CHARITE

UNIVERSITATSMEDIZIN BERLIN

Nucleus basalis of Meynert predicts cognition
after deep brain stimulation in Parkinson’s
disease

Dorothee Klbler, Sophie Katharina Wellmann, Jakob Kaminski, Cornelia
Skowronek, Gerd-Helge Schneider, Wolf-Julian Neumann, Kerstin Ritter,
Andrea Kihn

Document type
Postprint (accepted version)

This version is available at
https://doi.org/10.17169/refubium-36609

Citation details

Kibler D, Wellmann SK, Kaminski J, Skowronek C, Schneider GH, Neumann WJ, et al. Nucleus
basalis of Meynert predicts cognition after deep brain stimulation in Parkinson’s disease.
Parkinsonism & Related Disorders. Elsevier BV; 2022;94: 89-95.

DOI: 10.1016/j.parkreldis.2021.12.002

Terms of use
This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International license: https://creativecommons.org/licenses/by-nc-nd/4.0/


https://doi.org/10.17169/refubium-36609
https://doi.org/10.1016/j.parkreldis.2021.12.002
https://creativecommons.org/licenses/by-nc-nd/4.0/

Clean manuscript (with revisions incorporated) Click here to view linked References =

O©CO~NOOOTA~AWNPE

Nucleus basalis of Meynert predicts cognition
after deep brain stimulation in Parkinson’s disease

Dorothee Kiibler, MD?*; Sophie Katharina Wellmann?; Jakob Kaminski, MD?; Cornelia
Skowronek, MD?; Gerd-Helge Schneider, MD?; Wolf-Julian Neumann, MD?; Kerstin Ritter,
PhD* 24, Andrea Kilhn, MD* 1456.7,

*equal contribution

! Movement Disorder and Neuromodulation Unit, Department of Neurology and Experimental
Neurology, Charité - Universitatsmedizin Berlin, corporate member of Freie Universitat Berlin
and Humboldt-Universitat zu Berlin, Germany

2 Department of Psychiatry and Psychotherapy, Charité - Universitatsmedizin Berlin, corporate
member of Freie Universitat Berlin and Humboldt-Universitat zu Berlin, Germany

3 Department of Neurosurgery, Charité - Universitatsmedizin Berlin, corporate member of Freie
Universitat Berlin and Humboldt-Universitat zu Berlin, Germany

4 Berlin Center for Advanced Neuroimaging, Bernstein Center for Computational Neuroscience,
Berlin, Germany

% Exzellenzcluster NeuroCure, Charité - Universitatsmedizin Berlin, Berlin, Germany
® Berlin School of Mind and Brain, Humboldt - Universitat zu Berlin, Berlin, Germany

" Deutsches Zentrum fiir Neurodegenerative Erkrankungen, Berlin, Germany

Corresponding author:

Dorothee Kubler, Department of Neurology, Movement Disorder and Neuromodulation Unit,
Department of Neurology and Experimental Neurology, Charité - Universitdtsmedizin Berlin,
Hindenburgdamm 30, 12203 Berlin, Germany, dorothee.kuebler@charite.de.


https://www.editorialmanager.com/parkreldis/viewRCResults.aspx?pdf=1&docID=25831&rev=2&fileID=537382&msid=6e65f96b-4581-4b1e-91cd-8d23b63c97bf
https://www.editorialmanager.com/parkreldis/viewRCResults.aspx?pdf=1&docID=25831&rev=2&fileID=537382&msid=6e65f96b-4581-4b1e-91cd-8d23b63c97bf

O©CO~NOOOTA~AWNPE

Number of words
Abstract: 250
Text: 3227

Tables and figures
Tables: [1] Comparison of clinical scores and scales before and 1 year after chronic STN-DBS.

Figures: [1A-B] Visualization of the basal forebrain nuclei (Figure 1A), Correlation normalized
NBM volumes and the percentage of change in the cognitive screening scores before and 1 year
after chronic STN-DBS (Figure 1B). [2A-B] Summary plot (Figure 2A) and beeswarm plot
(Figure 3B) of the mean SHAP values. [3] Force plots showing the individual contributions of
features in four patients with small to marked improvement or deterioration of general cognitive
abilities.

