tancy.3,4 Deep brain stimulation (DBS) of the nucleus subthalamicus
(STN) is dramatically effective in reducing levodopa-related motor
complications and improving quality of life in patients with moder-
ately advanced PD with benefits shown to persist for up to 5 to
10 years.5 However, the effect of DBS on the eventual evolution
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of key disability milestones and on overall survival is largely
unknown. In fact, there are only a few uncontrolled long-term
studies reporting frequencies of key disability milestones in DBS
patients,6 and 4 controlled studies have assessed survival compared
with medically managed patients7–10 yielding conflicting findings.11

The aim of our study was to assess the impact of STN-DBS
on emergence of psychosis, recurrent falls, dementia, institution-
alization, and death as well as progression of disability in a longi-
tudinal cohort of patients with PD under long-term subthalamic
stimulation in comparison with a purely medically managed
cohort.

Methods
Cohort
We searched our database for all patients with PD with sub-
thalamic DBS implanted at our center more than 8 years before
data collection (December 2018) and 77 patients with a surgery
date between 1999 and 2010 were included. Standard (exclu-
sion) criteria for surgery had been used at our center:6,12 patients
with PD younger than 70 to 75 years (biological age), a good
motor response to levodopa, and severe motor fluctuations, dis-
abling levodopa-induced dyskinesia, and/or severe rest tremor,
despite optimization of medical therapy, were considered for sur-
gery. Exclusion criteria were dementia, major active psychiatric
disorders, major abnormalities on preoperative brain magnetic
resonance imaging scans, and other major contraindications to
surgery (e.g. coagulopathies, uncontrolled hypertension, malig-
nancies). Patients were followed at least annually from surgery
until December 2018 or until death. A control group of medi-
cally managed patients with PD was extracted from a registry
study (EuroPa),13 a random prospective outpatient sample of
patients with PD entered in 2004 at our center, for whom data
on corresponding long-term outcomes could be obtained. Base-
line was defined as the last visit before surgery for the DBS group
and the index date in the middle of the EuroPa study period for

the control group. Of the 203 patients entered in the EuroPa
registry at our site, we went ahead with complete data extraction
as detailed below for all that were similar in age at onset (approx-
imate range of DBS patients 30–65 years), age at baseline
(approximate range of DBS patients 40–75 years), and would
have met DBS eligibility criteria at baseline but did not undergo
DBS (n = 64). Patients from the EuroPa study that had DBS
(n = 23) were either included in the DBS group (if eligible) or
excluded from the current analysis (if surgery was after 2010).

The study was approved by our local ethics committee and
performed in accordance with the Declaration of Helsinki.

Data Extraction and Definition of
End Points
Baseline data were retrospectively extracted from clinical records
(hospital discharge letters and outpatient reports). They included
age of onset, age at baseline, sex, and number of comorbidities
according to the Charlson comorbidity index at baseline; and
Hoehn and Yahr (H&Y) stage on medication, levodopa equiva-
lent dose,14 and total number of medications including non-PD-
associated therapies at baseline and last follow-up visit. In addi-
tion, for the DBS group, H&Y stages on medication were
extracted from the 3-month (range 2–4) visit after the DBS pro-
cedure. Source data from all included patients were systematically
and independently screened by 2 authors (P.M. and M.P. or
M.W.) for the following end points: (1) recurrent falls (i.e. more
than 1 fall per year),15 (2) psychosis defined as persistent halluci-
nations or delusions in 2 subsequent hospital letters/reports or
hallucinations or delusions on 1 occasion with the need of reduc-
ing offending PD medication or the need of introducing antipsy-
chotic medications (transient episodes of hallucinations/delusions
attributed to precipitators such as infections or metabolic causes
were not included), (3) diagnosis of dementia as per formal neu-
ropsychological assessment16 or cognitive decline in hospital let-
ters/reports with the introduction of antidementive therapies,
(4) institutionalization, and (5) death. Death was additionally
ascertained by information obtained from the official Austrian

