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ARTICLE INFO ABSTRACT

Keywords: Background and objectives: The intricate relationship between deep brain stimulation (DBS) in Parkinson’s disease
Dee? brain Sti_m“mion (PD) and cognitive impairment has lately garnered substantial attention. The presented study evaluated pre-DBS
Parkinson’s disease structural and microstructural cerebral patterns as possible predictors of future cognitive decline in PD DBS
Subthalamic nucleus patients

Diffusion weighted imaging

Diffusi S Methods: Pre-DBS MRI data in 72 PD patients were combined with neuropsychological examinations and follow-
iffusion tensor imaging

up for an average of 2.3 years after DBS implantation procedure using a screening cognitive test validated for
diagnosis of mild cognitive impairment in PD in a Czech population — Dementia Rating Scale 2.

Resuits: PD patients who would exhibit post-DBS cognitive decline were found to have, already at the pre-DBS
stage, significantly lower cortical thickness and lower microstructural complexity than cognitively stable PD
patients. Differences in the regions directly related to cognition as bilateral parietal, insular and cingulate
cortices, but also occipital and sensorimotor cortex were detected. Furthermore, hippocampi, putamina, cere-
bellum and upper brainstem were implicated as well, all despite the absence of pre-DBS differences in cognitive
performance and in the position of DBS leads or stimulation parameters between the two groups.

Conclusions: Our findings indicate that the cognitive decline in the presented PD cohort was not attributable
primarily to DBS of the subthalamic nucleus but was associated with a clinically silent structural and micro-
structural predisposition to future cognitive deterioration present already before the DBS system implantation.

1. Introduction cognitive impairment (MCI) to overt dementia (Cammisuli et al., 2019).
Not only is the effect of cognitive impairment on the quality of life often

The concept of Parkinson’s disease (PD) has gradually developed devastating, but it may also be considered a partial contraindication to
from that of a motor disorder to a multi-faceted brain disease affecting more complex therapeutic modalities as deep brain stimulation (DBS) of
virtually all domains, including cognition. Indeed, more than a third of the subthalamic nucleus (STN). Lower baseline cognitive performance
PD patients exhibit signs of cognitive decline, ranging from mild has been previously associated with worse outcomes of STN DBS

Abbreviations: MRI, magnetic resonance imaging; T1w, T1-weighted; DBS, deep brain stimulation; STN, subthalamic nucleus; PD, Parkinson’s disease; YOPD,
young-onset Parkinson’s disease; VTA, Volume of Tissue Activated; ROI, Region of Interest; MNI, Montreal Neurological Institute; CIFTI, Connectivity Informatics
Technology Initiative; HCP, Human Connectome Project; FDR, False Discovery Rate; DWI, diffusion weighted imaging; DTI, diffusion tensor imaging; DRS-2, De-
mentia Rating Scale.
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(Gruber et al., 2019; Witt et al., 2011), even though these findings have
been challenged (Floden et al., 2015). Moreover, there is a bidirectional
aspect to the association between cognition and STN DBS — meta-ana-
lyses comparing STN DBS and pharmacotherapy have pointed to mild,
but statistically significant cognitive decline in PD patients treated with
STN DBS (Combs et al., 2015; Xie et al., 2016), even though multiple
randomized controlled clinical trials and observational studies reported
no substantial changes in global cognitive performance (Racki et al.,
2022).

The aetiology of long-term neuropsychological outcome of PD pa-
tients treated with STN DBS continues to be a matter of debate. While
there have been limited reports of cognitive decline stemming from the
effects of stimulation after the implantation (Reich et al., 2022; Frank-
emolle et al., 2010) or neuronal damage during the surgery (Witt et al.,
2013; Gologorsky et al., 2011), the published cohorts are very small and
proper management may generally prevent this complication. On the
other hand, there is the underlying pathology of the disease itself, be it
the natural course of the disease to cognitive impairment or a predis-
posing factor hypothesised as increased sensitivity to DBS-elicited
cognitive side effects in some patients (Racki et al., 2022; Mahesh-
wary et al.,, 2020). Generally, cognitive impairment in PD exhibits
substantial heterogeneity in nature, severity and the risk of conversion
to dementia (Cammisuli et al., 2019). Affections mostly in memory,
attention and executive domains are mixed to varying degrees and often
correlate with motor symptoms of PD (Pan et al., 2022; Bezdicek et al.,
2018, 2019). This heterogeneity is mirrored also in imaging findings in
PD-MCI. Various areas with divergent functions have been implicated,
ranging from obvious candidates as prefrontal and mesiotemporal
cortices, through subcortical structures and the cerebellum, up to areas
not directly associated with cognitive performance as sensorimotor and
occipital cortices (Jellinger, 2022). When considered in the light and
complex environment of advanced therapies as STN DBS, it becomes
exceedingly difficult for a clinician to differentiate between the course of
the underlying neurodegeneration and adverse effects of the stimulation
itself, since both may appear slowly and in DBS settings providing
satisfactory relief from the primary motor symptoms (Reich et al., 2022).