References: 33

Keywords: Parkinson’s disease, deep brain stimulation, cognition, nucleus basalis of Meynert,
basal forebrain

Financial Disclosure / Conflicts of Interest

AAK reports honoraria and non-financial support from Medtronic, honoraria from Boston
Scientific, Ipsen Pharma and Abbott. GHS reports honoraria for lectures by Medtronic, Boston
Scientific and Abbott. CS, DK, JK, KR, SKW and WJN have nothing to disclose.

Study Funding

CS, DK and JK are supported by the BIH-Charite Clinician Scientist Program funded by the
Charité-Universitatsmedizin Berlin and the Berlin Institute of Health. KR acknowledges support
from the German Research Foundation (DFG, 389563835; TRR 265/A07; CRC 1404/A05), and
the Brain & Behavior Research Foundation (NARSAD grant, USA). WJN holds grants from the
German Research Foundation (DFG, 424778381), the Bundesministerium flr Bildung und
Forschung (iDBS FKZ01GQ1802), and a BIH/Wellcome Trust SPOKES Fellowship as well as a
HERTIE Excellence in Clinical Neuroscience Fellowship. AAK is supported by the German
Research Foundation (DFG, TRR 295, KU 2261/13-1 and EXC 2049/1).



O©CO~NOOOTA~AWNPE

Highlights

e Subthalamic DBS in Parkinson’s disease (PD) was associated with cognitive decline in
few cases.

e Cognitive decline in PD is highly relevant in terms of quality of life of patients and
caregivers.

e Nucleus basalis of Meynert (NBM) is a simple non-invasive predictor for cognitive
development in PD.

e We used a regression model and random forests with other prognostic factors in this
retrospective study.

e We show that NBM volume is predictive of cognitive outcome 1 year after subthalamic
DBS.
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Abstract

Introduction

Subthalamic DBS in Parkinson’s disease has been associated with cognitive decline in few cases.
Volume reduction of the nucleus basalis of Meynert (NBM) seems to precede cognitive
impairment in Parkinson’s disease. In this retrospective study, we evaluated NBM volume as a
predictor of cognitive outcome 1 year after subthalamic DBS.

Methods

NBM volumes were calculated from preoperative MRIs using voxel-based morphometry.
Cognitive outcome was defined as the relative change of MMSE or DemTect scores from pre- to
1 year postoperatively. A multiple linear regression analysis adjusted for the number of cognitive
domains affected in the preoperative neuropsychological testing and UPDRS 111 was conducted.
To account for other variables and potential non-linear effects, an additional machine learning
analysis using random forests was applied.

Results

55 patients with Parkinson’s disease (39 male, age 61.4+7.5 years, disease duration 10.8+4.7
years) who received bilateral subthalamic DBS electrodes at our center were included. Although
overall cognition did not change significantly, individual change in cognitive abilities was
variable. Cognitive outcome could be predicted based on NBM size (B=208.98, p=0.022*) in the
regression model (F(3,49)=2.869; Rz of 0.149; p=0.046%*). Using random forests with more
variables, cognitive outcome could also be predicted (average root mean squared error between
predicted and true cognitive change 11.28+9.51, p=0.039%*). Also in this model, NBM volume
was the most predictive variable.

Conclusion

NBM volume can be used as a simple non-invasive predictor for cognitive outcome after DBS in
Parkinson’s disease, especially when combined with other clinical parameters that are
prognostically relevant.
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Introduction

Patients with Parkinson’s disease (PD) show heterogenous courses in both the motor and non-
motor domains. In terms of cognition, many PD patients exhibit mild cognitive impairment (PD-
MCI)[1] which can proceed to dementia (PD-D) with an increasing impact of cholinergic
pathology[2]. The transition from PD-MCI to PD-D and the interplay of different pathologies is
still unclear.

