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Abstract.

Background: Postoperative delirium (POD) is a serious complication following deep brain stimulation (DBS) but only
received little attention. Its main risk factors are higher age and preoperative cognitive deficits. These are also main risk
factors for long-term cognitive decline after DBS in Parkinson’s disease (PD).

Objective: To identify risk factors for POD severity after DBS surgery in PD.
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Methods: 57 patients underwent DBS (21 female; age 60.2 + 8.2; disease duration 10.5 & 5.9 years). Preoperatively, general,
PD- and surgery-specific predictors were recorded. Montreal Cognitive Assessment and the neuropsychological test battery
CANTAB Connect™ were used to test domain-specific cognition. Volumes of the cholinergic basal forebrain were calcu-
lated with voxel-based morphometry. POD severity was recorded with the delirium scales Confusion Assessment Method
for Intensive Care Unit (CAM-ICU) and Nursing Delirium Scale (NU-DESC). Spearman correlations were calculated for
univariate analysis of predictors and POD severity and linear regression with elastic net regularization and leave-one-out
cross-validation was performed to fit a multivariable model.

Results: 21 patients (36.8%) showed mainly mild courses of POD following DBS. Correlation between predicted and true
POD severity was significant (spearman rho = 0.365, p =0.001). Influential predictors were age (p <0.001), deficits in attention
and motor speed (p =0.002), visual learning (p =0.036) as well as working memory (p <0.001), Nucleus basalis of Meynert
volumes (p =0.003) and burst suppression (p =0.005).

Conclusions: General but also PD- and surgery-specific factors were predictive of POD severity. These findings underline
the multifaceted etiology of POD after DBS in PD. Valid predictive models must therefore consider general, PD— and
surgery-specific factors.

Keywords: Parkinson’s disease, deep brain stimulation, postoperative delirium, cognition, risk prediction, personalized

therapy, outcome

INTRODUCTION

Deep brain stimulation (DBS) in Parkinson’s
disease (PD) has been shown to improve motor fluc-
tuations and quality of life in patients who have
complications that cannot be controlled by adjust-
ments of medical therapy.! Long-term cognitive
deterioration can be observed in few cases after
DBS surgery but the etiology is unclear. Main risk
factors for cognitive decline are higher age and pre-
operative cognitive impairment.” These are also the
main predisposing factors for postoperative delir-
jum (POD)3 which, in turn, can lead to long-term
cognitive decline.* POD is defined as an acute dis-
turbance of attention and awareness accompanied
by change in cognition after surgery. It is fur-
ther characterized by fluctuating symptoms including
hallucinations, confusion and disorientation.’ The
pathogenesis is complex and not well understood to
date. Hypotheses include cholinergic and to a lesser
extent dopaminergic imbalances as well as neuroin-
flammatory processes.® Delirium is of high relevance
as it is associated with a poorer prognosis due to
higher mortality, higher rate of institutionalization,
dependency of care and dementia.>’

A narrative review by Vardy et al. reasoned that
PD patients may be at higher risk for POD in com-
parison to controls without chronic diseases. Reasons
are dopaminergic and cholinergic deficits as part of
the pathogenesis of PD.®%9 PD patients show an
even higher mortality rate due to the consequences
of delirium than healthy controls and delirium is

associated with faster PD progression and long-term
cognitive decline.'® Although the incidence of POD
after neurosurgical procedures is higher than after
surgery in other localizations,!! POD after DBS in
the subthalamic nucleus (STN), the main surgical
target in PD, is rarely examined and mostly inves-
tigated retrospectively. Incidences of POD after DBS
are reported to range from 5.8% to 42.6%. Reasons
for this range may result from various definitions and
ways to detect POD in addition to different sample
sizes and characteristics.!?

Many different parameters have an influence on
the occurrence and severity of POD in PD. Valid pre-
dictive models must therefore consider general, PD—
and surgery-specific factors. Important general pre-
dictors for POD are higher age, preexisting cognitive
impairment, comorbidities, malnutrition, need of care
and preoperative inflammation.® Neurofilament light
chain (NfL)!? derived from blood serum and demen-
tia markers derived from cerebrospinal fluid (CSF)
have also been linked to POD risk.!3 14

In terms of PD-specific characteristics increasing
the risk of POD, an akinetic-rigid motor type, disease
severity, depressive symptoms, a history of hallucina-
tions and impulsive disorders have been described.!?
The genetic background of PD also has an influence
on cognitive trajectories. Especially mutations in the
GBA gene, which encodes glucocerebrosidase, the
most common genetic risk factor for PD, are associ-
ated with a poorer cognitive prognosis'®> and might
therefore also go along with an increased risk of delir-
ium.
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Deficits in global cognition increase the risk of
POD significantly. When investigating patients with
no obvious dementia, domain-specific neuropsycho-
logical impairments have been proposed as showing
higher predictive values. In their meta-analysis,
Ghezzi et al. found the largest effects on delirium inci-
dence in older hospitalized patients for the domains
orientation and visuospatial capacities, two very basic
abilities.'® However, domain-specific neuropsycho-
logical testing for risk calculation of POD after DBS
in PD has not been conducted yet.

Perioperative procedures also play a role in the
development of POD. In this regard, predictors of
POD after STN-DBS in PD need to take into account
specific surgery characteristics, for example the inter-
mission of dopaminergic medication and the aim to
avoid deep sedation for intraoperative clinical test-
ing during electrode implantation.'? As deep sedation
has been found to be a risk factor for POD,!” body
weight-adjusted doses of anesthetics and electroen-
cephalography monitoring (EEG) during surgery can
provide quantifiable predictive factors of POD.!®
However, in a single retrospective study in the con-
text of STN-DBS in PD, deep sedation did not prove
to be a risk factor for POD.!?

Ray and colleagues®® have shown that PD patients
with lower-than-expected NBM volumes at baseline
have a 3.5-fold greater risk of becoming cognitively
impaired after 5 years. Schulz and colleagues?! have
described NBM volume and mean diffusivity to be
predictive of cognitive impairment after 3 years. This
led us to test the predictive value of the NBM for
cognition one year after STN-DBS in PD in a retro-
spective study. Here, we were able to show that the
NBM had the highest predictive value for the cogni-
tive performance one year after STN-DBS surgery in
a machine learning analysis.?? Due to the large over-
lap between the risk factors for POD and cognitive
decline, this imaging marker might also be predictive
of POD.