However, there are currently no effective ways to predict the
development of cognitive decline in STN-DBS. Test scores for attention,
the age at the surgery and levodopa response have been repeatedly
implicated as factors requiring attention in the selection process for STN
DBS candidates (Smeding et al., 2011). Nonetheless, even in responsible
adherence to these guidelines, the prevalence of cognitive impairment in
STN DBS patients is non-negligible (Racki et al., 2022).

Ergo, the presented study was aimed at evaluating pre-DBS structural
and microstructural cerebral patterns as possible predictors of future
cognitive decline in STN DBS patients. Neuropsychological follow-up for
an average of 2.3 years after STN DBS implantation procedure with
consistent longitudinal use of a global cognitive test that was validated
for PD-MCI diagnosis in a Czech population, the Dementia Rating Scale
(DRS-2™) was the basis for a reliable differentiation between PD pa-
tients with stable cognitive performance in the post-DBS period
(cognitively stable — CS) and PD patients with cognitive decline (CD).
Pre-DBS cortical thickness and subcortical grey matter (GM) structure
volume were utilised as proxies of structural integrity, while fractional
anisotropy (FA) and mean diffusivity (MD) of both cortical and
subcortical GM structures were employed to probe for microstructural
characteristics as indirect markers of cellularity, myelination and
cellular membrane integrity (Beaulieu, 2014). We hypothesized that PD
patients who would exhibit cognitive deterioration during the post-DBS
follow-up would have substantial structural and microstructural differ-
ences already prior to DBS implantation when compared to cognitively
stable PD patients.
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2. Methods
2.1. Subjects

In total, 90 PD patients indicated for STN DBS were enrolled into this
study. They met the diagnostic criteria for clinically established PD
defined by the Movement Disorders Society (Postuma et al., 2015) and
the following inclusion criteria: successful bilateral STN DBS implanta-
tion within 6 months of the pre-DBS MRI acquisition and full pre-DBS
DRS-2 examination, and absence of absolute exclusion criteria and red
flags for PD as defined by the respective guidelines (Postuma et al.,
2015). Exclusion criteria were as follows: general contraindications to
MRI examination, substantial vascular or space occupying brain lesions
or a neurological and/or psychiatric disorder other than PD and its
related complications. The examination of cognition (DRS-2) was per-
formed before the STN DBS implantation and then in the years 1, 3 and 5
after the surgery. The last available datapoint, i.e. with the longest
follow-up duration, was utilised to calculate the DRS-2 change per year
(ADRS-2). Subjects exhibiting DRS-2 score decline by 2 or more points
per year were included into cognitive decline (CD) group; the remaining
subjects were considered cognitively stable (CS). This arbitrary
threshold was selected as a hypothetical rate of cognitive decline that
would lead to DRS-2 score in the MCI range at the 3-year follow-up in a
patient with full pre-DBS DRS-2 score of 144. Furthermore, patients who
met general inclusion (diagnosis of PD, gradual cognitive decline,
cognitive deficit on scale of global cognitive abilities, cognitive deficit
not interfering significantly with activities of daily living) and exclusion
(dementia, other primary explanations for cognitive impairment than
PD, other PD-related comorbid coniditions) criteria for PD-MCI, and
scored 139 or lower in DRS-2 were diagnosed with MCI at level I based
on an optimal cutoff (with both specificity and sensitivity ~0.8) for PD-
MCI according to the Czech normative study (Bezdicek et al., 2015;
Litvan et al., 2012). MCI diagnosis was assigned to each patient inde-
pendently in pre-surgery and post-surgery. And lastly, DBS-related pa-
rameters (hardware information and stimulation settings - active
contacts, current/voltage-based stimulation amplitude, pulse width,
stimulation frequency and therapy impedance) were recorded.

The study protocol was approved by the Ethics Committee of the
General University Hospital in Prague and every subject signed a written
informed consent in accordance with the Declaration of Helsinki.

2.2. Imaging protocol

The pre-DBS MRI acquisition was performed using a 3.0T MAGNE-
TOM Skyra scanner (Siemens, Erlangen, Germany). A T1-weighted
(T1w) scan was acquired with magnetisation-prepared rapid gradient
echo (MPRAGE) sequence, 1.0-mm isotropic resolution, repetition time
(TR) of 2,200 ms, inversion time (TI) of 900 ms, echo time (TE) of 2,43
ms and flip angle of 8°. Furthermore, the protocol included diffusion-
weighted imaging (DWI), with voxel size 2.0 x 2.0 x 2.0 mm> TR
9,000 ms, TE 94 ms, flip angle 90°. Single b-value of 1100 s/rnmz, 30
directions with 5 additional b0 images, was acquired with antero-
posterior phase encoding direction.