Deep brain stimulation in the subthalamic nucleus (STN-DBS) is a well-established therapy for
the treatment of PD motor symptoms [3,4]. A comprehensive evaluation of possible
contraindications is of course mandatory prior to DBS surgery. As the main risk factors for
cognitive deterioration after STN-DBS are higher biological age[5] and preexisting cognitive
deficits[6], only patients up to approximately 70 years with exclusion of are eligible for this type
of therapy.

In the studies that led to FDA approval of STN-DBS, cognitive symptoms in PD patients with
STN-DBS did not differ from PD patients under best medical treatment nor was there a
significant change from before to after DBS surgery. The long-term incidence (3 years) of PD-D
in patients with STN-DBS is comparable with that under best medical treatment[7]. In a meta-
analysis on cognitive sequelae of STN-DBS including 612 patients from 8 different studies[8],
however, small negative effects have been seen in executive functions, verbal learning and
memory and moderate negative effects in semantic and phonemic verbal fluency.

Despite these good results, in clinical practice, few patients show a sustained deterioration on a
global cognitive level[9] following STN-DBS although PD-D was ruled out by the current gold
standard of neuropsychological assessment and although these patients improved as expected in
terms of motor symptoms. Therefore, we must aim at identifying risk factors for such negative
cognitive sequelae that are highly relevant for the quality of life of patients.

As the pathological hallmark of progressive cognitive deterioration in PD is of cholinergic nature,
a measure with high sensitivity in early stages, when no or minor cognitive symptoms are
present, is needed. The cholinergic basal forebrain is a highly promising non-invasive biomarker
for cognitive abilities in patients with PD. It consists of four cholinergic groups of cells aligned
above the optic nerves of both hemispheres named Ch1, 2,3 and Ch4 with Ch4 being the biggest
of its nuclei, referred to as the nucleus basalis of Meynert (NBM)[10]. The NBM consists of 90%
of cholinergic neurons and is currently being studied as a possible DBS target for Alzheimer’s
disease Lewy body dementia and PD-D[11,12]. The size and functional integrity of the basal
forebrain and its NBM are closely intercorrelated and have been studied in detail in Alzheimer’s
disease[13,14] and two recent MRI studies have investigated the NBM as a possible predictor of
cognitive decline in PD: Ray and colleagues[15] have investigated the MRIs of 168 PD patients
from the Parkinson’s Progressive Marker’s Initiative (PPMI) and found that NBM volume was
predictive of cognitive change as measured by the MoCA score in a 2-year period in de novo PD
patients. Participants in this study with lower-than-expected NBM volumes at baseline were
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shown to have a 3.5-fold greater risk of becoming cognitively impaired during a 5-year period. In
another study on 304 PD patients from the PPMI[16], not only NBM volume but also its mean
diffusivity, an MRI marker for lesioning, could predict the development of cognitive impairment
in a 3-year period. Interestingly, in this study, PD patients with normal cognition who developed
cognitive impairment disposed of higher axial (gait) scores stressing the relationship of axial
motor symptoms and cognition.

In sum, the NBM seems to fulfill the criteria of a sensitive non-invasive predictor. To our
knowledge, however, there are no studies that have investigated the NBM volume for the
prediction of cognitive decline after STN-DBS.

The goal of this retrospective study was to evaluate whether the volume of the NBM can be used
as a predictor of cognitive outcome of PD patients 1 year after the implantation of STN-DBS
electrodes.
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Methods

Patients and cognitive testing

Clinical and imaging data were retrospectively collected. All patients gave their written informed
consent and the ethics committee of the Charité - Universitatsmedizin Berlin approved all study
procedures. Patients with PD who received DBS electrodes at the Charité - Universitdtsmedizin
Berlin were included if they

1) received bilateral electrodes in the STN (in order to avoid a mixture of trajectories)

2) had a useable preoperative MRI and

3) acognitive test both pre- and 1 year postoperatively.