This prospective study aims at identifying risk fac-
tors for POD severity after DBS in PD patients that
take into account the multifaceted etiology of this
complication. Thereby, PD patients in the evalua-
tion process for DBS surgery could be counseled
on a more individual basis. By raising awareness
on POD, we also hope to prompt prevention, early
detection and treatment of this common complica-
tion after DBS in PD. Last but not least, this study
could also have an influence on in- and exclusion cri-
teria for DBS surgery and perioperative management
strategies in the future.

METHODS

This analysis is a subproject of the prospective
cohort study of cognitive outcomes one year fol-
lowing DBS surgery in PD (NCT03982953). The
ethics committee of the Charité - Universitatsmedizin
Berlin approved all study procedures (EA2/0019).
Patients with PD were included if 1) they were
evaluated positively for receiving bilateral DBS elec-
trodes in the subthalamic nucleus (STN) at our center
between 06/2019 and 09/2021, 2) spoke sufficient
German and 3) gave their written informed consent.
Prior to DBS surgery, all patients had undergone
a careful examination of the diagnosis, indication,
response to Levodopa and exclusion of possible
contraindications (most importantly biological age
higher than 70 years or a clinical diagnosis of demen-
tia). Recruitment of patients was delayed about one
year due to COVID restrictions. TRIPOD reporting
guidelines were used for reporting prediction model
development.?3

POD assessment

Duration and severity of POD were recorded by
means of the validated scales Confusion Assessment
Method for Intensive Care Unit (CAM-ICU)?4+~2¢
and Nursing Delirium Screening Scale at non-ICU
wards (NU-DESC)? every eight hours after surgery
until hospital discharge. Ratings were conducted by
trained physicians or nurse practitioners who were
trained to focus on acute changes of the patient’s
behavior. Pre-condition to use the CAM-ICU is to
rate the level of sedation followed by the step-by-
step examination of acute onset or a fluctuating
course, inattention, disorganized thinking and level
of consciousness. The NU-DESC consists of five cat-
egories: disorientation, inappropriate behavior and
communication, illusions or hallucinations and psy-
chomotor retardation. For each category a score of 0
(no symptom), 1 (mild symptom) or 2 (severe symp-
tom) is assigned. POD is present if two or more points
are scored in total and the maximum score is ten. POD
was rated present if CAM-ICU or NU-DESC scores
were positive. POD severity was calculated as the
average NU-DESC score on POD-positive days. In
case of different positive NU-DESC scores during
one day, the highest scores were used and subse-
quently divided by the number of POD positive days.
For further information, please see the Supplemen-
tary Material.
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Possible predictors influencing the occurrence of
POD are investigated in this study and are introduced
in the following sections:

General predictors

Preoperative age, sex, level of education, body
mass index (BMI), nutritional status as measured by
the Mini Nutritional Assessment short form (MNA-
SF),?8 comorbidities as measured by the Charlson
Comorbidity Index (CKI),? need of assistance in
daily life activities (Bain and Findley Activities of
Daily Living (ADL)3?) and plasma C-reactive protein
on the day before DBS surgery were recorded.

Where lumbar puncture was possible, dementia
markers (phospho-tau, total-tau, amyloid- B 1-40
and 1-42, amyloid-f ratio and amyloid-3 1-42/total-
tau ratio) from CSF as well as neurofilament from
blood serum were measured (SNfL). As sNfL levels
increase with age and decrease with BMI, age- and
BMI-adjusted sNFL Z-Scores were calculated.’!

PD-specific predictors

We recorded the motor predominance type, dis-
ease duration, Levodopa equivalent daily dosage
(LEDD),3? MDS-UPDRS III On and Off medication
and MDS-UPDRS IV and PD specific quality of life
(PDQ-39).33 In terms of non-motor domains, MDS-
UPDRS I and I, depressive symptoms (BDI-II),>*
apathy (Starkstein-Apathy-Scale),>> and impulsive
behaviors (QUIP-RS)36 were assessed. Genetic
testing for 68 monogenetic causes as well as suscep-
tibility genes and loci was additionally conducted.

Preoperative cognitive performance

Patients completed the Montréal cognitive assess-
ment (MoCA),3” an overall cognitive screening test
and an extensive computer-based neuropsychologi-
cal test battery (CANTAB Connect™)38 established
individually for our study and pilot tested in PD
patients of different disease stages. A description of
the tests applied in this study can be found in the Sup-
plementary Material. Parameters used for statistical
analysis were selected according to the main outcome
measures of each test.

Assessing the cognitive domains of attention and
motor speed, reaction time from the Motor Screen-
ing Task (MOT-ML) was used to test for the patient’s
ability to functionally manage the rest of the test
battery. The Reaction Time test focused on percep-

tion of stimuli, processing and execution as well as
accuracy of response in both a simple task with a
single cue (RTI-SMDRT) and advanced five choice
trial (RTI-FMDRT). Outcome parameters for visual
learning were visual short- (PRM-PCI) and long-time
memory (PRM-PCD) from the Pattern Recognition
Memory test in which the participant had to memo-
rize previously seen patterns. In the Paired Associated
Learning task, association learning was combined
with a time sequence. Here, the measures were errors
(PAL-TEA) and correct pairs on first attempt (PAL-
FAMS). Visuospatial working memory was tested
with the Spatial Span test. The patient was asked
to reproduce the right sequence of color changing
squares and short-time memory (SSP-FSL) as well as
working memory (SSP-RSL) was assessed by mea-
suring the length of the correct forward or backward
sequence. Verbal learning was recorded by asking
for previously learned words in free recall (VRM-
FRDS), an immediate recognition (VRM-IRTC) and
a delayed recognition set (VRM-DRTC). Tests for
executive functions were evaluating attentional flexi-
bility and adjustment. Reported outcome parameters
were errors in the Multitasking test (MTT-TIC),
reaction time (MTT-LMD), incongruency costs for
conflicting stimuli (MTT) and multitasking costs
(MTT-MTCMD). In addition, executive functions
were assessed by a spatial working memory test
where the patient had to memorize visuospatial infor-
mation and devise a strategy in order to complete
the task. Outcome parameters were repetitive errors
(SWM-BE468) and strategy points (SWM-S). Social
cognition was assessed by the Emotion Recognition
test with the main outcome being correct choices of
recognizing basic emotions based on facial expres-
sion (ERT-TH). Theory of Mind (ToM), the ability
to infer other peoples’ thoughts was investigated by
means of the Yoni task®® differentiating affective
from cognitive ToM. Additionally, the number of
affected domains in the standard neuropsychological
test session conducted by a neuropsychologist was
assessed.