A follow-up post-DBS T1w scan acquired using a 1.5 T MAGNETOM
Avanto scanner (Siemens, Erlangen, Germany) was utilised to evaluate
the position of the DBS electrode. The following parameters were used:
MPRAGE sequence with 1.0 mm isotropic resolution, TR of 2,140 ms, TL
of 1,100 ms, TE of 3.93 ms and flip angle of 15°.

2.3. DBS electrode position analysis

The pipeline was based on the Lead-DBS software (Horn and Kiihn,
2015) (version 2.5.3) with the enhanced workflow (Horn et al., 2019),
including the optional brain shift correction (Schonecker et al., 2009).
Diffeomorphic registration algorithm from Advanced Normalization
Tools and subcortical refinement (Horn et al., 2019) were utilised for
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spatial normalisation into the Montreal Neurological Institute (MNI).
After semi-automatic electrode localisation, electric fields around the
active contacts were estimated using the clinical DBS settings utilised at
the time of the last available DRS-2 examination, with finite element
approach and magnitude thresholding of the electric field gradient at the
level of 0.2 V/mm (Vasques et al., 2009). And lastly, the overlap of the
volume of tissue activated (VTA) was calculated for the following areas:
the whole STN, and limbic and associative subsection of STN. The
average of the left and right value were calculated to provide the mean
activated volume for each of the above stated three regions of interest
(ROIs).

2.4. MRI data analysis

The structural image processing pipeline included the following
steps: bias-field correction, rigid-body alignment to MNI space (1-mm
isotropic voxel template) and rough initial brain extraction based on
non-linear (FSL FNIRT) registration of the T1w image to the MNI tem-
plate, segmentation and surface reconstruction using FreeSurfer 6.0. The
brain mask created by FreeSurfer was then used for the final MNI space
non-linear warp. In the last step, the native-mesh surfaces of each sub-
ject were co-registered to the Conte69 average surfaces and the 2-mm
standard Connectivity Informatics Technology Initiative (CIFTI)
grayordinate space (Glasser et al., 2013).

DWI datasets were denoised based on random matrix theory and
Marchenko-Pastur distribution (Veraart et al., 2016), utilising the opti-
mised patch-based singular value shrinkage method (Cordero-Grande
et al., 2019). Gibbs ringing artefacts were removed using the method of
local subvoxel shifts (Kellner et al., 2016). These steps were followed by
the correction of eddy current-induced distortions. subject movement
and outlier replacement. Afterwards, DTI model was fitted to generate
fractional anisotropy (FA) and mean diffusivity (MD) maps. Subcortical
grey matter (GM) structures, including cerebellum were then warped to
the MNI space using the matrices calculated in the T1w processing step.
The cortical voxels were mapped to the subject’s cortical surfaces using
the partial-volume-weighted ribbon-constrained volume-to-surface
mapping algorithm and resampled to the standard greyordinate space.
These surface maps were then combined with the subcortical GM images
to create CIFTI files.

Finally, cortical thickness maps (with regressed-out linear effects of
curvature), FA and MD CIFTI files were parcellated using a combination
of HCP cortical parcellation (180 parcels per hemisphere) (Glasser et al.,
2016) and resting-state network-based sub-segmentation of subcortical
grey matter structures with the Cole-Anticevic Brain Network Atlas (Ji
et al., 2019), with size-thresholding at the level of 50 voxels per sub-
segment, yielding 68 subcortical ROIs. Cortical thickness maps were
supplemented with volumes of subcortical structures normalised with
estimated intracranial volume to create combined macrostructural CIFTI
files.

2.5. Statistical analysis

Demographic and clinical data were summarised descriptively,
separately for the full cohort, CS and CD subgroup. Continuous variables
(age, disease duration since symptom onset, pre-DBS DRS-2, duration of
follow-up, last post-DBS DRS-2, STN stimulation parameters, VTA
intersection with 3 predefined STN ROIs) were compared between CS
and CD subgroups using two-sample, two-tailed T-tests and categoric
variables (sex, pre-DBS MCI and post-DBS MCI incidence) were
compared using Fisher’s exact test. Results were considered statistically
significant at the predetermined alpha of 0.05 after False Discovery Rate
(FDR) correction to control for multiple comparisons (Benjamini and
Hochberg, 1995).