At both timepoints, the Unified Parkinson’s Disease Rating Scale (UPDRS) was additionally
applied in order to characterize non-motor and motor aspects (UPDRS I and I1) and motor
complications (UPDRS 1V). The motor examination (UPDRS I11) was conducted with and
without dopaminergic medication preoperatively (Med ON / Med OFF) and with and without
STN-DBS postoperatively (Med ON Stim ON / Med ON Stim OFF / Med OFF Stim OFF / Med
OFF Stim ON). Health-related disability was assessed by the Bain and Findley Activities of Daily
Living (ADL) scale and a screening for symptoms of depression was conducted with the Beck
Depression Inventory (BDI-11).

Neuropsychological assessment was conducted by a neuropsychologist and comprised the
domains attention and attention switching, naming, visual and verbal short-term and episodic
memory and executive functions. For this study, we extracted the number of cognitive domains
reported to be affected. As the additional neuropsychological evaluation was conducted mainly
for clinical purposes, patients completed different neuropsychological screening tests: The widely
used Mini-Mental State Examination (MMSE, maximum 30 points) or the DemTect (maximum
18 points, adjusted for age). Both tests assess memory, language, visual construction,
concentration and executive function and were conducted during Med ON or Med ON Stim ON.
Cognitive development after STN-DBS was calculated as the relative change of MMSE or
DemTect scores from pre- to 1 year postoperatively.

Imaging

For MRI analysis, preoperative images from either a 1.5 or 3 T Siemens or Philips scanner were
used. Basal forebrain volumes were extracted from T1-weighted images acquired with an
MPRAGE sequence in 130-208 slices with a slice thickness of 0.9 or 1 mm (n=75) with contrast
agent originally acquired for surgical planning. Voxel-based morphometry was applied by means
of the open-source toolbox CAT12 (http://141.35.69.218/cat), an extension for SPM12
(http://www.fil.ion.ucl.ac.uk/spm) running in MATLAB (version 2019a). After segmentation
with visual quality check, normalization in MNI space and smoothing, a homogeneity check was

7
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conducted after which 5 MRIs were discarded due to MR sequences differing significantly from
the rest (resulting n=70). NBM and Ch1-3 volumes (Figure 1A) were calculated with the atlas
developed by Zaborszky and colleagues[17] implemented in the Anatomy toolbox (version 2.2).
It is based on probabilistic anatomical maps derived from histological delineation of the
cholinergic basal forebrain nuclei in ten human brains and comprises the regions Ch4
corresponding to the NBM and Ch1-3 corresponding to the surrounding smaller cholinergic
nuclei.

Volumes of the basal forebrain depend highly on the individual total intracranial volume (T1V),
which in turn depends on age and sex. In order to account for this interdependency, the ratio
between NBM and Ch1-3 volumes and TI1V was calculated (normalized TIV and Ch1-3 volume).
Since disease severity has also an influence on the size of brain structures, the regression model
was additionally corrected for the preoperative UPDRS I11 without dopaminergic medication
(Med OFF).

Statistical analysis

Statistical analyses were performed using SPSS (IBM, version 25). Clinical characteristics are
reported as mean £ SD (range). Comparisons of pre- and postoperative findings were conducted
using paired two-sample t-tests as Kolmorogov-Smirnov tests revealed that clinical data was
normally distributed. Correlations were calculated according to Pearson. In order to predict
cognitive development after STN-DBS based on preoperative NBM volume, a multiple linear
regression analysis adjusted for the number of cognitive domains affected and disease severity
(UPDRS 111 Med OFF) was conducted.

Machine learning analysis

Since there is a large overlap between the risk factors for an overall postoperative cognitive
deficit and cognitive deterioration in PD, an additional machine learning analysis was performed
to allow for predictions on the single-subject level. We investigated the predictive performance of
the demographic and clinical variables sex, age, disease duration, Levodopa equivalent dose
(LED, the amount of Levodopa needed by the patients to control motor symptoms), PD motor
subtype and preoperatively available imaging data (NBM/TIV, Ch1-3/T1V). As the duration and
the narcosis regimen applied during surgery can also influence cognitive outcomes[18], these
were considered, too. To predict cognitive change after DBS, we applied random forest
regression and feature importance was assessed using Shapley Additive exPlanations (SHAP).
For further details, please see supplementary material.
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Results

Clinical scores and outcome

Of the 70 patients with suitable MRI data, 55 PD patients fulfilled the inclusion criteria of
bilateral STN-DBS and available MMSE (n=49) or DemTect scores (n=6). 39 of them were male
and 16 female. The average age was 61.4 £ 7.5 years, disease duration was 10.8 + 4.7 years. 21
patients had an equivalent, 20 an akinetic-rigid and 14 a tremor-dominant motor type. Patients
included in this study were operated between 04/2014 and 12/2018. Time between pre- and
postoperative testing was 14.9 + 2.8 months and 12.3 £+ 1.9 months between DBS surgery and
postoperative testing.