Imaging predictors

Preoperative structural 3T MRIs from clini-
cal routine (Siemens Magnetom Vida / Skyra)
acquired between 05/2019 and 09/2021 were used
for voxel-based morphometry (VBM). Volumes of
the cholinergic basal forebrain, i.e., of the nucleus
basalis of Meynert and surrounding nuclei (Chl-
3) were calculated from T1-MPRAGE sequences
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via the open-source toolbox CAT12 (http://141.35.6
9.218/cat) running in MATLAB. The methodology
was exactly the same as previously described:??
After segmentation, normalization and smoothing,
homogeneity was checked. Volumes were calculated
using the atlas of Zaborszky and colleagues*’ imple-
mented in the Anatomy toolbox. As all brain volumes
depend on total intracranial volume (TIV), which
in turn depends on age and sex, the NBM/TIV and
Ch1-3/TIV ratios were calculated. DBS leads were
localized on postoperative CT scans using the Lead
DBS toolbox running in MATLAB.

Perioperative predictors

For stereotactic implantation of DBS electrodes
in the bilateral STN, the duration of intermission of
dopaminergic medication was monitored. Start time
and length of this procedure and the implantation of
the impulse generator (IPG) several days later were
recorded. If possible, patients had only a minimal
sedation during the first surgery. The IPG implan-
tation took place under general anesthesia. Doses
of sedatives and anesthetics (Propofol, Fentanyl and
Remifentanil) administered during electrode and IPG
implantation were recorded. Depth of sedation was
assessed using frontal EEG recordings (raw data from
SedLine® device) with 4 frontal channels placed
on the forehead throughout electrode implantation.
Details on EEG analysis can be found in the Supple-
mentary Material of this article. Measures extracted
for further analysis were the power peak, spectral
edge frequency (SEF95, the frequency below which
95% of the power lies) and the relative time of burst
suppression.

Statistical analysis

Basic statistical analysis was performed in IBM
SPSS Statistics Version 28 whereas multivariable
analyses were carried out with the sci-kit learn Ver-
sion 1.3.0 in Python 3.9.13.#! Shapiro-Wilk tests
revealed that the distribution of the majority of
data differed significantly from normality. Mea-
sures are reported as median =+ interquartile range or
mean =+ standard deviation (SD) depending on their
distribution. Two-sided p-values <0.05 were consid-
ered significant.

Spearman correlations between possible predic-
tors and POD severity were performed and are given
as univariate coefficients rho with their respective
uncorrected p-values.

Additionally, clinical characteristics and test
results are reported for the POD+ and POD- groups
separately and a group comparison was conducted
with Chi-Square, Mann-Whitney-U-tests and #-tests
depending on the category of data pairs (both catego-
rial or mixed metric and categorial, respectively).

Because of the high number of possible predic-
tors (p =61 after exclusion of predictors available in
less than 50% of participants, namely CSF markers,
NFLZ-Scores, doses of Fentanyl and Remifentanil
during IPG implantation) compared to the number
of patients (n=57), we additionally implemented
regression with elastic net regularization*? to mitigate
overfitting and increase the stability of coefficient
estimates.*? Elastic net regression is a linear regres-
sion model with a combination of an L1 penalty,
which enforces setting of coefficient values to 0
and is thus used for variable selection, and L2
penalty, which reduces large individual coefficients
and increases the stability of the coefficient esti-
mates and the generalization ability of the models.
To test the model’s predictive performance, we
used leave-one-out cross-validation, in which rela-
tionships between predictors and POD severity and
duration were learned in a training set, which com-
prised all but one (left out) patient. The model that
was fitted to the patients in the training set was
then applied to predict POD severity and duration
in the left out (test) patient. This procedure was
repeated until all patients had been left out once.
The predictive performance of the model for test
patients (who were not used in its training process)
was assessed by calculating the mean absolute error,
Spearman correlation between each patient’s pre-
dicted and true POD severity or duration. The analysis
pipeline in each cross-validation fold comprised
one-hot-encoding of categorical predictors, impu-
tation of missing values using k-nearest-neighbors
imputation as implemented in KNNImputer class of
sklearn with default parameters,44 z-standardization
of numerical variables, and training of the regres-
sion model in the training set. The hyperparameters
of the elastic net regression model (regularization
strength and ratio between L1 and L2 penalty) were
optimized in a nested 20-fold cross-validation loop
within each training set. The participant in the test
set was preprocessed in the same way as learned
in the training set and his/her POD risk was pre-
dicted with the regression model trained in the
training set. A final multivariable model was fit
with all patients and the hyperparameter set which
was optimal in the majority of cross-validation folds
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and its coefficients are reported as multivariable
coefficients.

To sum up, predictors were considered especially
significant if they had a statistically significant uni-
variate relationship to delirium severity and were
additionally relevant to the predictions of the mul-
tivariable model (non-zero coefﬁcient).43

RESULTS

62 patients with PD were enrolled in our main
study. Five decided against treatment with DBS,
hence 57 PD patients (21 female) who underwent
STN-DBS surgery at Charité - Universitatsmedizin
Berlin between 06/2019 and 09/2021 were included
in the analysis. N (%), means (SD) or median (IQR)
of all cohort characteristics and possible predictors
are reported in Table 1.

Characteristics of POD

36.8% (n=21) of the 57 PD patients were screened
positively for POD after DBS surgery (consecutively
named POD+). No patient showed signs of delirium
prior to DBS surgery. POD occurred after 1.7 +2.0
days. Only one patient started displaying POD in
the second week after DBS surgery. In all other
patients, POD developed during the first week post-
operatively. Mean POD duration was 7.5 days + 6.4
with a maximum of 21 days in two patients. POD was
no longer detectable after two days in 23.5% (n=15) of
the patients with delirium. Mean POD severity was
rather mild with 2.8 & 1.0 NU-DESC points. Elec-
trode locations of the POD+ and POD- group are
shown in Fig. 1.

