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Abstract: BackgroundBackground: Deep brain stimulation (DBS) surgery is offered to a subset of Parkinson’s disease
(PD) patients. It is unclear if there are features at diagnosis that predict future DBS surgery.
ObjectiveObjective: To assess predictors of eventual DBS surgery in de novo PD patients.
MethodsMethods: Subjects from the Parkinson’s Progression Marker Initiative (PPMI) database with newly diagnosed,
sporadic PD (n = 416) were identified and stratified by their eventual DBS status (DBS+, n = 43; DBS-, n = 373).
A total of 50 baseline clinical, imaging, and biospecimen features were extracted for each subject and cross-
validated lasso regression was used for feature reduction. Multivariate logistic regression assessed their
relationship with DBS status and a receiver operating characteristic curve evaluated model performance. Linear
mixed effect models assessed disease progression over 4 years in DBS+ and DBS- patients.
ResultsResults: Age at symptom onset, Hoehn and Yahr (H&Y) stage, tremor score, and ratio of CSF Tau to amyloid-
beta 1–42 (Tau: Ab) were identified as important baseline features for predicting DBS surgery. Each
independently predicted DBS surgery (area under the curve = 0.83). DBS- patients had faster memory decline
(P < 0.05), while DBS+ patients had faster decline in H&Y stage (P < 0.001) and motor scores (P < 0.05) prior to
surgery.
ConclusionConclusion: The identified features may be used for early identification of patients who may be surgical
candidates during the course of their disease. Disease progression in these groups reflects surgical eligibility
criteria, with DBS- patients having more rapid decline in memory while DBS+ patients experienced a faster
decline in motor scores prior to DBS surgery.

Parkinson’s disease (PD) is a common and progressive neurode-
generative disorder that results from widespread cortical and sub-
cortical neurodegeneration associated with dysfunction in
dopamine-regulated basal ganglia circuitry.1 Symptoms include
both motor and non-motor manifestations. Most patients with
PD have a robust response to dopaminergic medications, with a
good effect on rigidity and bradykinesia but a more variable
effect on tremor.2 However, over time, the majority of patients
develop medication related complications that compound upon
the progressive nature of the disease, resulting in a significant
deterioration in quality of life.3,4 Deep brain stimulation (DBS) is
an effective treatment of the motor symptoms of PD,

consistently demonstrating superiority over medical management
alone5–8 in well-selected patients. About 1.6–4.5% of PD
patients eventually become surgical candidates for DBS surgery
based on established eligibility criteria.9 Eligibility has been dic-
tated by the Core Assessment Program for Surgical Interven-
tional Therapies in Parkinson’s disease (CAPSIT-PD).10 This
document states surgical intervention should be offered if (1) the
patient has a diagnosis of idiopathic PD with a disease duration
of at least 5 years, (2) dopamine responsiveness with a > 33%
decrease in motor symptoms following a medication challenge,
(3) lack of significant levodopa resistant axial symptoms, (4) pres-
ence of on–off motor fluctuations, and (5) lack of significant
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TABLE 1 Fifty baseline clinical, imaging, and biospecimen predictors were evaluated by lasso regression for each subject

Feature DBS+ (n = 43) DBS� (n = 373)
Missing

(DBS+: DBS�)

Demographics

Age (symptom onset)* 51.9 (SD 8.8) 60.5 (SD 9.8) 0:0

Sex (M:F) 27:16 (63% M) 244:129 (65% M) 0:0

Race (White:Black:Asian:Other) 40:0:1:2 (93% white) 344:6:7:16 (92% white)

Education (years) 15.4 (SD 2.4) 15.6 (SD 3.0) 0:0

Clinical (General)

Hoehn & Yahr stage (1:2:3)* 28:15:0 (65% stage 1) 155:216:2 (42% Stage 1) 0:0

Modified Schwab ADL 90 (IQR 10) 90 (IQR 10) 0:0

UPDRS II total score 5 (IQR 3) 5 (IQR 5) 0:1

UPDRS Total score 32.1 (SD 11.9) 32.2 (SD 13.3) 0:1

Clinical (Motor)