The macrostructural and microstructural correlate of pre-DBS
cognitive state was analysed in a general linear model (GLM), which
included pre-DBS DRS-2 total score as the predictor, and age, sex and
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disease duration as covariates of non-interest. The comparison of CD and
CS subgroups was based on another GLM, containing CD and CS sub-
group as predictors, and age, sex and disease duration as covariates of
non-interest. Permutation-based non-parametric analysis as imple-
mented in the Permutation Analysis of Linear Models package (Winkler
et al., 2014) was utilised, with 10,000 permutations and FDR correction
over the number of parcels separately for each modality. Results were
considered significant at alpha of p < 0.05 and parcel cluster size
thresholding of 2 to eliminate singleton cortical parcels.

3. Results

Basic demographic and clinical data, including the comparison be-
tween CS and CD in individual parameters, is provided in the Table 1. In
the pre-DBS parameters, there was a statistically significant difference
between CS and CD subgroups in the age at DBS implantation (average
53.65 and 63.60, respectively; prpreor < 0.001) and the age of the dis-
ease onset (46 % vs 10 % of subjects in respective groups met the criteria
for young-onset PD (YOPD) (Mehanna and Jankovic, 2019); prpreor <
0.011). No statistically significant inter-group difference was found in
the duration of the disease, pre-DBS DRS-2, presence of MCI or sex. As
for the post-DBS data, only 72 out of the 90 enrolled subjects success-
fully underwent further DRS-2 test (14 subjects were less than 1 year
after DBS implantation surgery and hadn’t undergone the first neuro-
psychological follow-up yet at the database lock; 4 subjects had no
neuropsychological follow-up). Out of these 72 PD patients, 20 (27 %)
showed DRS-2 decrease of 2 or more points per year. There was no
difference in the duration of follow-up between CS and CD subjects, but
cognitive performance (post-DBS DRS-2, ADRS-2 and presence of MCI)
were significantly different, where 95 % of CD patients were diagnosed
with MCI at the last follow-up session (from the baseline 30 % at the pre-
DBS stage). Furthermore, there was no difference in the intersection of
VTA and whole STN or its subsections between the two groups. To
provide better overview of the significant inter-group age difference,
Fig. 1 shows the relationship between the age at DBS implantation and
ADRS-2, distinguishing between pre-DBS MCI patients and cognitively
intact PD patients.

The analysis of MRI data was based on subject numbers stated in the
Table 1.

In the analysis of pre-DBS DRS-2 (90 subjects for structural data, 79
subjects for DTI data), no macrostructural, FA or MD correlate of DRS-2
was detected.

On the other hand, the comparison of the CS and CD group detected
wide-spread differences both in the cerebral cortex and subcortical
structures (see Fig. 2 and Table 2). CS PD patients had relatively higher
cortical thickness in bilateral inferior parietal, insular and cingulate
cortices, and higher volume of both putamina, but also sensorimotor and
visual cortices (based on 52 CS and 20CD subjects). FA analysis (based
on 46 CS and 16 CD subjects) revealed higher FA in CS PD patients in
medial temporal, inferior parietal, cingulate and orbito-frontal cortex
bilaterally. Subcortically, CS PD patients had relatively higher FA in the
cerebellum and both hippocampi. And lastly, CS PD patients had lower
MD in the inferior parietal, orbito-frontal, dorsolateral prefrontal and
temporal cortices, and also in both hippocampi and the left putamen.
Moreover, both MD and FA detected substantial bilateral differences
between CS and CD subjects again in the occipital cortex. And lastly, due
to the non-negligible differences in the average age and ratio of YOPD
patients (see Table 1), two subanalyses were performed: one analysis
excluding YOPD and one analysis with best possible age matching (for
demographic and clinical information on these subsets, see Supple-
mentary Tables 1 and 3). These comparisons yielded very similar
regional patterns (see Supplementary Figs. 1 and 2 and Supplementary
Tables 2 and 4) and effect sizes to the main analysis, albeit with lower
statistical significance. Importantly, the comparison of effect sizes for
the differences in the MRI modalities of interest in the clusters detected
in the main analysis (see Table 2) yielded very high correlation
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Table 1

Basic demographic and clinical information about the full pre-DBS cohort and
available subjects in follow-up divided into stable cognitive performance and
declining cognitive performance groups. Data is provided as average [standard
deviation] or percentage of the full number of patients in the respective group.
Abbreviations: DBS — deep brain stimulation; DRS-2 — Dementia Rating Scale;
MCI - mild cognitive impairment; PD — Parkinson’s disease; STN — subthalamic
nucleus; AChEI - acetylcholinesterase inhibitor.