TABLE 1 Baseline characteristics of groups

Characteristics STN-DBS, n = 74 Controls, n = 61 P Value

Female/male 24/50 20/41 0.56
Age at baseline 62.6 (56.7–68.8) 63.4 (55.4–70.0) 0.53
Age at onset 49.2 (41.0–55.0) 50.9 (46.1–57.1) 0.095
Disease duration 11.9 (9.3–15.8) 8.4 (5.3–15.1) 0.014
Number of comorbiditiesa 0 (0–0) 0 (0–0.5) 0.97
Number of medications 6.0 (4.0–8.0) 4.0 (2.0–7.0) 0.003
LED 1210 (930–1563) 900 (600–1325) <0.001
LED post DBSb 532 (288–900) <0.010
H&Y baseline 2.0 (2.0–2.5) 2.30 � 0.43 2.0 (1.5–2.0) 2.00 � 0.60 0.001
H&Y post DBSb 2.0 (2.0–2.5) 2.12 � 0.55 0.21

Metric and ordinal variables are given in medians (25th–75th percentile) and Hoehn and Yahr scores are additionally given in
means � standard deviation to visualize the slight difference more accurately.
aAccording to the Charlson comorbidity index.
bPost DBS refers to a visit undertaken approximately 3 (range 2–4) months after DBS implantation.
DBS, deep brain stimulation; LED, levodopa equivalent dose; H&Y, Hoehn and Yahr stage; STN, subthalamic nucleus.
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Institute of Statistics (Statistik Austria). For end points 1 to 3, the
event was set at the time for which both investigators agreed that
data unequivocally documented its presence.

Statistical Analysis
For comparisons between groups, the chi-square test for categorical
variables and the Mann-Whitney U test for metric variables were

used, as non-normal distributions were shown by the Kolmogorv-
Smirnov test throughout. To compare risk for the predefined end
points, Cox regression models were used to calculate hazard ratios
(HR), adjusted for the potential baseline confounders age, sex, dis-
ease duration, disease severity according to H&Y scores, and number
of comorbidities. As a crude measure of disease progression, differ-
ences in H&Y scores between baseline and last follow-up were cal-
culated in each patient. In patients with DBS, this was done using

TABLE 2 Follow-up characteristics of groups

Characteristics STN-DBS, n = 74 Controls, n = 61 P Value

Observational period until 12/2018, yrs 13.3 (10.6–16.7) 14.6 (14.6–14.6) 0.065
Time from baseline until last FU or death, yrs 8.9 (7.3–11.5) 9.3 (4.8–13.6) 0.94
n medications last FU 7 (5–9) 8 (4–11) 0.11
n medications difference from baseline 1 (−1 to 3) 3 (1–6) <0.001
LED last FU 788 (500–900) 1100 (900–1500) <0.001
LED difference from baseline −508 (−753 to −100) 200 (−100 to 445) <0.001
H&Y last FU 4.0 (2.5–4.0) 3.43 � 0.97 4.0 (2.5–4.0) 3.52 � 1.00 0.63
Increase H&Y baseline to last FU 1.0 (0.5–2.0) 1.14 � 0.94 1.5 (1.0–2.0) 1.53 � 0.91 0.025
Increase H&Y post DBSa to last FU 1.0 (0.5–2.0) 1.32 � 0.88 0.22

Metric and ordinal variables are given in medians (25th–75th percentiles) and Hoehn and Yahr scores are additionally given in
means � standard deviation to visualize the slight difference more accurately.
aPost DBS refers to a visit undertaken approximately 3 (range 2–4) months after DBS implantation.
DBS, deep brain stimulation; FU, follow-up; LED, levodopa equivalent dose; H&Y, Hoehn and Yahr stage; STN, subthalamic nucleus.

