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The subthalamic nucleus (STN) is presently the 
preferred target for deep brain stimulation (DBS) 
treatment of motor symptoms of Parkinson’s dis-

ease (PD) when complications of dopaminergic therapy 
develop.12,41 Alternative targets, such as the globus palli-
dus internus (GPi) or the ventral intermediate nucleus of 
the thalamus (Vim) may be preferred depending on the 
symptomatic profile or due to other patient-specific con-
siderations.16,31 In recent years, DBS using the posterior 
subthalamic area (PSA) as a primary target has become 

increasingly common. This area was frequently used dur-
ing the lesional era.2,14, 22, 29,37 The PSA is located ventral to 
the Vim, between the red nucleus and the STN. Among 
other structures and pathways, the PSA also includes the 
fields of Forel, the lemniscus, the prelemniscal radiations, 
and the caudal zona incerta (cZi).6,11

Apart from motor symptoms of PD, nonmotor symp-
toms are also a common feature of PD. Among the nonmo-
tor symptoms, mild cognitive impairment (MCI) has been 
shown to be present even in early stages of the disease. 
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OBJECTIVE A growing number of studies are showing positive effects of deep brain stimulation (DBS) in the caudal 
zona incerta (cZi) in various tremor disorders, as well as motor symptoms of Parkinson’s disease (PD). The focus of the 
present study was to evaluate short- and long-term cognitive effects of bilateral cZi DBS in patients with PD.
METHODS Twenty-five nondemented patients with advanced PD were recruited to participate in a randomized trial 
of cZi DBS versus best medical treatment (BMT). The patients in the BMT group were offered surgery after 6 months. 
Neuropsychological evaluations focusing on assessing verbal and visuospatial memory, attention, and executive function 
were conducted at baseline and at 6 and 24 months after surgery. Self-reported measures of depression, anxiety, and 
change in “frontal” behaviors were also completed at all assessment points.
RESULTS Bilateral cZi DBS in patients with PD generated few adverse cognitive effects. At the short-term follow-up 
after 6 months, no differences were found between patients randomized to BMT and patients randomized to DBS with 
regard to most of the cognitive domains assessed. A transient improvement in anxiety was, however, found in the surgi-
cal group. At the long-term follow-up 24 months after cZi DBS, no major changes in global cognitive functioning were 
found, although a decline in attention and self-reported executive function was noted.
CONCLUSIONS With the exception of a decline in attention and self-reported executive function, bilateral cZi DBS for 
PD in appropriately screened patients appears to be generally safe with regard to cognitive function, both in the short- 
and long-term perspective.
https://thejns.org/doi/abs/10.3171/2019.12.JNS192654
KEYWORDS zona incerta; Parkinson’s disease; deep brain stimulation; neuropsychology; cognition; functional 
neurosurgery

J Neurosurg Volume 134 • February 2021 357©AANS 2021, except where prohibited by US copyright law

Unauthenticated | Downloaded 05/23/23 11:23 PM UTC



Philipson et al.

J Neurosurg Volume 134 • February 2021358

Many studies have suggested that MCI is present in 19%–
36% of recently diagnosed and de novo patients.1,13,15,28,30 
Impairments include executive dysfunction as well as 
memory and visuospatial problems. Dementia is usually 
a feature of the mid to late stage of PD, and over the long 
term 80% of patients with PD develop dementia.19,21

The cognitive effects of STN DBS in PD have been 
investigated in several controlled studies36,39, 41, 42,44 and 
meta-analyses.9,32 These have established that STN DBS 
is relatively safe from a cognitive perspective and does not 
produce any adverse effects on global aspects of cognition 
or on most cognitive domains. The main effect of STN 
DBS on cognition is a decline in semantic and phonemic 
verbal fluency, which has been consistently found across 
studies.9,32,43 There is also evidence for deficits in inhibi-
tion of prepotent responses with STN DBS on cognitive 
tasks, such as the Stroop interference effect or random 
number generation.25–27,38

Because a growing number of studies have shown posi-
tive results of DBS in different parts of the subthalamic 
area,7,33 and the fact that the target possibly lacks the psy-
chiatric side effects that have been seen after STN DBS, 
we wanted to evaluate the potential efficacy and safety of 
cZi as a target for DBS in patients with PD. Our primary 
study7 showed a positive effect on motor symptoms, with 
47% better Unified Parkinson’s Disease Rating Scale-III 
(UPDRS-III) motor scores off medication and on stimula-
tion, compared to the best medical treatment (BMT) pa-
tients off medication at 6 months. Preliminary results of 
the 24-month follow-up indicate a 35.7% improvement of 
UPDRS-III scores after 24 months (p = 0.000122).