Full Stable Declining p value
cohort cognitive cognitive FDR cor.
pre-DBS performance performance
Number of patients 90 52 20
With DTI available 79 45 16
in italics
At DBS implantation
Age (years) 56.87 53.65 [8.27] 63.60 [5.42] <0.001
[8.78] 54.16 [8.41] 64.75 [3.55] *<0.001*
57.33
[8.82]
Young-onset PD (%) 32% 46.2 % 10.0 % <0.016
31.6 % 46.7 % 6.3 % *<0.016*
Sex (% of females) 46.7 % 53.8 % 30.0 % 0.252
46.8 % 51.1% 37.5% 0.603
Disease duration 11.39 10.94 [8.27] 13.40 [5.47] 0.205
since symptom [4.58] 11.20 [4.18] 13.38 [6.12] 0.392
onset (years) 11.47
[4.73]
DRS-2 139.63 139.38 [5.06]  140.45 [2.40]  0.429

[4.41] 139.33[5.23]  139.94 [2.38] 0.746
139.48
[4.51]
MCI (% of PD-MCI 34.4 % 34.6 % 30.0 % 0.887
patients) 342 % 35.6 % 37.5% 1.000
At last
neuropsychology
examination
Duration of follow-up 2.35 [1.30] 2.20 [1.47] 0.887
(years) 216 [1.17] 1.88 [1.45] 0.716
DRS-2 140.29 [2.70] 132.05 [5.54] <0.001
140.42 [2.56]  133.25 [4.40]  *<0.001*
MCI (% of PD-MCI 26.9 % 95.0 % <0.001
patients) 26.7 % 93.8% *<0.001*
DRS-2 difference per 0.89 [3.49] —4.37 [2.11] <0.001
year 1.01 [3.70] —4.40 [2.34] *<0.001*
DBS-related 51 20
information
[number of
datasets
available]
Stimulation mode 42/7/2 19/0/1
[monopolar /
bipolar /
interleaved]
Constant voltage / 2/49 4/16
constant current
mode
Voltage amplitude 2.45 [0.20] 2.35 [0.65] 0.887
(V) (bilat. average)
Current (mA) (bilat. 2.22 [0.70] 2.02 [0.68] 0.577
average)
Pulse width (us) 62.25 [8.93] 63.00 [9.00] 0.887
Frequency (Hz) 127.65 130.00 [0.00] 0.392
[12.89]
Impedance (kQ) 1192.35 1151.30 0.887
[475.13] [391.81]

Total electrical
energy delivered

52.42[32.31]  34.61 [20.96] 0.054

(uw)

Activated volume of 6.78 [11.17] 6.43 [6.09] 0.898
STN (mm?®)

Associative 2.02 [4.68] 1.81 [2.62] 0.887
subsection (mm?)

Limbic subsection 1.13 [2.19] 0.80 [0.93] 0.603

(mm?)
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coefficients (0.912 and 0.794 for the correlation of effect sizes in the
main analysis vs subanalysis without YOPD and effect sizes in the main
analysis vs age-matched-subset subanalyis, respectively; both p values
< 0.001) (see Supplementary Table 5 for full information).

4. Discussion

STN DBS is a major game-changer for many PD patients, immensely
improving motor symptoms and quality of life. However, it is not devoid
of adverse effects, and accumulating evidence points to both the benefits
and side effects stemming from specific circuits and pathways (Mont-
gomery and Gale, 2008; Jech and Mueller, 2022). Nonetheless, this
study is the first to show that patients who develop cognitive decline
after DBS also differ substantially from PD DBS patients cognitively
stable after DBS in both structural and microstructural brain charac-
teristics already at the pre-DBS stage. The importance of this finding is
underscored not only by the lack of differences in baseline cognitive
performance, sex and disease duration between CS and CD subjects in
the presented cohort, but also by the absence of significant differences in
the position of DBS leads within STN and stimulation parameters (see
Table 1).

The differences between CS and CD groups in MRI metrics are of an
expectable nature. CS patients had relatively higher cortical thickness
and subcortical GM structure volumes, which may be seen as an indi-
cation of better-preserved structural integrity or lower extent of atrophy.
The microstructural findings — higher FA and lower MD - point as well to
the higher presence of structures impeding free water diffusion, i.e. a
higher complexity of the underlying GM tissue. Unfortunately, MRI,
while a highly versatile tool sensitive to tissue alterations, remains
hindered by its low specificity to the underlying histological features
(Weiskopf et al., 2015). Differences in neuronal cellular density, axonal
and/or dendritic structures, myelination, or even in astrocytes (Beau-
lieu, 2014) may be responsible for the presented results. The differences
between CS and CD groups presented here are not only statistically
significant, but generally provide also viable effect sizes, warranting
further research. Multimodal studies combining various acquisition
protocols and potentially further metrics will be necessary for relevant
risk stratification and classification applicable for clinical use (Kessler
et al., 2015).