Rigidity sub-score 3 (IQR 3) 3 (IQR 4) 0:0

Tremor sub-score* 5 (IQR 3) 4 (IQR 4) 0:0

Motor phenotype (TD:PIGD) 36:7 (83% tremor
dominant)

260:112 (70% tremor
dominant)

0:1

UPDRS III total score 20.2 (SD 7.3) 20.9 (SD 9.0) 0:0

Clinical (Cognition)

Benton Judgment of Line Orientation 13.2 (SD 1.9) 12.7 (SD 2.2) 0:1

HVLT immediate recall 25.8 (SD 4.0) 24.2 (SD 5.1) 0:1

HVLT delayed recall 8.9 (SD 1.9) 8.3 (SD 2.6) 0:1

HVLT recognition 11.2 (SD 0.8) 11.2 (SD 1.3) 0:1

HVLT discrimination 10 (IQR 2) 10 (IQR 2) 0:1

Line-Number sequencing 10.8 (SD 2.3) 10.6 (SD 2.7) 0:1

Semantic Fluency total score 50.4 (SD 11.1) 48.6 (SD 11.8) 0:1

Symbol Digit Modality 45.0 (SD 7.1) 40.8 (SD 10.0) 0:1

MoCA 28 (IQR 3) 27 (IQR 3) 0:0

Clinical (Neuropsychiatric)

UPDRS I total score 5 (IQR 4.5) 5 (IQR 5) 0:1

Geriatric depression scale 2 (IQR 2.5) 2 (IQR 2.0) 0:0

State Trait anxiety inventory State score 33.7 (SD 8.5) 32.8 (SD 10.3) 0:1

State Trait anxiety inventory Trait score 34.0 (SD 9.0) 32.1 (SD 9.4) 0:1

Questionnaire for Impulsive-Compulsive disorders 0 (IQR 0.5) 0 (IQR 0) 0:1

Clinical (Sleep and autonomic)

Autonomic dysfunction (SCOPA-AUT total score) 8 (IQR 5.5) 8 (IQR 7.0) 0:8

Epworth Sleepiness Scale 6 (IQR 4) 5 (IQR 5) 0:0

REM Sleep behavior disorder questionnaire 4.2 (SD 2.3) 4.1 (SD 2.7) 0:3

Imaging

DaTscan right caudate 2.0 (SD 0.61) 2.0 (SD 0.60) 0:4

(Continues)
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non-motor symptoms, especially cognitive impairment. Using
these guidelines, DBS has traditionally been offered for patients
with advanced PD, with a disease duration averaging between
10–15 years.5,6,11,12 More recently, some investigators have
suggested offering DBS earlier in the disease course to optimize
quality of life and prevent disabling medication side-effects.13–16

In 2013, a large randomized trial demonstrated the superiority of
subthalamic (STN) DBS to medical management when done
with a minimum disease duration of 4 years (average disease
duration of 7.5 years).14 More recently, an open-label pilot trial
offered DBS to patients prior to the manifestation of motor com-
plications, with subjects having been on antiparkinsonian medi-
cation for an average of only 2.2 years.16 Five-year outcomes
from this latter trial demonstrated that early STN DBS resulted
in lower medication usage and better tremor control as com-
pared to best medical management alone.17 One challenge with
offering DBS this early is that the expected disease course is
unclear, and surgery may be offered to those who would not

have otherwise been candidates. Having biomarkers at PD diag-
nosis that could give insight into future surgical eligibility may
help guide clinicians when discussing surgical options early in the
disease course. Further, this information could be used to inform
the patient about their probable disease course. The objective of
the current investigation was to assess what factors at PD diagno-
sis may predict future surgical eligibility for DBS. A secondary
objective was to characterize the early disease progression in
patients who eventually had DBS surgery vs those who contin-
ued with medical management alone.