Univariate analysis

General predictors

Among the general predictors, higher age
(tho=0.475, p<0.001) was most influential with
respect to POD severity.

In the group comparison POD+/POD-, male sex
was also associated with the appearance of POD
(p=0.033).

There is some missing data as the invasive pro-
cedure of lumbar puncture was optional, so some
patients objected for this reason.

PD-specific predictors
Within the predictors referring to specific char-
acteristics of PD, only in the group comparison

POD+/POD-, severity of motor fluctuations (MDS-
UPDRS IV) and mutations in the GBA gene were
negatively associated with the development of POD
(»=0.039 and p =0.046 respectively).

Preoperative cognitive performance

Among the specific predictors of preoperative
cognition, deficits in the domains attention and
motor speed, visual learning and working mem-
ory of the CANTAB Connect™ test battery had
strongest associations with POD severity in the elastic
net regression model. More specifically, slow reac-
tion time in the MOT (rtho=0.300, p=0.023) and
RTI (simple and advanced reaction time rho =0.402,
p=0.002 and rho=0.283, p=0.033), deficits in
the visual association learning test PAL (errors
rho=0.278, p=0.036, correct pairs rho=-0.271,
p=0.041) as well as worse performance in the spatial
span test SSP (forward: visual short-time mem-
ory r=-0.441, p<0.001, backward: visual working
memory rho=-0.295, p=0.027) were associated
with higher POD severity.

Imaging predictors

POD severity was significantly associated with
lower relative NBM volume as extracted from VBM
(NBM/TTV ratio rho=-0.408, p =0.003).

Perioperative predictors

Three patients were operated in local anesthe-
sia and did not receive any sedatives at all. 61.4%
of our cohort were operated in intubation narco-
sis, whereas 38.4% had only sedatives. Intubation
narcosis was neither associated with POD severity
(tho=0.003, p=0.983) nor with the appearance of
POD itself in the group comparison (p = 0.080). Burst
suppression patterns in the EEG indicative of deep
sedation were detected in ten out of 40 cases with
SedLine® monitoring during electrode implantation
and were associated with POD severity (rho=0.436,
p=0.005). Additionally, the comparison of the
groups POD+ and POD- revealed an association
of the intraoperative body weight-adjusted dose of
the sedative Fentanyl during electrode implantation
with POD (p =0.022). When comparing intraopera-
tive power spectra of these groups visually, the POD+
group showed on average lower EEG frequencies
than the POD- group (Fig. 2) but neither power peak
nor SEF95 showed significant differences between
POD+ and POD-.



Table 1

Cohort characteristics and possible predictors, multivariable coefficients of the final regularized regression model and group comparison POD+/POD—

n (%) mean + SD/ Outcome POD severity Outcome POD group comparison
med1an i' Univariate coefficient rho p Elastic net POD- POD+ p
interquartile (95% CI) regression model mean + SD/ mean & SD/
range Multivariable median median +
coefficient =+ interquartile interquartile
range range
General Sex -0.208 (-0.450-0.064) 0.121 -0.009 0.033*!
predictors
Male 36 (63.2) 19 (52.8%) 17 (81%)
Female 21 (36.8) 17 (47.2%) 4 (19%)
Age 57 60.2 +8.15* 0.475 (0.237-0.659) <0.001** 0.123 57.5+8.53* 64.9+4.67* 0.001+2
Years of Education 57 15.44+3.422 0.100 (-0.173-0.358) 0.460 0.056 14.0£5.9° 16.1+3.73* 0.2777
Charlson Comorbidity Index (CKI) 57 0.0+£0.0° 0.113 (-0.160-0.370) 0.402 -0.021 0.0+1.0° 0.0+1.0° 0.493
Body Mass Index (BMI) 57 27.1+5.17* -0.139 (-0.392-0.134) 0.302 -0.055 27.6+5.33* 26.3+4.93* 0.3637
Mini Nutritional Assessment 57 122£2.02° -0.036 (-0.301-0.234) 0.792 0.001 13.0£3.0° 13.0+£3.0° 0.6087
(MNA-SF)’
Beck Depression Inventory (BDI-II)® 55 12.4+8.01* -0.009 (-0.281-0.265) 0.951 -0.000 120+ 12.0° 12.1+5.86* 0.8177
Starkstein Apathy Scale (SAS) 54 13.0+ 10 -0.055 (-0.325-0.224) 0.695 -0.004 13.0+9.0° 14.8 + 6.44% 0.872°
ctivity of daily living . . —0.065-0. . . . . . . .
Activity of daily living (ADL)’ 55 10.5+15° 0.212 (-0.065-0.485) 0.121 0.122 10.0+15.0° 20.0 £ 16.16* 0.084
Preoperative CRP (in pl) 57 L.1£1.6° -0.118 (-0.374-0.155) 0.381 0.040 13+1.6° 09+1.7° 0.398"
NFL Z-Score in serum 21 0.9+0.932 -0.001 (-0.443-0.442) 0.997 efm? 0.9 +£23.48° 1.24+1.36% 0.564%
CSF markers e.fm?
Phospho TAU (in pg/ml) 23 31.2417.70 0.202 (-0.242-0.576) 0.355 31.0 £ 18.40° 35.0+8.06* 0.366°
Total TAU (in pg/ml) 22 208.0 £ 121.25° 0.128 (-0.323-0.531) 0.572 207.0 £ 182.0° 209.0 £47.93° 0.6473
B-Amyloid 1-40 (in pg/ml) 23 10755.09 +3519.97* 0.156 (-0.286-0.543) 0.156 10565.4 £3797.29* 11188.74+3011.13*  0.7052