To our knowledge, the impact of cZi DBS on cogni-
tive function in patients with PD has not been previously 
reported. Therefore, the aim of this study was to evaluate 
the short- and long-term cognitive effects of bilateral cZi 
DBS in patients with PD.

Methods
This study was part of a randomized controlled trial 

of cZi DBS for patients with advanced PD.7 The primary 
outcome measures for this study were the UPDRS-III 
and Parkinson’s Disease Questionnaire (PDQ-39). Inclu-
sion criteria were: 1) clinical diagnosis of idiopathic PD 
according to the UK Parkinson’s Disease Society Brain 
Bank criteria; 2) l-dopa responsive symptoms (defined as 
> 30% improvement in motor scores of the UPDRS-III; 3) 
disabling motor fluctuations with or without dyskinesias, 
or disabling tremor; 4) age < 75 years; 5) no psychiatric 
comorbidities or apparent cognitive decline; 6) normal 
brain MRI; and 7) no surgical contraindications. Besides a 
neuropsychological evaluation, all patients also underwent 
a standardized l-dopa challenge. Informed consent was 
obtained according to the Declaration of Helsinki (2008 
revision). The study was approved by the Ethical Commit-
tee of the University Hospital of Northern Sweden.

Study Design
Patients were randomized to either bilateral cZi DBS 

within 1 month from inclusion or to BMT. Patients in the 
BMT group were offered surgery after 6 months. Ran-

domization was performed manually by a senior neurolo-
gist not participating in the selection/inclusion of patients. 
Neuropsychological assessments were completed at base-
line before surgery as well as at 6 and 24 months postop-
eratively for all patients. The group randomly allocated to 
undergo delayed surgery in effect had two baseline assess-
ments (Fig. 1).

Neuropsychological Assessment
At baseline, the neuropsychological assessments were 

completed with patients on medication. All assessments 
postoperatively were performed with patients on stimula-
tion and on medication. The neuropsychological tests used 
are detailed below.

Global Cognitive Function
Raven’s Coloured Progressive Matrices34 is a nonverbal 

measure of intelligence, global mental ability, and nonver-
bal reasoning, with a maximum score of 36. Results are 
presented in percentiles, standardized based on age group.

Memory
The Claeson-Dahls Test8 assesses verbal learning and 

memory. A list of 10 words (in Swedish) is read aloud. 
After a 15-second pause, as many words as possible are to 
be repeated. The test is completed after a maximum of 10 
repetitions of the word list, or when the patient correctly 
recalls all words two consecutive times. After 30 minutes, 
a recall trial is administered. Results are calculated based 
on the number of words remembered and the number of 
times the list of words needs to be repeated. A low score 
indicates a faster learning curve.

The Brief Visuospatial Memory Test-Revised (BVMT-
R)5 is a test for assessment of visual memory and comprises 
6 alternate forms, each consisting of 6 geometrical figures. 
The figures are presented for 10 seconds. The participant 
is asked to draw as many of the geometrical figures as pos-
sible, preferably matching the stimulus card with regard to 
placement and accuracy. The figures are presented three 
times to assess for short-term spatial memory and learn-
ing. After 30 minutes delayed recall is tested followed by 
a delayed recognition task. Scores are given for accuracy 
and placement and range from 0 to 12. Higher scores indi-
cate better visual memory.

The Wechsler Adult Intelligence Scale-IV, digit for-
ward and backward,40 is a test of short-term verbal mem-
ory and verbal working memory. Digit span is measured 
for forward- and reverse-order (backward) recall of digit 
sequences. The sequences are initially presented with a 
length of two digits with two trials at each increasing digit 
length. Testing stops when the patient reports both trials 
incorrectly at one sequence length, or when the maxi-
mal list length is reached (9 digits forward, 8 backward). 
Scores range from 0 to 18 forward and 0 to 16 backward, 
with higher scores indicating better performance. Raw 
scores are converted to normative scaled scores stratified 
by age ranging from 1 to 19, with higher scores indicating 
better performance.

Executive Function
The Delis-Kaplan Executive Function System10 is a 
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standardized test for assessing executive functions and 
other higher-level cognitive functions.