Methods
The Parkinson’s Progression Markers Initiative (PPMI) is a multi-
center longitudinal observational study of a deeply phenotyped
cohort of patients with PD. The PPMI study methodology has

TABLE 1 Continued

Feature DBS+ (n = 43) DBS� (n = 373)
Missing

(DBS+: DBS�)

DaTscan left caudate 2.1 (SD 0.62) 2.0 (SD 0.58) 0:4

DaTscan right putamen 0.80 (SD 0.34) 0.84 (SD 0.34) 0:4

DaTscan left putamen 0.90 (SD 0.36) 0.79 (SD 0.34) 0:4

DaTscan minimum caudate 1.9 (SD 0.55) 1.8 (SD 0.53) 0:4

DaTscan maximum caudate 2.3 (SD 0.6) 2.2 (SD 0.59) 0:4

DaTscan minimum putamen 0.65 (SD 0.22) 0.66 (SD 0.24) 0:4

DaTscan maximum putamen 1.0 (SD 0.35) 0.97 (SD 0.36) 0:4

Asymmetry Index caudate 19.7 (SD 9.0) 18.8 (SD 13.4) 0:4

Asymmetry Index putamen 45.8 (SD 21.8) 36.7 (SD 25.3) 0:4

Count density ratio right 2.8 (SD 0.95) 2.5 (SD 0.78) 0:4

Count density ratio left 2.5 (SD 0.78) 2.7 (SD 0.96) 0:4

Biospecimen

CSF Alpha-synuclein pg/mL 1275 (SD 462) 1535 (SD 686) 0:11

CSF Alpha-beta 1–42 pg/mL 958 (SD 315) 904 (SD 422) 0:13

CSF total Tau pg/mL 145 (SD 41) 169 (SD 60) 0:10

CSF phosphorylated Tau pg/mL 12.3 (SD 3.6) 14.4 (SD 5.6) 0:10

CSF total Tau:Alpha-beta ratio* 0.157 (SD 0.03) 0.21 (SD 0.10) 0:13

CSF phosphorylated Tau:Alpha-beta ratio 0.013 (SD 0.003) 0.018 (SD 0.01) 0:13

CSF phosphorylated Tau:total Tau ratio 0.014 (SD 0.005) 0.016 (SD 0.007) 0:13

CSF total Tau:alpha synuclein ratio 0.121 (SD 0.03) 0.117 (SD 0.03) 0:11

CSF phosphorylated Tau:alpha-synuclein ratio 0.010 (SD 0.002) 0.010 (SD 0.003) 0:11

Note: Descriptive statistics reported as mean (std = standard deviation) for normally distributed variables based on Kruskal-Wallis or median (IQR = interquartile range)
for non-normally distributed variables.
Abbreviation: ADL, activities of daily living; CSF, cerebrospinal fluid; DaTscan, dopamine transporter scan; HVLT, Hopkins verbal learning test; MoCA, Montreal cogni-
tive assessment; PIGD, postural instability/gait dominant; REM, rapid eye movement; SCOPA-AUT, Scales for outcomes in Parkinson’s disease- Autonomic dysfunction;
TD, tremor dominant; UPDRS, unified Parkinson’s disease rating scale.
*Selected by Lasso regression as an important feature for predicting DBS status.
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been described in detail elsewhere.18–20 The study was conducted
in accordance with the Declaration of Helsinki and the Good
Clinical Practice guidelines after approval of the local ethics com-
mittees of the participating site. As PPMI is an international multi-
site study, each site received ethical approval and written consent
from all participating subjects from study investigators. Briefly,
PPMI enrolled subjects with de novo PD within 2 years of diagno-
sis. Participants were untreated at baseline, not expected to require
therapy for at least 6 months, and had confirmed dopamine trans-
porter deficit on single-photon-emission CT scan. The PPMI data-
base was accessed on Aug 20, 2022. All statistical analyses were
performed in MATLAB (2022a, Mathworks, Natick, MA, USA).
We utilized the sporadic PD cohort, which consists of newly diag-
nosed sporadic PD patients enrolled prior to medication initiation
(n = 423). Six subjects were removed from this cohort due to a
subsequent diagnosis change, and one was removed due to
receiving non-DBS surgery (L-dopa pump). This resulted in a
final sample of 416 subjects. Subjects undergoing DBS during
the course of their follow-up were identified (DBS+, n = 43;
DBS-, n = 373). A total of 50 baseline clinical, imaging, and
biospecimen variables for each subject were extracted
(Table 1). Details regarding the collection of these variables
have previously been reported.18,0 Complete case analysis was

performed for the feature reduction and logistic regression,
resulting in a total of 386 subjects with complete data across
the 50 variables (DBS+, n = 43; DBS-, n = 343).
Phosphorylated-tau that was recorded as “below the detectable
limit (<8pg/L)” was substituted as 7 pg/L in order to retain
the subjects’ data in this analysis. Similarly, for t-tau “below
the detectable limit (<80pg/L)” we substituted the value
70 pg/L. When applicable, we utilized the “off” state motor
scores.