(Continued)
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Table 1
(Continued)
n (%) mean %+ SD/ Outcome POD severity Outcome POD group comparison
@edian iA Univariate coefficient rho p Elastic net POD- POD+ 14
interquartile (95% CI) regression model mean =+ SD/ mean + SD/
range Multivariable median median +
coefficient =+ interquartile interquartile
range range
B-Amyloid 1-42 (in pg/ml) 22 958.1 +282.22% 0.012 (-0.422-0.442) 0.957 942.9 +298.53% 998.7 £ 253.89% 0.690?
B3-Amyloid 1-42/40 Ratio 23 0.1+£0.02* —0.059 (-0.470-0.373) 0.790 0.1£0.02* 0.1£0.01* 0.6422
B-Amyloid 1-42/ Total TAU Ratio 19 43+1.39* 0.097 (-0.386-0.538) 0.693 42+1.64* 4.6+0.63* 0.6122
PD-specific Disease duration (in years) 57 10.5+5.87* 0.184 (-0.88-0.431) 0.170 0.071 9.0+8.0° 11.0+£5.0° 0.095?
predictors
Motor predominance type 57
Tremor-dominant 10 (17.5) —0.047 (-0.367-0.162) 0.728 0 7 (19.4%) 3 (14.3%) 0.244!
Akinetic-rigid 28 (49.1) 0.207 (-0.065-0.450) 0.123 0.02 15 (41.7%) 13 (61.9%) 0.140!
Equivalent 19 (33.3) —0.181 (—0.428 —0.091) 0.178 -0.012 14 (38.9%) 5(23.8%) 0.244!
Levodopa Equivalent Dose (LEDD) 57 1278.7 £ 341.03* 0.255 (-0.014-0.490) 0.055 0.109 1222.8 +320.29* 1299.0 +413.0° 0.106
(in mg)
Genetics 54
negative 43 (75.4) 0.183 (-0.502-0.014) 0.186 0.036 25 (69.4%) 18 (98%) 0.147!
GBA 6(10.5) —0.263 (-0.097-0.436) 0.055 -0.018 6 (16.7%) 0 0.046*!
LRRK2 4(7.0) —0.097 (-0.363-0.183) 0.484 -0.008 3(8.3%) 1(1%) 0.604!
PARK2 1(1.8) 0.255 (-0.022-0.496) 0.063 0.004 0 1 (1%) 0.188!
MDS-UPDRS PP 55 10.0 £5.86* 0.040 (-0.235-0.309) 0.771 0 9.0+7.0° 9.0+5.0° 0.7322
MDS-UPDRS IP° 55 11.9+6.51* 0.237 (-0.039-0.478) 0.082 0.049 10.9+£6.13* 13.0+£7.0° 0.1407
MDS-UPDRS IIT On’ 57 25.0+12.29% 0.246 (-0.023-0.478) 0.065 0.061 22.6+12.59* 28.94+10.91* 0.061
MDS-UPDRS III Off 57 53.9+15.32* 0.077 (-0.195-0.338) 0.569 -0.023 53.2+£15.95* 55.0 £ 14.50* 0.6787
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MDS-UPDRS IV’ 52 9.0+9.00° -0.248 (-0.494-0.035) 0.076 -0.097 10.045.0° 5.8+5.01* 0.039*3
PDQ-39 PDSI (in %) 56 32.0+£1537° 0.100 (-0.175-0.361) 0.461 0.013 32.04+10.82* 33.8+10.72* 0.442°
QUIP-RS® 54 8.6+ 10.37° -0.089 (-0.355-0.191) 0.523 0.006 6.0+ 16.0° 3.0£17.0° 0.696%
Cognitive Montreal-Cognitive-Assessment 57 25.6 +£2.99* —0.223 (-0.463-0.048) 0.096 -0.055 26.1 £2.91 25.0+4.0° 0.115%
predictors (MoCA)’
Number of deteriorated domains in 56 1.8+ 1.34% -0.043 (-0.310-0.230) 0.754 -0.039 20+£2.0° 1.0£1.0° 0.7217
classical neuropsychocological testing
CANTAB Connect Test Battery
Attention and motor speed
MOT-ML (reaction time: ms) 57 947.6 +349.5° 0.300 (0.035-0.526) 0.023* 0.108 933.9 +£205.24* 1164.7 £457.33* 0.0713
RTI-SMDRT (simple reaction 57 381.4+64.51* 0.402 (0.150-0.605) 0.002** 0.085 360.9 +44.76* 416.5 +78.05* 0.001*+2
time:ms)
RTI-FMDRT (advanced reaction 57 417.04+93.0° 0.283 (0.016-0.512) 0.033* 0.047 417.9 +£58.28* 427.0+72.0° 0.028*3
time: ms)
Visual learning
PRM-PCI (visual short-time 57 88.9 + 16.66" -0.212 (-0.454-0.059) 0.113 -0.060 87.5+9.34* 81.7+14.17* 0.155%
memory: %)
PRM-PCD (visual long-time 54 73.7+14.32° 0.062 (-0.217-0.332) 0.654 0.084 72.5 £ 13.80° 75.5+15.33* 0.4622
memory: %)
PAL-TEA (association learning: 57 20.0427° 0.278 (0.011-0.508) 0.036* 0.043 19.5425.0 35.0+£22.04* 0.1073
errors)
PAL-FAMS (association learning: 57 9.0+5.0 -0.271 (-0.503 — -0.004) 0.041* -0.025 8.9+4.13* 6.9+4.81* 0.099?
correct pairs)
Memory and working memory
SSP-FSL (visual short-time 56 6.0+1.0° -0.441 (-0.635 — -0.193) <0.001** -0.147 6.0+1.0° 45+1.27° 0.003**3
memory: score)
SSP-RSL (visual working 56 50+1.0° -0.295 (-0.523 — -0.026) 0.027* -0.111 55+1.0° 5.0+ 1.0 0.0743
memory: score)
VRM-FRDS (verbal learning: 57 3.04+3.0° —0.141 (-0.394-0.132) 0.297 -0.042 3.04+3.0 324216 0.2763
words in free recall)
VRM-IRTC (verbal learning: 57 29.0+4.0° -0.089 (-0.348-0.184) 0.512 0.007 28.5+3.83* 27.1 +4.60* 0.435%
words in immediate recognition)
VRM-DRTC (verbal learning: 55 26.9 +4.30* -0.179 (-0.431-0.099) 0.191 -0.030 28.046.0° 26.2+4.37* 0.3367
words in delayed recognition)
Executive functions
MTT-TIC (multitasking: errors) 57 8.0+ 12.0° 0.267 (-0.001-0.499) 0.045* 0.053 6.5+ 11.0° 11.0436.0° 0.1013
MTT-LMD (multitasking reaction 57 843.1 £170.59* 0.182 (-0.091-0.429) 0.176 -0.038 825.3+113.86* 873.54+239.29* 0.3082
time: ms)
(Continued)
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Table 1
(Continued)
n (%) mean + SD/ Outcome POD severity Outcome POD group comparison
@ed1an # Univariate coefficient rho P Elastic net POD- POD+ p
interquartile (95% CI) regression model mean + SD/ mean + SD/
range Multivariable median median &
coefficient =+ interquartile interquartile
range range
MTT-ICMD (multitasking 57 87.54+89.5° —0.121 (-0.377-0.152) 0.370 -0.032 103.3£79.9° 78.0 £ 87.15* 0.418°
incongruency costs: ms)
MTT-MTCMD (multitasking 57 305.2+£169.73% 0.022 (-0.247-0.288) 0.871 0 308.6 +135.75% 299.3 +219.89* 0.8432
costs: ms)
SWM-BEA468 (spatial working 57 20.0 £ 10.0* 0.164 (-0.109-0.414) 0.223 0.016 18.5+7.42* 23.049.0° 0.321%
memory: repetitive errors)
SWM-S (spatial working memory: 57 10.0 £2.0* —0.049 (-0.313-0.222) 0.717 -0.039 10.0£2.0° 93+ 1.77% 0.732%
strategy)
Social cognition
ERT-TH (emotion recognition: 57 24.0+4.0° 0.031 (-0.239-0.296) 0.820 0.053 235450 23.9+5.21* 0.684°
correct choices)
Theory of Mind (ToM) Yoni Task
Cog_accuracy (cognitive ToM 39 85.040.2° —0.246 (-0.528-0.085) 0.131 0 0.84+0.23° 0.7+£0.22* 0.193°
condition: correct choices in %)
Aff_accuracy (affective ToM 39 80.04+0.31° —-0.213 (-0.503-0.119) 0.192 0.008 0.84+0.32° 0.7+£0.23* 0.309°
condition: correct choices in %)
Phy_accuracy (ToM control 39 85.0+£0.2° —0.267 (-0.544-0.063) 0.100 0 0.9+£0.2° 0.8 +0.45° 0.1533
condition: correct choices in %)
Imaging NBM/TIV 52 0.0005 +0.00005*  —0.408 (—0.618 — —0.144) 0.003** -0.083 0.00053 £ 0.000048% 0.00048 + 0.000046° 0.008*>
parameters
Ch1-3/TIV 52 0.0005 +0.00005*  —0.230 (—0.479-0.054) 0.102 -0.027 0.00059 £ 0.000049% 0.00057 +0.000057*  0.1537
Peri- EEG parameters
operative Alpha Peak 40 9.6 +2.50° 0.227 (-0.101-0.510) 0.159 0.014 9.541.92° 9.8+ 1.53" 0.1833
predictors SEF 95 % 40 252+1.89* —0.112 (-0.417-0.216) 0.491 0 25.34+3.36° 253+ 1.51° 0.3122
Burst suppression ratio 10 0.004 £ 0.02° 0.436 (0.134-0.663) 0.005"* 0.068 0.04+0.0° 0.0£0.01° 0.017*3