In the neuropsychological assessment conducted before DBS surgery, the number of impaired
cognitive domains was 1.3 £ 1.3. 19 patients did not show any signs of MCI, 13 patients had one
domain affected, 13 patients had two domains affected, five patients had three domains affected
and another five patients had 4 domains affected.

Clinical scores and scales pre- and 1 year postoperatively and their respective significance level
in terms of a change are depicted in Table 1. After STN-DBS, the UPDRS 11l improved
significantly by 40 £ 32% (Med OFF vs. Med OFF Stim ON, p<0.001**) or 14 £ 58% (MedON
vs. Med ON Stim ON, p=0.006**) respectively. Postoperatively, without dopaminergic
medication, the UPDRS IIl improved by 39 + 34% with STN-DBS switched on (Med OFF Stim
OFF 42.7 £ 16.7, p<0.001**). LED was reduced significantly by 55 + 30% (p<0.001**). Health-
related disability as measured by the UPDRS Il and the ADL also improved significantly by 13 +
60% (p=0.001**) and 21 + 88% (p<0.001**). A small improvement of 7 + 65% (p=0.021*) was
also seen in symptoms of depression as measured by the BDI-I1. No difference was detected
when comparing the UPDRS | (patient-reported non-motor symptoms) pre- and postoperatively.

General anesthesia and intubation for DBS surgery was necessary in 10 of the 55 patients. 30
patients underwent general anesthesia and intubation for intraoperative imaging only. All patients
were intubated for the second operation with implantation of the impulse generator several days
later.

Despite the wide range of preexisting cognitive states the mean cognitive outcome 1 year after
STN-DBS surgery was stable: There was no significant change in MMSE scores (see Table 1)
and a slight improvement in the DemTect from 14.3 + 2.8 preoperatively to 15.2 + 2.5
postoperatively (11 + 29%, p=0.037*). The individual change in cognitive abilities after STN-
DBS, however, varied widely between patients 1 year after STN-DBS. 24 patients did not show
any change of their cognitive abilities, 16 deteriorated (up to 20%) and 15 improved (up to 50%)
(see also Figure 1B).
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Imaging parameters and correlation with cognitive outcome

Mean TIV was 1386.08 + 133.03 cm® (1039.77-1716.35), mean NBM volume 0.94 + 0.12 cm?®
(0.70-1.32) and mean Ch1-3 volume 1.04 + 0.12 cm? (0.80-1.32).

Pearson’s correlations between normalized NBM volume (ratio between NBM and T1V) and the
relative change in cognitive scores pre- and 1 year postoperatively were significant (NBM
volume: r=0.300, p=0.026*; normalized NBM volume: r=0.343, p=0.010*, see Figure 1B).
Without the three patients with marked cognitive improvement, however, the correlation fails to
reach the significance level (r= 0.242, p=0.084).

A multiple linear regression model adjusted for the number of cognitive domains affected
preoperatively and disease severity (UPDRS I1l Med OFF) was calculated in order to predict
cognitive development 1 year after STN-DBS based on NBM size relative to TIV. We found a
significant regression (F(3,49)=2.869; p=0.046*) with an R2 of 0.149. The cognitive outcome was
significantly influenced by the NBM/TIV ratio (non-standardized regression coefficient
B=208.98, p=0.022*) but not by the number of cognitive domains affected (p=0.390) nor UPDRS
11l Med OFF (p=0.288).