The Trail Making Test (TMT) is a test of visual atten-
tion, behavioral regulation, task switching, and processing 
speed. The test consists of 5 individual subtests: 1) visual 
scanning: the patient is asked to mark circles with the 
number “3” presented among both letters and numbers; 2) 
number sequencing: the patients is asked to connect num-
bers in successive order; 3) letter sequencing: the patient is 
asked to connect letters in alphabetical order; 4) number-
letter switching: the patient is asked to connect circles in 
an alternating sequence, switching between numbers and 
letters (1-A-2-B-...); and 5) motor speed: requires the pa-
tient to follow a dashed line as quickly as possible. Scores 
are based on the time needed to complete the individual 
subtests. Results are transformed to scaled scores ranging 
from 1 to 19, where a higher score indicates better perfor-
mance.

Verbal fluency is a test of verbal functioning consisting 
of 3 tasks: phonemic fluency (sometimes called letter flu-
ency), category fluency (also called semantic fluency), and 
switching category fluency. One minute is given for the 
patient to say as many unique words as possible, starting 
with a given letter (letter fluency) or within a semantic cat-
egory (category fluency). The score in each task is based 
on the number of correct words. In the last task, the par-
ticipant is asked to shift between semantic categories. Raw 
scores are transformed into scaled scores ranging from 1 
to 19, where a higher score indicates better performance.

The Stroop Color Word Interference Test (CWIT) has 
4 subtests: 1) color naming: naming the color of colored 
rectangles; 2) word reading: reading color words (red, 
green, blue) printed in black ink; 3) color word interfer-
ence/inhibition: naming the color of colored words printed 
in incongruent ink, for example, the word “red” printed in 
blue ink; the test focuses on the capability to inhibit the 
more habitual response of reading the words, and instead 
engage in the more unconventional response of naming the 
color of ink they are printed in; and 4) inhibition-switch-
ing: the same as condition 3 (color word interference/in-
hibition), except when there is a box around the word, the 
participant has to read the word. Thus, this condition re-
quires both inhibition of habitual responses and switching 
response strategy across trials. The total time to complete 

each of the subtests and the number of self-corrected and 
uncorrected errors are recorded. Scores are transformed 
into scaled scores ranging from 1 to 19, where a higher 
score indicates a better performance.

The Wisconsin Card Sorting Test 64-card version 
(WCST-64)20 is a test administered only preoperatively 
and at the 24-month follow-up. A computerized version 
was used in which 4 stimulus cards incorporate 3 different 
stimulus parameters (color, shape, and number). The par-
ticipant is supposed to sort the cards according to the sort-
ing parameters, and to alter their sorting strategy based 
on the feedback they receive during the test. The test is 
designed to measure the ability to develop and maintain a 
correct problem-solving strategy across changing condi-
tions and to alter cognitive strategies in response to chang-
ing contingencies. The number of correctly sorted catego-
ries and the number/types of errors are recorded. Scores 
are reported after being transformed into T-values and 
percentiles based on age and education. T-values range 
from < 20 to > 80, with a higher score indicating better 
performance.

Attention
The Dichotic Listening Task23 is a test for studying 

brain asymmetry in auditory processing. The participant 
is simultaneously presented with different sounds to the 
right and left ear. Two different kinds of cognitive pro-
cesses are measured using 3 conditions: 1) a lateralized 
perceptual process (the nonforced condition); 2) an atten-
tion process (the forced-right condition); and 3) an execu-
tive cognitive control process (the forced-left condition). 
The first condition is generally used to determine speech 
lateralization. The results from the 2 forced conditions are 
calculated as a percentage correct score of the number of 
stimuli presented to the right and left ear, respectively. The 
raw score is transformed to a T-score ranging from < 20 to 
> 80. Interpretation of the T-scores are made with respect 
to the condition being tested and indicate, for instance, the 
test subject’s ability to shift auditory attention.

The Paced Auditory Serial Addition Test (PASAT) as-
sesses attention, working memory, speed of auditory in-
formation processing, as well as calculation skills. Single 
digits are read out loud every 3 seconds (by use of a pre-

FIG. 1. Illustration showing the two treatment groups (cZi DBS and BMT delayed/surgery) and the time points of neuropsychologi-
cal assessment. Figure is available in color online only.
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recorded audio tape). The participant is asked to add each 
new digit to the one presented directly prior to it and ver-
bally report the sum. The correct answers given constitute 
the raw score, which is then transformed to percentiles and 
z-scores with higher scores indicating better performance.