Normality of each variable was assessed with a Kruskal-Wallis
test. Descriptive statistics, including mean and standard deviation
(for normally distributed variables), median and inter-quartile
range (for non-normally distributed variables) and proportions
(for categorical variables) were assessed. For the purpose of fea-
ture selection and subsequent analysis, variables were standard-
ized to a mean of 0 and a standard deviation of 1. Data-driven
feature reduction using least absolute shrinkage and selection
operator (Lasso) regularization was performed.21 Lasso is a regu-
larization technique that includes a penalty term (λ) that con-
strains the size of the estimated coefficients. As the penalty term
increases, Lasso sets more coefficients to zero thereby reducing
the feature space. This was implemented in MATLAB with the
function lassoglm, with the response variable specified as DBS

FIG. 1. Receiver operating curve with point-wise 95% confidence interval evaluating logistic regression performance for predicting deep
brain stimulation surgery. Predictors included the four variables identified by cross-validated Lasso regression. AUC, area under the
curve.
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outcome. We constructed a regularized binomial regression using
100 λ values and ten-fold cross validation. To select the most parsi-
monious model, we identified the non-zero model coefficients at the
λ value with the minimum deviance plus one standard deviation
point.22 These identified features were subsequently used as predictors

of DBS status in a multivariate logistic regression. We constructed a
receiver operating characteristic (ROC) curve to specify the perfor-
mance of the model. Area under the ROC curve was calculated and
a 95% confidence interval (CI) was computed with bootstrapping
(1000 random samples using resampling with replacement).

TABLE 2 Linear mixed effect models assessing difference in rate of symptom progression prior to DBS surgery (time � outcome interaction) over
4 years

Dependent variable Main effect time
Time � outcome
(DBS+/DBS-)

General

Hoehn and Yahr t = 8.5, P < 0.0001*** t = 4.3, P < 0.0001***

Modified Schwab ADL t = �13.1, P < 0.0001*** t = �0.86, P = 0.39

UPDRS II total score t = 15.3, P < 0.0001*** t = 2.1, P = 0.036*

UPDRS Total score t = 18.5, P < 0.0001*** t = 2.5, P = 0.012*

LEDD t = 29.8, P < 0.0001*** t = 0.88, P = 0.38

Motor

Rigidity sub-score t = 11.5, P < 0.0001*** t = 0.91, P = 0.36

Tremor sub-score* t = 8.9, P < 0.0001*** t = 2.4, P = 0.014*

UPDRS III total score t = 17.3, P < 0.0001*** t = 2.1, P = 0.035*

Cognitive

Benton Judgment of Line Orientation t = 0.42, P = .67 t = 0.55, P = .58

HVLT immediate recall t = �0.52, P = 0.09 t = 2.2, P = 0.03*

HVLT delayed recall t = �2.5, P = 0.011* t = 3.6, P = 0.0003***

HVLT recognition t = �1.4, P = .15 t = 1.7, P = 0.08

HVLT discrimination t = 2.2, P = 0.03* t = 2.9, P = 0.003**

Line-Number sequencing t = �3.7, P = 0.0002*** t = 2.8, P = 0.006**

Semantic Fluency total score t = �20.0, P = 0.044* t = 1.5, P = 0.14

Symbol Digit Modality t = 8.9, P < 0.0001*** t = 0.75, P = 0.45

MoCA t = �3.3, P = 0.0010*** t = 2.4, P = 0.015*

Neuropsychiatric

UPDRS I total score t = 12.4, P < 0.0001*** t = 0.71, P = 0.48

Geriatric depression scale t = 1.2, P = 0.21 t = �0.19, P = 0.85

State Trait anxiety inventory State score t = �1.8, P = 0.07 t = 0.11, P = 0.91

State Trait anxiety inventory Trait score t = .27, P = 0.79 t = �0.18, P = 0.86

Questionnaire for Impulsive-Compulsive disorders t = 2.2, P = 0.026* t = �0.25, P = 0.80