The areas implicated in the CS and CD comparison (see Fig. 2 and
Table 2) include regions directly related to cognition as bilateral pari-
etal, insular and cingulate cortices, but also occipital and sensorimotor
cortices, well in line with the previous reports on PD-MCl-related pat-
terns of cortical alterations (Cammisuli et al., 2019; Jellinger, 2022).
Furthermore, the microstructural DTI analysis extended the finding not
only to bilateral affection of mesiotemporal and orbitofrontal cortices,
but also to both hippocampi, cerebellar cortex and upper brainstem. All
of these structures are vital for proper cognitive functioning in PD
(Ibarretxe-Bilbao et al., 2011) and/or have been heavily implicated in
the pathophysiology of PD (Simon et al., 2020). Differences detected in
the cerebellum are also in line with the previous literature, given its
wide range of functions in associative processes and contribution to both
motor and non-motor symptoms in PD (Solstrand et al., 2020).

Importantly, the presented differences between CD and CS patients
in brain macrostructure and microstructure must be considered in the
light of the absence of significant inter-group differences in pre-DBS
DRS-2 scores and pre-DBS incidence of MCI. Moreover, there was no
correlation between cortical thickness, subcortical GM structure volume
or microstructural DTI parameters with the pre-DBS DRS-2 scores,
further reinforcing the putative homogeneity of the group of STN DBS
candidates at the pre-DBS stage. This finding does not question the
utility of DRS-2 in this setting. It merely points to the fact that the
presented cohort was a carefully selected group of DBS-eligible PD pa-
tients without established major risk factors or cognitive problems, with
a narrow DRS-2 distribution close to the full possible score. A wider
range of DRS-2 values would probably be necessary to detect statistically
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Fig. 1. Scatterplot showing the association between the within-subject DRS-2 change per year (ADRS-2) during the follow-up and the age at the implantation.
Patients with pre-DBS mild cognitive impairment (MCI) are graphically differentiated from pre-DBS cognitively intact patients. Trendline over the full cohort is
provided (black dashed line). Horizontal red dotted line represents the pre-determined ADRS-2 threshold for cognitive decline during the follow-up (—2 points per
year). List of abbreviations: DBS — deep brain stimulation; DRS-2 — Dementia Rating Scale; PD — Parkinson’s disease; MCI — mild cognitive impairment. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

significant correlations.

Nonetheless, a major limitation must be considered when inter-
preting these results. Firstly, there is a substantial age difference be-
tween the CS and CD groups. While probably inherent to this sub-
grouping due to the higher risk of cognitive decline in higher age, the
well-known dependence of all the implemented MRI metrics on age is a
factor difficult to account for, despite the inclusion of age and disease
duration as nuisance covariates in the GLMs. True, multiple areas of high
relevance for the cognitive performance are exceedingly susceptible to
alterations seen in ageing, but the patterns implicated in this study do
not correspond fully to the repeatedly published antero-posterior
gradient of age-related changes with dominant affection of prefrontal
cortices (Boban et al., 2022; Karolis et al., 2019). Furthermore, the age
ranges included in this study are generally still in the area of gentler
slopes before the often quadratic, steep changes seen in multiple MRI
metrics in higher age groups (Filip et al., 2023). Nonetheless, the
interaction of ageing and neurodegenerative processes is a matter of
exceeding complexity, and while there are preliminary indications
pointing to increased ageing rate in neurodegenerative diseases
(Beheshti et al., 2020; Eickhoff et al., 2021), multimodal longitudinal
studies will be of essence to shed light on this issue. But most impor-
tantly for the presented study, supplementary sub-analyses in a subset
excluding YOPD subjects and a subset limited to age-matched subgroups
yielded very similar regional distribution and effect sizes of detected
differences to the main analysis, indicating that the presented findings
are, to a major part, interpretable as age-independent. Due to the rela-
tive scarcity of suitable subjects, further studies should encompass
multi-site endeavours to collect datasets of sufficient size where more
detailed hypotheses related to cognitive decline in STN DBS could be
evaluated Secondly, the only outcome measure of cognitive function in
the presented study was DRS-2. Although previously validated for use in
PD patients in a Czech population and appropriately suitable for
cognitive screening of global cognition, DRS-2 does not appear to have
utility in evaluating single cognitive functions in PD (Lopez et al., 202.3;
Boel et al., 2022). Further studies using more complex assessment of
cognition (e.g. level II diagnosis of PD-MCI) will be necessary to evaluate

whether our results correspond to the type of cognitive deficit which
may develop after DBS implantation.