Assessment of Mood and Behavior
The Beck Anxiety Inventory (BAI)3 and Beck Depres-

sion Inventory (BDI)4 are each 21-item self-report mea-
sures of anxiety and depression, respectively. The scores 
range from 0 to 63, with higher scores indicating higher 
risk of anxiety and depression.

The Frontal Systems Behavioral Rating Scale (FrSBe)18 
consists of 2 rating forms: a self-report questionnaire and 
a questionnaire completed by a relative, regarding symp-
toms or behaviors indicating frontal/prefrontal dysfunc-
tion. Each FrSBe form provides a total score and scores 
for 3 subscales: apathy (14 items), disinhibition (15 items), 
and executive dysfunction (17 items). Each item is rated on 
a 5-point Likert sale. Scores are acquired on each subscale 
for both premorbid and current behavior. T-scores are gen-
erated from raw scores using normative tables based on 
sex, age, and education. T-scores have a mean of 50 and 
standard deviation of 10, with higher scores indicating 
greater pathology.

Study Sample
Of the 25 patients who initially met the inclusion crite-

ria and agreed to be included and randomized in the trial, 
7 patients could not or would not fulfill the trial. Four 
patients (1 randomized to DBS and 3 to BMT) quit after 
randomization and did not want to continue. One patient 
randomized to the DBS group broke her knee after a fall 
shortly before surgery. Two patients chose to terminate 
their participation in the study after the surgical proce-
dure was performed. Eighteen patients were thus included 
at baseline. One additional patient from the BMT group 
dropped out at the 6-month postoperative follow-up and 
did not want to participate in any further evaluations, leav-
ing 17 patients at the 6-month follow-up. At the 24-month 
follow-up, an additional patient chose not to complete the 
neuropsychological assessment, leaving a total of 16 pa-
tients for the last follow-up assessment. The demograph-
ic and clinical characteristics of the patients included are 
presented in Table 1.

Surgical Procedures
Details of the surgical procedure have been described 

in a previous publication.7 All surgeries were performed 
by the same surgeon (P.B.). Bilateral stereotactic implan-
tation of the DBS 3389 electrodes (Medtronic) was per-
formed using the Leksell frame model G (Elekta Instru-
ments). The brain target was identified anatomically on 
stereotactic thin-slice T2-weighted axial MR images. The 
target point lay slightly posteromedial to the visualized 
posterior tail of the STN on the scan showing the maximal 
diameter of the red nucleus. Either an intraoperative ste-
reotactic CT scan or an early postoperative CT scan was 
performed and fused with the preoperative stereotactic 
MRI for verification of the electrode position before im-

plantation of the primary cell implantable pulse generator 
(Medtronic). Microelectrode recording was not used.

After surgery, the electrode contacts were all screened 
for effects and side effects. The contacts showing best ef-
fect, and acceptable side effects, were used for chronic 
stimulation. Medications and stimulation settings were 
evaluated and continuously optimized during the study 
period. All adverse events were also recorded. In the BMT 
group, patients were monitored according to standard pro-
cedures and optimized with regard to current medication 
by a senior movement disorder neurologist.

The clinical results from the 6-month follow-up have 
been reported previously7 and the 24-month follow-up re-
garding primary outcomes (UPDRS-III and PDQ-39) will 
be published in an upcoming report.

Statistical Analyses
A small percentage of the data was missing for the fol-

lowing reasons: color blindness (n = 2 for both the WCST 
and CWIT, 1 in each treatment group), problems record-
ing time in the TMT motor speed subtest (n = 1), and 2 
individuals not completing the BAI (one preoperatively, 
and one preoperatively, at 6 months, and at 24 months).

For the short-term effects at 6 months, analysis of cova-
riance was used to test for group differences between sur-
gery and BMT controls, with the 6-month follow-up mea-
surement of the corresponding outcome variable as the 
dependent variable, group as an explanatory factor, while 
controlling for the baseline measurement as a covariate.