Sleep/autonomic

Autonomic dysfunction (SCOPA-AUT total score) t = 8.9, P < 0.0001*** t = 0.75, P = 0.45

Epworth Sleepiness Scale t = 6.5, P < 0.0001*** t = 1.4, P = 0.17

REM Sleep behavior disorder questionnaire t = 3.7, P = 0.0002*** t = 0.56, P = 0.58

Note: Model included age and levodopa equivalent daily dosage as nuisance covariates.
Abbreviation: ADL, activities of daily living; HVLT, Hopkins verbal learning test; LEDD, levodopa equivalent daily dose; MoCA, Montreal cognitive assessment; REM,
rapid eye movement; SCOPA-AUT, Scales for outcomes in Parkinson’s disease- Autonomic dysfunction; UPDRS, unified Parkinson’s disease rating scale.
***P < 0.05 Bonferroni corrected for 24 variables;
**P < 0.01;
*P < 0.05 uncorrected.
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To characterize the progression of PD in DBS+ and DBS-
cohorts prior to DBS surgery, we assessed the change in motor
and non-motor symptoms over the first 4 years that patients
were enrolled in PPMI. A total of 4 years was chosen because no
patient received DBS prior to this time point. To compare
motor and non-motor symptom progression, we utilized
repeated measure linear mixed effect models with a random
effect of subject while controlling for age at diagnosis and levo-
dopa equivalent daily dose (LEDD). We assessed the time by
outcome (DBS� vs. DBS+) interaction term. We report signifi-
cant differences in the rate of symptom progression at an
uncorrected P-value of <0.05. We also note the categories
where a difference was observed at a more stringent threshold of
P < 0.05 with a Bonferroni correction for 24 tests.

Results
DBS surgery occurred at an average time of 101.4 (�30.0, range
44.4–154.8) months from diagnosis in the PPMI cohort. The
average age at the time of DBS was 62.5 years. There were
11 globus pallidus internal (GPi) and 22 STN cases. The
remaining 10 DBS patients did not have a target documented.
Descriptive statistics of all 50 features extracted from the PPMI
database are displayed in Table 1. Ten-fold cross-validated lasso
regression reduced the feature space from 50 to 4 (Figure S1,
S2). Age at symptom onset, Hoehn and Yahr stage, tremor score,
and the ratio of CSF Tau to amyloid-beta 1–42 (Tau:Ab) were
identified as important baseline features for predicting subsequent
DBS surgery. A multivariate logistic regression (X2 = 58.4,
P < 0.001) demonstrated younger age (β = �0.78, P < 0.001;
OR = 0.46, 95% CI 0.32–0.66), lower Hoehn and Yahr stage
(β = �0.42, P = 0.026; OR = 0.66, 95% CI = 0.46–0.95),
higher tremor score (β = 0.62, P < 0.001; OR = 1.9, 95%
CI = 1.3–2.7), and lower CSF Tau:Ab (β = �1.7, P = 0.003;
OR = 0.21, 95% CI = 0.08–0.59) independently predicted DBS
surgery (area under the ROC curve = 0.83, 95% CI = 0.77–
0.88) (Fig. 1).

To characterize and compare symptom progression in these
two groups, we utilized linear mixed effect models, with a
random effect of subject and controlling for age at diagnosis
and LEDD. We assessed the time by outcome interaction for
24 clinical variables (Table 2). DBS+ patients demonstrated
slower progression in memory scores (HVLT delayed recall:
β = 0.32, 95% CI 0.15–0.50, t = 3.6, P < 0.05 Bonferroni
corrected; HVLT immediate recall: β = 0.36, 95% CI 0.03–
0.69, t = 2.2, P = 0.03 uncorrected; HVLT discrimination:
β = 0.30, 95% CI 0.10–0.49, t = 2.9, P = 0.003 uncorrected),
slower progression in working memory (Letter-number
sequencing: β = 0.23, 95% CI 0.07–0.39, t = 2.8, P = 0.006
uncorrected), and slower progression in overall cognitive
decline (MoCA: β = 0.23, 95% CI 0.05–0.42, t = 2.4,
P = 0.015 uncorrected). Along with this slower progression in
cognitive decline, DBS+ patients had faster progression in dis-
ease stage (Hoehn and Yahr stage: β = 0.09, 95% CI 0.05–