01
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Doses of narcotics
Electrode lead implantation:

Propofol (mg/kg body weight) 43 31.9+16.75* 0.095 (-0.220-0.392) 0.546 0.008 30.9+16.27° 332+£17.72¢ 0.660?
Remifentanil (g/kg body 51 77.1£59.61* 0.218 (-0.070-0.472) 0.125 0.038 85.34+118.29° 99.9 4+ 89.9° 0.194?
weight)

Fentanyl (pg/kg body weight) 3 37.9 £ 60.09* 0.866 (-) 0.333 efm?* 32+£291% 107.2* 0.022+2

Impulse generator implantation:

Propofol (mg/kg body weight) 56 13.2+£7.42° —0.097 (-0.358-0.178) 0.475 —-0.041 13.44+6.47° 12.6 £3.92° 0.490?

Remifentanil (ng/kg body 27 30.9+17.41* 0.375 (0.017-0.668) 0.054 efm?* 22.2419.82° 35.8+12.45° 0.233?

weight)

Fentanyl (pg/kg body weight) 31 5.6+ 1.58* —0.036 (-0.395-0.332) 0.848 e.fm?* 5.0+£2.07° 5.4+1.39* 0.618?
Dopaminergic medication pause (in 57 120£11.2° 0.029 (-0.240-0.295) 0.828 -0.010 125+10.5° 14.0+9.75° 0.649°
hours)

Duration of electrode lead 57 355.0£61° 0.026 (-0.244-0.292) 0.849 0.034 363.0 £48.43% 356.4 £ 46.06* 0.921°
implantation (in minutes)
Duration of impulse generator 56 121.0 £ 47° 0.122 (-0.153-0.380) 0.370 0.060 112.1£27.40° 111.0+37.0° 0.4163

implantation (in minutes)

List of all cohort characteristics and possible predictors. From left to right: Total number (n) or percentage (%) of participants; median range + interquartile range or mean =+ standard deviation
(SD); Outcome POD severity: Coefficients of the univariate model (univariate coefficients with respective p-values from Spearman correlations and 95% confidence interval (CI)) and multivariable
elastic net regression model (multivariable coefficient); Group comparison of patients with (POD+) and without POD (POD-): Median and interquartile range or mean =+ standard deviation (SD);
p-values POD+/- of statistical tests depending on the category of data pairs (both categorial, mixed metric and categorial, respectively). *mean & SD, "median = interquartile range (depending
on the distribution of the variable), 1Chi—Square, 21 test, 3Mann—Whimey—U—test, 4e.f.m.: excluded from multivariable model because data was available in less than 50% of subjects, Sin points,
*p<0.05, **p<0.005; NFL: neurofilament, CSF: cerebrospinal fluid, MDS-UPDRS I-IV: Movement Disorder Society Unified Parkinson’s Disease Rating Scale, PDQ-39 PDSI: Parkinson’s
Disease Questionnaire Sum Index, QUIP-RS: Impulsive-Compulsive Disorders in Parkinson’s Disease—Rating Scale, NBM: Nucleus basalis of Meynert, TIV: total intracranial volume, Ch1-3:
surrounding nuclei of NBM, EEG: electroenzephalography, SEF: spectral edge frequency.
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Fig. 1. Visualization of electrode locations of the POD- (blue electrodes) and POD+ group (red electrodes). Dark red: red nucleus; orange:
STN; green: Globus pallidus internus (GPi); blue: Globus pallidus externus (GPe).