For the random forest regression based on all available variables, the average RMSE of the
independent test data was 11.28+9.51 percentage points between the predicted and true cognitive
change (p=0.038*). When averaging the SHAP values across all subjects and models, the
normalized NBM volume was most predictive (Figure 2A) and larger NBM volumes were
associated with a better cognitive outcome after DBS (Figure 2B). Other variables that
contributed either positively or negatively to the prediction were UPDRS 111 Med OFF, disease
duration, duration of intubation, normalized Ch1-3 volume, and LED pre DBS. From Figure 2B,
it can be seen that for UPDRS 111 Med OFF, lower feature values seem to positively influence the
prediction of cognitive outcome and that longer disease duration resulted in a worse cognitive
outcome except for some individual cases in which a short disease duration had a negative effect.
In Figure 3, we show the individual contributions of features on a single-subject level for four
example cases.
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Discussion

Cognitive decline in PD in general and after DBS in particular is not only highly relevant in terms
of quality of life of patients and caregivers. In the framework of precision medicine, its risk
should guide clinicians when making therapeutic decisions. We found that smaller NBM size is
associated with unfavorable cognitive outcome one year after STN-DBS. This is the first study
that has shown the NBM volume to be predictive of cognitive performance after DBS surgery.
Our results are consistent with other studies on medically treated PD patients that have shown the
integrity of the basal forebrain to be an early predictor of disease related cognitive
decline[15,16,19]. As expected from previous work[20], normalized NBM volume in our cohort
had a higher predictive value for global cognitive abilities than the one of Ch1-3.

Overall, a highly significant motor benefit from STN-DBS and reduction of dopaminergic
therapy, similar to the large clinical trials[3,4], were seen and ADL capacities improved with
STN-DBS. Importantly, cognitive abilities were stable after but there were large interindividual
differences one year after surgery. Some patients deteriorated although preoperative cognition
seemed normal. Apparently, the quantitative preoperative cognitive assessment alone cannot
predict the outcome after STN-DBS and additional biomarkers are needed to identify patients at
risk for cognitive deterioration. It is known that qualitative cognitive differences are also
important: Abboud and colleagues have shown that the type of MCI can predict DBS outcomes in
PD and suggest detailed cognitive testing to stratify a patient’s risk[21]. Aybek and colleagues
described poorer executive scores[7] and Bove and colleagues lower frontal scores[22] associated
with a higher risk for the development of dementia after STN-DBS in PD. Based on our results,
preoperative assessment of NBM volume could help to predict potential cognitive decline after
STN-DBS. However, it has to be considered that normalized NBM volume was only able to
predict a small portion of the variability. Larger cohorts are needed to estimate NBM volumes
that help to define patients at risk for cognitive decline.

In the additional machine learning analysis, we showed that using all variables of interest,
cognitive change can be predicted with an average precision of 11 percentage points. Also in this
model, the leading predictor was normalized NBM volume followed by the preoperative UPDRS
I11 Med OFF which reflects disease severity and disease duration. Higher normalized NBM
volume and lower UPDRS 111 Med OFF led to better cognitive outcomes. Contrary to other
studies[7,22], age at surgery and preexisting cognitive deficits in the neuropsychological test set
did not have much influence on the cognitive outcome in this explorative analysis. Of course, our
cohort is already selected because higher biological age and dementia are exclusion criteria for
DBS surgery. Due to the limited sample size, our results need to be validated in larger
prospective study samples.

Contrary to our expectations, the classic motor phenotype of PD being differentially associated
with cognitive impairment had not much influence on the cognitive outcome in our cohort. This

might have several reasons: Subtypes are a currently being discussed[23], may change in the
11



O©CO~NOOOTA~AWNPE

course of the disease[24] and patients with substantially advanced PD or a diffuse-malignant
phenotype[23] are not operated on and are therefore not part of this study.

We also investigated the influence of the heterogenous surgical and anesthesiologic procedures.
One year after DBS surgery, the total duration of intubation and consequent general anesthesia
ranked fourth in predicting cognition in our data-driven approach. This finding is supported by
previous studies that have shown the length and depth of narcosis to have a negative influence on
postoperative cognitive outcomes[18]. Moreover, the trajectory of STN electrodes, their distance
to the striatum and penetration of the caudate nucleus were found significant cofactor sfor
cognitive decline after DBS[25] which were not analyzed in our patients.