To test for differences between different time points 
in outcome variables, mixed models were fitted with cor-
responding outcome variables as dependent variables, 
time points (preoperative baseline, 6-month follow-up, or 

TABLE 1. Demographic and clinical characteristics of the 
patients

Characteristic BMT Group Surgical Group

No. of patients at baseline 9 9
Males/females 7/2 7/2
Age at surgery, yrs 60.3 ± 8 55.6 ± 11.3
Disease duration, yrs 10.3 ± 5.6 6.4 ± 3
LEDD, mg
 At baseline 1064 ± 543 1376 ± 883
 At 6 mos 831 ± 524 (n = 8) 1054 ± 488 (n = 9)
 At 24 mos 1265 ± 852 (n = 8) 1241 ± 590 (n = 8)
UPDRS-III at baseline
 Off medication 42.4 ± 14.5 33.2 ± 11.4
 On medication 20.6 ± 11.9 19.4 ± 12.5
Yrs of education (n = 18) 10.67 ± 1.936 10.44 ± 2.506
MCI at inclusion (n = 18) 2/9 3/9

LEDD = levodopa-equivalent daily doses. 
Values represent mean ± SD unless otherwise indicated. All patients at 24 
months had undergone DBS, therefore the LEDD at 24 months in the BMT 
group concerns patients who had DBS for 24 months, i.e., who belonged to the 
BMT group initially but had delayed surgery. There were no significant differ-
ences between the groups for any variable (all p values nonsignificant).
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24-month follow-up) as fixed factors, and subject as ran-
dom factor. The correlation structure of the mixed mod-
els allowed different error variance at each of the 3 time 
points. For this analysis, the data from the second baseline 
of the BMT/delayed surgery group were pooled with the 
baseline of the cZi DBS group, and the delayed surgery 
group’s 6-month postoperative data were pooled with the 
cZi DBS group’s 6-month postoperative data.

All analyses were performed using the R statistical 
program (version 3.5.3; https://www.R-project.org/). The 
mixed models were fitted using the lme function from R 
package nlme.

Results
The effect on motor symptoms after DBS in the cZi 

have been published elsewhere.7 In short, the DBS-treated 
patients had 47% better UPDRS-III motor scores off med-
ication and on stimulation compared to the BMT patients 
off medication at 6 months. DBS patients showed 45% 
improvement of UPDRS-III scores off medication and on 
stimulation, compared to their off-stimulation condition, 
and 41% improvement compared to baseline UPDRS-III 
scores. The final results of the 24-month follow-up have 
not been published yet but UPDRS-III data show a mean 
13.39-point reduction, indicating a 35.7% improvement af-
ter 24 months (p = 0.000122).

Effects of cZi DBS on Cognition
There were no significant differences in cognition be-

tween the surgical group and the BMT group at the pre-
operative assessment (all p > 0.05). There were also no 
significant differences between the first and second pre-
operative assessments of the BMT group or the second 
preoperative assessment of the BMT and the preoperative 
assessment of the surgical group (all p > 0.05).

Short-Term Effects
Table 2 presents data comparing baseline and 6-month 

cognitive assessments for the surgical group (cZi DBS) 
and the BMT group. The only significant difference was 
an increase of errors in the DBS group on the inhibition 
subtest of the CWIT. All other measures showed no sig-
nificant difference over the 6-month period between the 
two groups.

Long-Term Effects
The mean and standard deviation of the cognitive mea-

sures at baseline and at 6- and 24-month follow-up for the 
combined cZi DBS patients who had immediate or de-
layed surgery are presented in Table 3; the p values for the 
tests of cognitive function that showed change significant 
at p < 0.05 are highlighted.

As shown in Table 3, a decline in auditory attention, 
as measured by the PASAT, was found at the 24-month 
follow-up relative to preoperative baseline. A decline 
was also noted between the baseline assessment and the 
24-month follow-up on one subtest of the Dichotic Listen-
ing Task. This subtest requires the patient to report the 
sound perceived in the left ear, but instead they report 

back what was presented in the right ear. Another measure 
showing change over time was the self-report question-
naire probing for executive difficulties (the FrSBe). There 
was an increase of self-perceived executive dysfunction 
when comparing the baseline with the 24-month follow-
up. We also found a reduction of anxiety symptoms as 
measured by the BAI at 6 months. However, this was no 
longer present at the 24-month follow-up.

Discussion
This study indicates that bilateral cZi DBS in appro-

priately screened patients with advanced PD results in 
very few significant changes in cognitive function. At the 
6-month follow-up, the only change we found between the 
BMT group and the surgical group was a slight increase 
in the number of errors made during the CWIT inhibi-
tion subtest. This indicates that the short-term effect of cZi 
DBS on cognition in patients with PD is minor.