Multivariable analysis

We found a significant correlation between pre-
dicted and true POD severity (Spearman rho =0.365,
p=0.001, mean absolute error=1.167, concordance
correlation coefficient of true and predicted delirium
severity: 0.239, Fig. 3) but not POD duration (Spear-
man tho=0.213, p=0.111). With POD severity as
the outcome, a few predictors showed a multivariable
coefficient of &~ 0 and were thus removed from the
model (tremor-dominant motor type, MDS-UPDRS
I, BDI-II, MTT multitasking costs, accuracy in Yoni
cognitive and control conditions as well as SEF95).

All multivariable coefficients of the final regularized
regression models can be found in Table 1.

DISCUSSION

POD is highly relevant in terms of quality of life,
dependency on care and mortality.'? In the present
study, we have shown that POD after STN-DBS in
PD patients is common and many factors contribute
to its occurrence. In particular, age, deficits in specific
neuropsychologic domains, NBM volume and deep
sedation are drivers of POD severity.
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Fig. 2. Intraoperative EEG power spectra (average of the normal-
ized power across the 4 channels) with 95% confidence interval,
group comparison between POD+ (red) and POD- (blue).
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Fig. 3. Correlation between true and predicted POD severity from
the regularized regression. POD+ (red) and POD- (blue). For illus-
tration purposes of the model fit, an x =y line was plotted.

Characteristics of POD after STN-DBS in PD

It is essential to detect POD early in order to
implement treatment, e.g., frequent visits by family
members, avoidance of noise and assurance of circa-
dian rhythm.>*> On average, POD occurred 1.7 days
after electrode implantation and lasted 7.5 days. POD
severity was 2.8 NU-DESC points on average impli-
cating predominantly mild courses of POD as only
scores equal or higher than 2 points are classified as
delirium-positive. As this is the first study with POD

severity after STN-DBS in PD as primary outcome,
no comparisons to other cohorts can be drawn. How-
ever, characterization of POD duration and severity
is of importance because it is strongly related to
the long-term outcome,*® although we assume these
mainly mild courses of POD would rather not be
recognized in the clinical routine.

The prevalence in our cohort was 36.8%, which
is higher than in most previous studies on complica-
tions of STN-DBS © with only Tanaka et al. detecting
a maximum prevalence of 42.6%.%7 We attribute the
relatively high rate and long duration of POD to the
prospective nature of our study with explicit screen-
ing for POD with validated scales®>*® every 8 h until
discharge from hospital. This has not been done in
previous works on the topic. Another reason for the
discrepancy in POD rates described after STN-DBS
is the overlap of symptoms of PD and POD, especially
in hypoactive delirium that is even more difficult to
diagnose.* It has to be considered that there could
be a bias towards detection of hyperactive delirium
due to underdiagnosis of hypoactive delirium. This
is very relevant as delayed initiation of treatment
for hypoactive delirium leads to a poorer prognosis.>
With regular teaching to raters, we aimed at overcom-
ing these difficulties which might also have resulted
in the high POD prevalence in our study. However,
there might be a limitation in distinguishing acute
changes due to delirium from preexisting PD symp-
toms, e.g. fluctuating hallucinations, lack of attention
or bradykinesiat.8 Further, CAM-ICU and NU-DESC
were validated as excellent screening tools for the
detection of delirium®® but when focusing on POD
severity or differentiation between hypo- and hyper-
active delirium, there is some evidence that they may
be less sensitive in comparison to other scales.”! POD
severity is rather rarely investigated and if so the mea-
surement instruments differ which leads to poorer
comparability.>?

General predictors

Age was shown to be a main risk factor for POD
in general as well as it is one following STN-DBS
in PD patients.'> We were able to reproduce this
prospectively for POD severity. It is remarkable that
the impact is that high although our cohort is limited
to the biological age of 70 years as a prerequisite for
DBS surgery.

In a previous paper, higher levels of comorbidi-
ties were linked to POD after STN-DBS.>? The low
numbers of comorbidities other than PD and a stable
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nutritional status in our cohort may explain that we
could not reproduce this association with our data.

According to previous studies, depressive symp-
toms are another risk factor for the development
of POD in general® and after STN-DBS in PD in
particular.>* On average, our cohort was suffering
from mild depressive symptoms but they were not
specifically connected to POD severity.

C-reactive protein (CRP) levels have previously
been linked to POD, a result that our study could not
reproduce.> This may be due to the generally very
low CRP levels in our cohort, which can be explained
by the elective nature of DBS surgery.

Neurofilament light chain as well as CSF amyloid-
B and tau were shown to be promising biomarkers for
neurodegeneration associated with cognitive decline
in PD patients.”®>’ We assumed that these biomark-
ers would also be connected to POD. For the present
study, their impact on the elastic net regression model
remains unclear as they were not included due to the
lack of available data.

In the additional group comparison of POD+ and
POD- patients, male PD patients suffered signifi-
cantly more from POD after STN-DBS surgery than
women. There is some evidence that PD in men was
more advanced in our cohort but there were no differ-
ences in preoperative cognitive functions between the
sexes. This finding was also observed in a retrospec-
tive study by Zhan et al.’® and in delirium after hip
fractures in a non-PD cohort>” but underlying reasons
need to be further elucidated.

PD-specific predictors

Longer disease duration and higher LEDD, i.e.,
more dopaminergic medication needed to control
individual PD symptoms, were only associated with
higher POD severity in the multivariable model.
This is in line with both hypodopaminergic states
and dopaminergic medication being independent risk
factors of delirium that may also emerge without
previous surgery.®? Surprisingly, the duration of the
perioperative dopaminergic medication pause did not
show a specific impact on POD severity in our study.
This may be due to the fact that the pause of PD med-
ication was held as short as possible as withdrawal is
very stressful for patients.!?

Interestingly, the classic motor phenotypes of PD
had barely an impact on POD severity in our cohort.
Especially the akinetic-rigid type has previously been
associated with a more severe disease course and ear-
lier cognitive impairment indicating a higher risk for

delirium as well.®! This lack of reproducibility might
be due to several reasons: Motor subtypes are not
well defined and can change during the course of the
disease. Their definition is currently discussed and
further extended taking into account imaging find-
ings and non-motor symptoms.5> Other than that,
rapidly progressing PD patients with mostly akinetic-
rigid symptoms and cognitive impairment were not
recommended for DBS surgery.