A recent autopsy study on 25 postmortem brains of PD-MCI patients by Knox and colleagues,
however, found a broad variety of pathological changes including a-synuclein and cholinergic
pathology as well as cerebral amyloid angiopathy[26]. Therefore, it could be interesting to look
further into other pathologies like white matter lesions and their underlying risk factors and into
the size and integrity of other non-cholinergic structures discussed to play a role in cognition in
PD like the nucleus accumbens[27] and the pulvinar[28].

Limitations and strengths

The main limitation of this study is its retrospective design with MRI data from different scanners
and different cognitive not PD specific screening scores within the cohort. However, preoperative
imaging data homogeneity was checked both visually and with SPM12 and thus verified twice to
be sufficient for VBM analysis. Regarding the different cognitive scores, the DemTect was only
taken if there was no MMSE scores available from the pre- and 1 year postoperative assessment
and relative changes were calculated. Of note, Pearson’s correlation between normalized NBM
volume and relative change in MMSE stays significant after exclusion of the patients with
DemTect (r=0.289, p=0.044*). Other shortcomings are the relatively short study period and the
lack of a control group of PD patients without DBS but with other types of surgery as the
prevention of misattribution of cognitive decline to DBS therapy is crucial. Nevertheless, the
NBM seems to be a simple non-invasive predictor for the cognitive development in presurgical
PD patients, especially when combined with other parameters. As a cerebral MRI is part of the
clinical routine for ruling out contraindications for electrode implantations and a prerequisite for
stereotactic planning, this non-invasive method could help to better stratify the cognitive risk of
DBS surgery and/or chronic stimulation.

Conclusion

Our study supports the importance of the NBM volume as a predictor for cognitive development
in PD patients undergoing STN-DBS. Nevertheless, we are fully aware of the small amount of
variability of the postoperative cognitive outcome explained by NBM size. Therefore, we are
currently conducting a prospective study investigating patients with PD that underwent STN-
DBS aiming at validating and extending the presented retrospective findings (registered on
www.clinicaltrials.gov under the number NCT03982953). Amongst other putative predictors of

12
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cognitive decline, this study comprises a tablet-based neuropsychological test battery that takes
into account different cognitive domains and will also take into account possible stimulation
effects and lead trajectories. The overarching goal is to improve assessment of individual risk
factors of STN-DBS in order to guide patients with PD to the appropriate therapy with optimal
success.

13
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Figure legends

Figure 1: Visualization of the basal forebrain nuclei according to the probabilistic atlas by
Zaborszky and colleagues on axial slices. The NBM (Ch4) is shown in green and the surrounding
summarized nuclei Ch1-3 in red (Figure 1A). Pearson’s correlation between nucleus basalis of
Meynert (NBM) volume in relation to the total intracranial volume (T1V) and the percentage of
change in the cognitive screening scores before and 1 year after chronic STN-DBS (Figure 1B).
When leaving the patients with no cognitive change out of this analysis, the results were still
significant (NBM volume: r=0.365, p=0.044*; normalized NBM volume: r=0.462, p=0.009%).

Figure 2: Summary plot (Figure 2A) and beeswarm plot (Figure 2B) of the mean SHAP values
for all 11 features included in the model. While Figure 2A shows the global importance of each
feature by taking the mean of the absolute SHAP values, Figure 2B shows the SHAP values
depending on the feature values. The influence of low (blue) and high (red) feature values on the
model output are depicted.

Feature Description: Normalized NBM Volume: Ch4/T1V, UPDRS Il Med OFF: disease
severity score without dopaminergic medication, Disease Duration: years from symptom onset
until DBS, Duration of Intubation: hours of general anesthesia and intubation during STN-DBS
electrode and impulse generator implantation, Normalized Ch1-3 Volume: Ch1-3/TIV, LED pre
DBS: Levodopa equivalent dose before DBS surgery, Age: at DBS surgery, Duration of Surgery:
summed up for both operations, Affected Neuropsychological Domains: number of domains
affected in neuropsychological assessment, Sex: biological sex, Motor Type: equivalent, akinetic-
rigid or tremor-dominant motor type.