FIG. 1. Event-free survival in the DBS-treated group and in the control Parkinson’s disease group. Cox regression models were used to
calculate hazard ratios, adjusted for potential baseline confounders (age, sex, disease duration, disease severity according to Hoehn and
Yahr scores, and number of comorbidities). DBS, deep brain stimulation; HR, hazard ratios.
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H&Y scores pre-DBS (thus including the period of immediate
symptomatic effect of DBS) and post-DBS from the 3-month visit
(thus excluding the period of immediate symptomatic effect of
DBS). Odds ratios for 1-unit increments in H&Y scores were calcu-
lated with ordinal logistic regression analysis adjusted for the same
baseline confounders as noted previously and for time from baseline
to last follow-up. SPSS 22.0 (IBM Corp., Armonk, NY) was used
for all statistical analyses. The significance level was set at a 2-sided
P value of <0.05.

Results
Of the 77 patients who underwent a STN-DBS procedure between
1999 and 2010, 3 patients were excluded: in 2 DBS systems had to
be explanted as a result of system infection, and both refused a sec-
ond procedure. Because of the short period of stimulation
(6 months), 1 of the 2 patients was included in the medically man-
aged control group. A third patient was eventually diagnosed as hav-
ing multiple system atrophy–parkinsonian type and was also
excluded from analysis. Of the eligible 64 control patients, 4 were
excluded because of diagnostic reclassification after baseline (2 multi-
ple system atrophy–parkinsonian type, 2 functional parkinsonism).
Thus, the present analysis included 74 patients in the DBS group
and 61 patients in the control group (see Supplementary Fig. 1 for a
flowchart of patients). Patients’ baseline characteristics are summa-
rized in Table 1. Apart from H&Y scores and disease duration,
which were both slightly but significantly higher in the DBS cohort,
groups were well balanced at baseline. As summary of stimulation
parameters used can be found in the Supplementary Appendix.

The median observational period until the end of the study
(December 2018) was approximately 14 years, and the median
time from baseline until last follow-up or death was approximately
9 years (Table 2). The cumulative time spent free of the assessed
end points are plotted in Figure 1 along with the respective HR
(see Supplementary Table 1 for crude incidence rates). Patients in
the DBS group were at significantly lower risk of recurrent falls
(HR = 0.57; 95% confidence interval [CI], 0.37–0.90; P = 0.035)
and psychosis (HR = 0.26; 95% CI, 0.12–0.59; P = 0.001) com-
pared with medically managed patients, whereas there were no
differences with regard to time to dementia, institutionalization, or
death. Increment in H&Y scores from baseline to last follow-up
was smaller in the DBS-treated patients (Table 2), but this was not
statistically significant when difference was calculated from the first
post-DBS visit to the last follow-up visit. Accordingly, the adjusted
odds ratio for a 1-unit increment in H&Y for the DBS group in
reference to the control group was 0.51 (95% CI, 0.27–0.96;
P = 0.038) from baseline to last follow-up and 0.74 (95% CI,
0.39–1.41; P = 0.36) from the post-DBS visit to last follow-up.

Discussion
Data on the impact of various treatment strategies including DBS
on the time to evolution of key disability milestones in PD are

scarce. Findings from the long-term follow-up of the Sydney mul-
ticenter cohort suggest that, after 15 to 20 years of disease dura-
tion, >80% of patients will have developed recurrent falls, >50%
will suffer from hallucinations and/or dementia, and >40% will
have been placed in a nursing home.17,18 By such time, levodopa-
induced motor complications affect almost all patients but are usu-
ally not considered a leading cause of disability.2 Our series of
patients with PD operated with DBS more than 8 years prior to
the current study is comparable with such long-term cohorts with
median disease durations at baselines of 8 to 12 years and addi-
tional follow-up periods of about 9 years. We found reduced risks
to develop recurrent falls and psychosis in DBS-treated patients
when compared with a group of medically managed patients who
were similar in age at onset, age at baseline, sex, and com-
orbidities. There were no significant risk differences with regard to
dementia, institutionalization, or death.

There is only one long-term study reporting on the incidence
of falls in patients treated with STN-DBS, where 9 of 19 patients
(47%) had falls 5 years after DBS implantation and 30 years after
disease onset.19 In our study, in both groups the majority of
patients developed recurrent falls. However, time to this end
point was longer in stimulated patients, resulting in a significantly
reduced relative risk for recurrent falls of 43% in the DBS group.
It is likely that this reduction in risk is attributed to improved
motor symptom control over extended periods of time rather
than to a true disease-modifying effect.