5. Conclusion

All in all, this is the first study showing substantial pre-implantation
cortical and subcortical differences between PD patients who would
exhibit post-DBS cognitive decline and PD patients with stable cognitive
performance during the post-DBS follow-up. Moreover, cognitive
decline in the presented cohort was not directly attributable to the po-
sition of DBS leads within STN or utilised stimulation parameters — i.e.
not attributable to STN DBS primarily, but to this clinically silent
structural and microstructural predisposition to future cognitive dete-
rioration present already before STN DBS implantation.
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Fig. 2. Main results for the comparison of patients with stable cognitive performance (CS) and declining cognitive performance (CD) for parcellated structural data
(cerebral cortical thickness + subcortical grey matter structure volume), fractional anisotropy and mean diffusivity. Alpha of 0.05, false discovery rate corrected.
Red-yellow scale marks CS > CD contrast, blue scale labels the reverse contrast; values correspond to the T statistic. Subcortical structures shown in 4 slices z = 20, 2,
—16, —34 (MNI coordinate system). Laterality convention where the right side of the figure corresponds to the right side of the brain is used. See Table 2 for further
anatomical and statistical information on significant regions. Abbreviations: L — left; R — right. For the full list of abbreviations and information on individual parcels
utilised as nodes, see (Glasser et al., 2016). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 2

Results of parcellated comparison of patients with stable cognitive performance (CS) and declining cognitive performance (CD) for structural data (cerebral cortical
thickness + subcortical grey matter structure volume normalised by estimated intracranial volume), fractional anisotropy and mean diffusivity [mean diffusivity
values multiplied by the factor of 1,000 for better legibility]. Data reported as clusters, with cortical anatomical localisation based on 22 main cortical segments and
parcellation as defined by (Glasser et al., 2016), number of parcellation regions of interest contained in each cluster (column #), average and standard deviation
separately for CS and CD group, effect size (Cohen’s d), T statistic of permutation-based T test and p value. Alpha of 0.05, False Discovery Rate corrected was
implemented. Individual entries are sorted in descending order based on the effect size. See also Fig. 2. Abbreviations: T stat — T statistic; Macrostructure — macro-
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structural data (cortical thickness and subcortical grey matter structure volumes); FDR — False Discovery Rate; L — left; R — right.