The association between PD-specific gene muta-
tions and POD has to be discussed in the light of
the presence of only six patients with GBA muta-
tions in our cohort. However, given the prominent
cognitive deficits in GBA mutation carriers with PD,
it is remarkable that not a single PD patient with
this mutation suffered from POD in our prospective
cohort.

Cognitive predictors

Remarkably, the impact of global cognitive impair-
ment on POD as measured by the MoCA and the
classic neuropsychological test session didn’t con-
tribute significantly to the model. The reason for this
negative finding could be that our cohort was very
limited in this regard as dementia is an established
exclusion criterion for STN-DBS.

When disentangling specific cognitive deficits
indicating a higher risk for POD, the domains atten-
tion and motor speed, visual learning and memory
were most influential. In contrary to Radziunas et
al.,.% impairments of executive functions were not
as predictive of POD severity as the domains named
above. Theory of mind, an aspect of social cognition
as represented by the ERT and Yoni paradigm did
not find a significant association with POD severity.
Our results of the differentiated cognitive testing are
plausible as the domains shown to be particularly pre-
dictive of POD severity mainly rely on the cholinergic
network with its main nucleus NBM. Impairments
in cholinergic circuitry have been shown to predis-
pose for delirium and long-term cognitive decline in
general,5% and we are the first to show this spe-
cific effect for POD after STN-DBS. Our findings
underline the importance of detailed domain-specific
neuropsychological testing apart from applying cog-
nitive screening tests for risk stratification of POD
after STN-DBS. As both, attentional deficits and
delirium are mainly of cholinergic nature, it seems
logical to draw a connection between them. Never-
theless, there is an obvious lack of data concerning
deficits in specific cognitive domains that might
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be predictive of delirium. A recent metanalysis of
Ghezzi et al. (2022) showed impairments of all cog-
nitive domains to be a risk factor for delirium. It is
important to note that our PD patients who intended
to undergo DBS had no clinically relevant attentional
deficits.'®

However, some patients had difficulties to solve the
extensive test battery. To overcome possible obsta-
cles, we ensured to give participants a break if they
felt tired and provided Levodopa if needed.

Imaging predictors

Smaller NBM size was found to be associated with
POD severity which is intuitive as this nucleus con-
stitutes the main relay station for cholinergic output
to wide areas of the cortex. This finding is however
new in the context of POD. To date, smaller NBM
volume has retrospectively been related to an unfa-
vorable cognitive outcome one year after STN-DBS
in PD.22 Thus, NBM volume seems to be another
factor predicting both POD and long-term cognitive
decline. The influence of POD on sustained cognitive
deterioration after STN-DBS surgery will be further
elucidated in the one-year follow-up of our cohort.

Perioperative predictors

Among the characteristics of surgical and anes-
thesiologic procedures, burst suppression rates and
Fentanyl doses applied during electrode implantation
had a significant impact on POD severity. This under-
lines the findings of previous studies that have found
that the dose of anesthetics® and deep sedation are
predictors of POD. We conclude that also in DBS
surgery, burst suppression should be monitored and
prevented where possible. The duration of both surg-
eries, however, did not have a strong association on
the primary outcome. In aretrospective study by Carl-
son et al.®” in DBS surgery in PD, opiate doses were
indeed negatively correlated with POD, so the influ-
ence of analgetics on POD remains inconclusive. This
ambiguous role of anesthetics may be explained by
their desirable analgetic and anxiolytic but also unfa-
vorable sedative and nauseating properties each with
different effects on POD.

Strengths and limitations

The main strengths of our study are the compre-
hensive protocol and prospective design investigating
clinical, biochemical, genetic and imaging biomark-

ers of POD after STN-DBS. The use of a test battery
in CANTAB Connect™ allowed us to characterize
preoperative cognition accurately in a standardized
and comparable way.

When comparing the univariate and multivariable
analysis, the results match well. Especially age, atten-
tion and motor speed, short and working memory
proved to be highly relevant to both approaches.
However, some of the predictors, for instance visual
learning, NBM volumes and burst suppression ratios
proved to be significant in the univariable analy-
sis but their impact on the multivariable was low.
A possible reason for this discrepancy could be
the limited number of patients and additional miss-
ing values, especially of intraoperative EEG data.
Another reason might be that predictors have shown
to contribute to delirium severity in the univariate
analysis had less strong influences when included
in a multivariable predictive model. This illustrates
the relevance of the usage of multivariable models
also taking into account intercorrelations. This is to
our knowledge the first study using machine learn-
ing to identify risk factors for POD after STN-DBS
in PD patients. Regarding the regularized regression,
one has to be aware that collinearity of predictors
leads to smaller coefficients. As many of the predic-
tors tested in this study are intercorrelated, this is
a potential shortcoming of the modeling approach.
Otherwise, this approach allows to discard factors
with no considerable impact on the outcome®® and
gives the opportunity to make inferences on the
multifaceted etiology of POD although limiting the
danger of model overfitting.®” The specifications of
our multivariable model’s performance are better than
chance, however, not indicative of clinically mean-
ingful predictive capacities. Another main limitation
is the relatively small number of included patients in
comparison to the number of tested predictors. Other
reasons might include missing values, for instance
of EEG data. Therefore, as a next step, prognostic
factors and predictors require validation by interna-
tional multicenter trials. The results could then be
included in the development of a POD prediction
tool, which might support personalized and evidence-
based assessment of the individual risk of POD. This
tool could be implemented into the preoperative eval-
uation process. Our next study aims at validating the
identified POD risk factors.

POD extends length of stay in hospital and on
intensive care units.’ We also found this connection in
our study. Long term follow-up of POD patients with
respect to mortality, level of dependency on care and
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cognitive decline is needed. As this project is part
of a prospective study examining cognitive outcomes
following STN-DBS, we hope to answer the ques-
tion of POD effects on long-term cognition with the
results of the main study. The overarching goal is
to improve assessment of individual risk factors of
the highly effective treatment of STN-DBS in order
to guide PD patients to the appropriate therapy with
optimal success.
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