Figure 3: Force plots showing the individual contributions of features in four cases of male
patients with good motor improvement from our cohort. MMSE (Mini-Mental State
Examination) scores are given on the left for each case (pre- > postoperative). One year after
DBS surgery, case 1 showed a very good cognitive improvement and case 2 showed a moderate
cognitive improvement. Case 3 showed a slight deterioration in overall cognitive abilities and
case 4 showed a marked deterioration in cognition.

Feature Description: Numbers indicate the raw values of Disease Duration: years from
symptom onset until DBS, Intubation: hours of general anesthesia and intubation during STN-
DBS electrode and impulse generator implantation, NBM Volume: normalized nucleus basalis of
Meynert (NBM) volume, LED: Levodopa equivalent dose before DBS surgery, UPDRS: disease
severity score (UPDRS Il points) without dopaminergic medication, Age: in years at DBS
surgery, Ch1-3 Volume: normalized Ch1-3 volume.

15
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Supplementary methods

Machine learning analysis

In order to predict cognitive change after DBS, we applied random forest regression and feature
importance was assessed using Shapley Additive exPlanations (SHAP). For further details, please
see the supplements. in which subsets of the data were used to build uncorrelated decision trees
and then the outcomes of the single decision trees were averaged[29,30]. Here, we used the
default values of 100 trees and the RandomForestRegressor function of scikit-learn in python[31]
(version 3.0). To avoid overfitting and obtain a realistic estimate of generalizability, we split the
data 1000 times randomly into training (80%) and test (20%) data and report averages of the root
mean squared error (RMSE). The RMSE indicates the deviation between the actual (i.e.,
measured) and the predicted cognitive change of the subjects in the test sets. As cognitive change
is measured here in %, the RMSE corresponds to the percentage points between actual and
predicted cognitive change. Significance was tested with a permutation test. To assess feature
importance, SHapley Additive exPlanations (SHAP) were calculated using the TreeExplainer
backend of the SHAP library (https://github.com/slundberg/shap). SHAP is a recent game
theoretic approach that allows to compute the individual contributions of features in a machine
learning model by fairly distributing the outcome of the model (i.e., the prediction score) among
the features[32]. The TreeExplainer has recently been shown to provide optimal explanations in
several medical machine learning problems[33]. We calculated the SHAP values for each of the
models and averaged them for each subject across models. To get global explanations, we
additionally averaged the SHAP values across subjects.
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Table 1

UPDRS |
UPDRS 11
UPDRS 111

UPDRS 11l

UPDRS IV
LED

ADL
BDI-II
MMSE
DemTect

pre DBS

8.8+6.6
141+7.38
Med OFF
442 +14.4
Med ON
23.1+12.0
8.8+5.9
1242 + 542
17.5+13.3
114+65
29.0+1.2
143+2.38

Click here to access/download;Table(s);Table 1.docx %

1 year post DBS

8.2%+5.5
11.0+7.0

Med OFF Stim ON
25.0+12.7

Med ON Stim ON
18.3+11.5
4.1+£45

512 + 326
11.9+10.9
9.6+6.1
28.8+1.8
152+25

P

0.542
0.001**

< 0.001**
0.006**

0.001**

< 0.001**
< 0.001**
0.021*
0.247
0.037*

Table 1: Comparison of clinical scores and scales before and 1 year after chronic STN-DBS.

Abbreviations: UPDRS: Unified Parkinson’s Disease Rating Scale, Med ON/OFF: with or
after washout of indivdual dopaminergic medication, Stim ON/OFF: with STN-DBS switched
on and off, LED: Levodopa equivalent dose, ADL: Activities of Daily Living scale, BDI-II:
Beck Depression Inventory, MMSE: Mini-Mental State Examination, STN-DBS: bilateral

deep brain stimulation in the subthalamic nucleus.
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