Side and anatomical area # Stableperformance  Declining Effect T stat p val
performance size (FDR)
Macrostructure L Dorsal Stream Visual, Early Visual, Posterior Cingulate, Ventral 16 2.237 [0.127] 2.043 [0.149] 1.402 3.933 0.008
[mm for cortex, Stream Visual, Medial Temporal, Primary Visual, Superior
unitless for subcort. Parietal and IPS
areas] R Superior Parietal and IPS, Inferior Parietal, Dorsal Stream Visual, 24 2.191 [0.160] 1.996 [0.144] 1.280 4.080 0.008
Somatosensory and Motor, Early Visual, Paracentral Lobular and
Mid Cingulate, Ventral Stream Visual, MT + Complex and
neighbouring Visual Areas, Posterior Cingulate, Primary Visual
R Posterior Operculum, Early Auditory, Auditory Association, 7 2.557 [0.198] 2.353 [0.122] 1.243 3.788 0.011
Insular
L  Putamen 2 0.302 [0.035] 0.265 [0.028] 1.151 4.174 0.008
L Inferior Parietal, Somatosensory and Motor, Paracentral Lobular 18 2.223 [0.149] 2.064 [0.140] 1.105 3.981 0.011
and Mid Cingulate, Superior Parietal and IPS, Posterior
Operculum, Premotor
L  Early Auditory, Insular, Posterior Operculum 5 2.480 [0.191] 2.274 [0.207] 1.033 3.290 0.018
R Putamen 1 0.303 [0.037] 0.270 [0.029] 1.020 3.686 0.008
L Paracentral Lobular and Mid Cingulate, Premotor 4 2.525 [0.196] 2.350 [0.234] 0.812 3.003 0.023
L Inferior Frontal, Insular 2 2.774 [0.229] 2.598 [0.212] 0.795 2.597 0.033
L  Amygdala 4 0.103 [0.014] 0.094 [0.015] 0.673 2.595 0.036
L  Caudate 2 0.218 [0.029] 0.202 [0.018] 0.665 2.305 0.050
Fractional Anisotropy R  Hippocampus 3 0.174 [0.033] 0.133 [0.024] 1.405 3.880 0.010
[unitless] L  Hippocampus 3 0.158 [0.024] 0.129 [0.022] 1.223 4.066 0.010
R Ventral Stream Visual, Medial Temporal, Dorsal Stream Visual, 30 0.128 [0.017] 0.109 [0.017] 1.092 3.589 0.010
MT + Complex and neighbouring Visual Areas, Early Visual,
Lateral Temporal, Inferior Parietal, Posterior Cingulate, Primary
Visual, Superior Parietal and IPS
L Dorsal Stream Visual, Medial Temporal, Early Visual, Ventral 19 0.127 [0.019] 0.109 [0.021] 0.886 3.947 0.010
Stream Visual, Lateral Temporal, MT + Complex and
Neighboring Visual Areas, Posterior Cingulate, Primary Visual
L Amygdala 1 0.154 [0.047] 0.123 [0.021] 0.849 2.452 0.010
R Paracentral Lobular and Mid Cingulate, Posterior Cingulate, 7 0.114 [0.015] 0.099 [0.020] 0.815 3.273 0.015
Superior Parietal and IPS
R Cerebellum 4 0.167 [0.017] 0.154 [0.015] 0.807 3.163 0.010
L  Inferior Frontal 3 0.130 [0.024] 0.113 [0.018] 0.806 2.387 0.030
L  Orbital and Polar Frontal 3 0.186 [0.054] 0.149 [0.044] 0.756 2.827 0.020
L  Cerebellum 4 0.176 [0.020] 0.159 [0.026] 0.748 3.031 0.017
R Orbital and Polar Frontal, Inferior Frontal, Anterior Cingulate, 11 0.161 [0.032] 0.140 [0.027] 0.730 2.645 0.016
Insular
R Early Auditory, Insular, Posterior Operculum 5 0.132 [0.033] 0.118 [0.021] 0.506 2.129 0.027
L Early Auditory, Posterior Operculum 2 0.135 [0.041] 0.120 [0.018] 0.466 1.982 0.033
L Paracentral Lobular and Mid Cingulate, Anterior Cingulate, 15 0.125 [0.013] 0.115 [0.028] 0.425 3.792 0.010
Posterior Cingulate, Somatosensory and Motor, Superior Parietal
and IPS
R Dorsolateral Prefrontal, Premotor 4 0.121 [0.016] 0.114 [0.020] 0.412 3.278 0.010
L Posterior Cingulate, Superior Parietal and IPS 5 0.118 [0.018] 0.112 [0.024] 0.306 2.584 0.016
L  Inferior Parietal 2 0.126 [0.027] 0.116 [0.046] 0.256 2.525 0.021
Mean diffusivity L Ventral Stream Visual, Lateral Temporal, Early Visual, Dorsal 18 0.966 [0.060] 1.062 [0.057] 1.631 —5.539 0.007
[1,000 x mm?/s] Stream Visual, MT + Complex and neighbouring Visual Areas,
Auditory Association, Primary Visual
R Ventral Stream Visual, Medial Temporal, Early Visual, Dorsal 22 1.004 [0.066] 1.116 [0.075] 1.595 —4.883 0.007
Stream Visual, MT + Complex and neighbouring Visual Areas,
Posterior Cingulate, Inferior Parietal, Lateral Temporal, Primary
Visual
L Anterior Cingulate, Orbital and Polar Frontal, Paracentral 16 0.907 [0.055] 0.999 [0.069] 1.472 —3.942 0.009
Lobular and Mid Cingulate, Dorsolateral Prefrontal, Inferior
Frontal
R Superior Parietal and IPS 2 1.056 [0.095] 1.180 [0.077] 1.431 —3.328  0.016
R Anterior Cingulate, Paracentral Lobular and Mid Cingulate 2 0.905 [0.058] 0.982 [0.073] 1.161 -3.703 0.009
R Orbital and Polar Frontal, Inferior Frontal 8 0.902 [0.086] 0.992 [0.071] 1.143 -3.216 0.024
L Insular, Early Auditory, Posterior Operculum 8 0.944 [0.056] 1.019 [0.078] 1.098 -3.336 0.014
R Early Auditory, Insular, Posterior Operculum 6 0.963 [0.068] 1.036 [0.066] 1.083 —2.896 0.025
R Hippocampus 2 1.018 [0.204] 1.291 [0.303] 1.056 —4.344 0.007
L  Hippocampus 1 1.057 [0.240] 1.294 [0.207] 1.055 -3.510 0.014
R Inferior Parietal, MT + Complex and neighbouring Visual Areas, 7 0.938 [0.063] 1.014 [0.083] 1.030 —3.239  0.024

Temporal-Parietal-Occipital Junction, Auditory Association

(continued on next page)
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Table 2 (continued)
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Side and anatomical area # Stableperformance  Declining Effect T stat p val

performance size (FDR)
L Temporal-Parietal-Occipital Junction, Inferior Parietal 4 0.931 [0.064] 1.009 [0.088] 1.010 —-3.161 0.016
R Diencephalon ventral 1 0.981 [0.161] 1.120 [0.142] 0.911 -3.048  0.025
L Dorsolateral Prefrontal, Inferior Frontal 2 0.920 [0.082] 1.018 [0.145] 0.831 -3.127 0.025
L  Posterior Cingulate 2 0.933 [0.066] 0.987 [0.065] 0.817 —2.648  0.037
L Diencephalon ventral 1 0.914 [0.105] 1.000 [0.112] 0.795 —-2.781 0.034
L  Putamen 1 0.750 [0.028] 0.774 [0.041] 0.678 —2.592  0.037
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