There are a few long-term studies reporting rates of psychosis and
dementia after STN-DBS in small patient numbers. They found vari-
able proportions of 5% to 60% for dementia and 20% to 60% for
psychosis after 8 to 12 years of chronic subthalamic stimulation.20–22

In our cohort, a similar proportion of about one third of patients had
developed dementia by the time of last follow-up with no risk differ-
ence between DBS and medically treated groups. On the other
hand, among stimulated patients, the relative risk for persistent psy-
chosis was significantly reduced by 74%. This difference is likely
attributed to dose reductions of dopaminergic medication that are a
key component of the clinical effects of subthalamic stimulation.5

Uncontrolled studies have reported rates of institutionalization
of 40% to 50% after up to 10 to 12 years of chronic DBS,20,22

which is comparable with the frequencies reported in medically
managed patients.17,18 A single controlled study, however, reported
a markedly reduced risk of 90% of institutionalization in DBS-
treated patients compared with a group of patients with PD from
the same institution meeting eligibility criteria for DBS who had
declined.9 The latter fact could theoretically by itself have intro-
duced bias, and other relevant information on comorbidity, base-
line disease severity, and cognition was not available. Nonetheless,
we observed a similar, but nonsignificant, trend for longer latency
to institutionalization in our study as well. It has to be kept in mind
that besides disease-related factors, the rates of institutionalization
will also largely depend on the respective health care setting and
sociocultural characteristics of the countries/regions studied.

Controlled studies assessing survival in DBS-treated compared
with purely medically managed patients overall seem to suggest a
marginal survival advantage in DBS-treated patients,9,10 although
findings are conflicting and methodological issues including the
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insufficient controlling for confounders limit conclusions.11 We
did not observe significant differences in survival between the
DBS and medically managed groups. Also, disease progression as
assessed by H&Y scores was slower in the DBS-treated patients
only when including the immediate drop in H&Y scores after
commencement of stimulation, again arguing against a disease-
modifying effect of DBS beyond its symptomatic impact. H&Y
scores are a crude measure of disease severity and were already
slightly higher in the DBS group at baseline. These results should
therefore be interpreted very cautiously.

Our study has several limitations, including the retrospective
data collection, relatively low number of patients leading to wide
confidence intervals, and a lack of detailed data on motor status
including medication off motor scores. However, our main goal
was to focus on long-term outcome in terms of key disability mile-
stones that are beyond traditional motor and other end points usu-
ally employed by clinical trials. Although not a prospectively
planned study, DBS patients were compared with a carefully
selected control cohort similar in age at onset, age at baseline, sex
distribution, and comorbidities at baseline that was identified dur-
ing the time period of DBS procedures. We furthermore adjusted
statistical analyses for various potential confounders, including dis-
ease duration and disease severity. The latter 2 baseline characteris-
tics were slightly but statistically significantly higher in the DBS
group, and the beneficial effects of DBS on risk for recurrent falls
and psychosis observed here are therefore very unlikely to be
driven by these 2 potential confounders. It has to be kept in mind
that assessing differences in long-term outcomes requires sufficiently
long time periods over several years, which are unfeasible to study
prospectively in a randomized design (it would be unethical to
withhold DBS in medically managed patients who could eventu-
ally benefit from it). Multicenter registry studies could further help
fill this knowledge gap and potentially also look into the effect of
various stimulation modes (eg, low pulse width, low-frequency
stimulation) on the occurrence of late-stage disease milestones.

Within the limitations imposed by the retrospective design,
our study suggests that long-term treatment with subthalamic
DBS is associated with lower risk to recurrent falls and onset of
psychotic symptoms. These 2 effects may be mediated through
improved motor symptom control over extended periods of
time5 and a reduction in dopaminergic therapies, respectively.
They do not in themselves provide evidence for a true disease-
modifying effect of DBS, and there was no evidence for benefi-
cial effects of DBS on the long-term evolution of dementia, need
for nursing home placement, or on overall survival.
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