0.13, t = 4.3, P < 0.05 Bonferroni corrected) and motor
scores (UPDRS II: β = 0.32, 95% CI 0.02–0.62, t = 2.1,
P = 0.036 uncorrected; UPDRS III: β = 0.79, 95% CI 0.05–
1.5, t = 2.1, P = 0.035 uncorrected; UPDRS total score:
β = 1.3, 95% CI 0.29–2.4, t = 2.5, P = 0.012 uncorrected;
and tremor sub-score: β = 0.33, 95% CI 0.06–0.59, t = 2.4,
P = 0.015 uncorrected) as compared to DBS- patients. With
respect to the main effect of time, 18 of 24 symptoms, distrib-
uted across motor and non-motor domains, showed significant
progression irrespective of the group over 4 years (Table 2).
The time course of motor, cognitive, and neuropsychiatric
symptoms are displayed in Figs 2, 3, and Figure S3,
respectively.

Data Sharing
Data used in the preparation of this article were obtained from
the Parkinson’s Progression Markers Initiative (PPMI) database
(www.ppmi-info.org/access-data-specimens/download-data).

FIG. 2. Time course of motor and general clinical scores over
4 years, stratified by eventual deep brain stimulation surgery
status. ADL, activity of daily living; DBS, deep brain stimulation;
LEDD, levodopa equivalent daily dosage; UPDRS, unified
Parkinson’s disease rating scale.
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Discussion
DBS surgery is an effective treatment for the motor symptoms of
PD.5–7,11,23–26 Traditionally, this surgery is offered to eligible
patients 10–15 years following their diagnosis, when they are in
an advanced disease stage. Offering DBS earlier in the disease
course has been suggested as a way of maintaining the quality of
life and preventing disabling medication induced side-
effects.13–15 Predicting who may be a good surgical candidate at
the time of diagnosis can help guide conversations about early
surgery and may be used to help clinicians identify optimal
patients. However, the relationship between DBS surgery and
individual clinical and biospecimen features at diagnosis has never
been investigated. In this study, we identified baseline features
present at diagnosis that may help predict future surgical eligibil-
ity. This study was enabled by a deeply phenotyped cohort of
PD patients who were enrolled early in their disease course and
followed for many years. We identified 43 subjects in the spo-
radic PD cohort who underwent DBS surgery at an average time
of 8.5 years. Overall, this constitutes 10% of the original PPMI
cohort, which is a higher proportion than would be expected
based on epidemiological studies.27 The fact that such a large

proportion undergo surgery compared to the general PD popula-
tion suggests a potential bias in the PPMI cohort. These patients
are highly educated (average 15.5 years of education) and are
followed frequently at academic centers by neurologists knowl-
edgeable about current treatment options. As such, it is likely
their awareness of DBS is higher, and they may have more access
to surgical options. Indeed, having more frequent access to a
neurologist28 has been associated with an increased chance of
DBS surgery. Possibly related to this, sex did not play a signifi-
cant role in eventual DBS surgery (DBS+ 37% female, DBS�
35% female). This is contrary to observations of DBS in the gen-
eral population,29 and again suggests that patients enrolled in the
PPMI database are a selected group of patients. Previous investi-
gations have assessed other epidemiological factors related to
DBS surgery. For example, DBS surgery has been related to liv-
ing in neighborhoods with high socioeconomic status30 or pre-
dominantly Caucasian neighborhoods.28 Most participants in the
PPMI cohort (92%) are white and this may partially explain the
greater than expected proportion of DBS+ patients. In this
cohort, we did not observe differences in ethnicity, but the lack
of ethnic diversity in this group limits our ability to detect such
differences. We did find that the average age at surgery was

FIG. 3. Time course of cognitive scores over 4 years, stratified by eventual deep brain stimulation surgery status. HVLT, Hopkins verbal
learning test; MoCA, Montreal cognitive assessment.

MOVEMENT DISORDERS CLINICAL PRACTICE 2023; 10(6): 933–942. doi: 10.1002/mdc3.13747 939

LANG S. ET AL. RESEARCH ARTICLE



slightly younger than most of the large DBS trials, suggesting an
evolving trend towards earlier surgical treatment at large aca-
demic centers.

In this cohort, younger age at diagnosis was the most impor-
tant feature predicting eventual DBS surgery. This is unsurprising
given that elderly patients are typically excluded from surgery
due to increased comorbidities and surgical risks.31 Further, early
onset disease has been associated with an increased risk for levo-
dopa induced dyskinesias,3,32 which is a major surgical selection
criterion. Less severe initial disease stage and increased tremor
scores at diagnosis were also important predictors, reflecting sur-
gical decision-making biases towards treating tremor dominant
patients. Levodopa resistant axial symptoms, including postural
instability and freezing of gait, typically do not respond to DBS.
In the most novel finding of this investigation, the ratio of CSF
Tau:Ab was also identified as a predictor of DBS surgery. CSF
Tau:Ab has previously been shown to be a marker of amyloid
burden33 and higher Tau:Ab levels can predict subsequent cogni-
tive decline in non-PD34 and PD patients.35 Consistent with this,
we found that DBS- patients experienced a faster decline in cog-
nitive function early in their disease course as compared to
patients who were later offered DBS surgery. The role of CSF
Tau:Ab in predicting surgical eligibility, and more importantly,
in predicting surgical outcomes is an exciting avenue for future
research. Conversely, DBS+ patients experienced a more rapid
decline in motor function, exemplified by an increase in the rate
of change of H&Y disease stage, UPDRS II, III, and total score,
and an increased rate of change of the tremor sub-score. Overall,
these results reflect the surgical eligibility criteria, with DBS
being offered to patients with tremor who have disabling symp-
toms and preserved cognitive abilities. By characterizing the early
disease course of patients enrolled in the PPMI who eventually
receive DBS, we confirm that the surgical indications in this
cohort are reflective of general clinical practice.

Limitations
There are several limitations of this investigation that should be
considered. Firstly, the UPDRS IV score (reflecting motor com-
plications) was not documented at the early subject visits in the
PPMI cohort, likely because patients were mostly untreated. We
are therefore unable to quantitate early motor complications in
this cohort. However, we can reasonably assume that patients
who received DBS had significant motor complications, and this
is reflected in their faster H&Y stage increase, as well as the faster
rate of increase in the UPDRS II and III off scores. A second
limitation is that we are unable to determine what proportion of
patients were offered DBS surgery but declined, or those who
were eligible but were not offered due to unrealistic expecta-
tions. One study found that only 28% of DBS eligible patients
consented to referral to a specialized DBS center,36 while
another found that 4% of eligible patients were not provided sur-
gical options because of unrealistic expectations.37 This informa-
tion is not documented in the PPMI database. We are also
unable to determine how many patients were excluded from sur-
gery due to medical comorbidities or psychiatric comorbidities.

Lastly, while we record whether or not patients underwent DBS
surgery, we do not document the response of patients to surgery.
Response to DBS depends not only on the proper selection of
patients but also on surgical technique and post-operative stimu-
lation programming. Our results must be interpreted as factors
that predict surgical eligibility rather than those that predict sur-
gical outcomes. We note that at this time there is insufficient
evidence to consider surgical options earlier than in patients simi-
lar to those in the EarlyStim trial.14 However, biomarkers may
still guide clinicians when discussing surgical options and their
utility may increase if evidence emerges to support surgical
options earlier in the disease course. At this time they should not
be used to select patients for surgery prior to the development of
established clinical indications.

Conclusion
Younger age at symptom onset, lower disease stage, higher
tremor score, and lower baseline CSF Tau:Ab are predictors of
eventual DBS surgery and can be used for early identification
of patients who may be surgical candidates during the course of
their disease. Patients who receive DBS surgery have sustained
cognitive function with a more rapid decline in motor symptoms
compared to patients who do not receive DBS surgery. This is
likely related to surgical selection criteria, which excludes elderly
patients and those with cognitive decline, while biased towards
treating patients with tremor who have significant impairment.
These results may be used to guide discussions about disease pro-
gression and DBS surgery with newly diagnosed patients.
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