When making within-group comparisons over time 
we found changes primarily in measurements focusing 
on attention and self-reported executive function. This 
study thus concludes that there is no reduction in overall 
cognition. However, a selective decrease in performance 
on “frontal” cognitive functions relating to attention and 
executive function was noted. Whether these changes are 
related to the surgical procedure, electrical stimulation, or 
merely a reflection of the natural course of cognitive de-
cline in PD, cannot be determined at this time.

Regarding the Dichotic Listening Task, there may be 
an influence of cZi DBS on aspects of auditory attention 
worthy of further investigation. The forced-left condition 
requires a top-down attention process, relying on the abil-
ity to voluntarily shift and regulate attention and thus also 
being closely tied to executive function. We have found 
similar changes in a previous study35 focusing on ear ad-
vantage in PD patients who underwent STN DBS. How-
ever, impaired hearing is common in the age groups most 
frequently included for treatment of advanced PD, which 
makes this type of investigation rather difficult. It is also 
well known that the Dichotic Listening Task, particularly 
the forced-left condition, is sensitive to increased age.24 
It has been suggested that older individuals (≥ 60 years) 
show decreased performance in the forced-left condition, 
possibly due to cognitive decline in areas such as cognitive 
control and executive functioning.24 A similar conclusion 
was drawn in a study in which increased asymmetry was 
found in the focused-attention task in an elderly popula-
tion.17 This, however, was not seen in the nonforced at-
tention condition, thereby suggesting decline in frontal 
activity in the elderly. The results of the present study may 
be confounded by subclinical impaired hearing and older 
age in this sample. No preoperative hearing test was per-
formed and test results were assumed to be valid if the 
patient claimed to have no impairments regarding hearing 
and all homonyms were correct within the test.

A recent meta-analysis of the cognitive impact of DBS 
on PD concluded that STN or GPi DBS produces few cog-
nitive side effects in preoperatively appropriately screened 
patients.9,32 This finding is very consistent with our results, 
in which few cognitive short- or long-term side effects 
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were reported after cZi DBS in PD. We did not observe 
the decline in verbal fluency that has been one of the most 
frequently reported cognitive outcomes after STN DBS 
and GPi DBS in PD. We did, however, notice a negative 
trend regarding both phonemic and category fluency at the 
6- and 24-month follow-up, but neither reached statistical 
significance in this study. This could be due to a rather 
small sample size and might thus be a false-negative find-
ing. Should this be a recurring finding in later studies, it 
would be an interesting and important difference between 

STN DBS and cZi DBS that would warrant further inves-
tigations.

Because this study was part of a clinical trial, we did 
not complete a power analysis prior to the initiation of the 
data collection to determine the optimal sample sizes. We 
are, however, aware of the limited sample size in our mate-
rial, especially regarding the DBS-BMT comparisons at 6 
months. In the long-term follow-up we analyze a somewhat 
larger sample, because both groups have been merged at 
this point. A limited sample size will, of course, require 

TABLE 2. Short-term effects of cZi DBS on cognition and mood

Test
Surgical Group BMT Group

Diff 95% CI p ValuePreop 6 Mos Preop 6 Mos

Global cognition
 Ravens’s Coloured Progressive Matrices (%) 48.7 (24.8) 65.8 (18.9) 71.3 (36.0) 69.3 (30.6) 13.1 −10.4 to 36.5 0.25
Memory, T-score
 Claeson-Dahls retention 50.2 (7.61) 41.1 (13.4) 49.0 (8.7) 48.3 (5.6) −7.2 −18.2 to 3.8 0.18
 Claeson-Dahls verbal learning 47.0 (9) 43.7 (5.68) 45.3 (7.8) 46.4 (9.3) −3.2 −9.6 to 3.3 0.31
 BVMT-R recall 37.8 (8.9) 38.8 (7.8) 41.1 (16.3) 41.9 (11.1) −1.8 −8.8 to 5.3 0.60
 BVMT-R learning 54.9 (7.9) 55.3 (11.5) 52.9 (11.19) 54.9 (9.9) −0.8 −12.3 to 10.7 0.89
 BVMT-R delayed recall 45.0 (9.3) 45.9 (7.67) 44.2 (13.5) 49.0 (10.9) −3.8 −10.1 to 2.5 0.21
Executive function, scaled score
 Phonemic fluency 10.2 (3.8) 9.6 (2.8) 11.0 (2.7) 11.4 (2.4) −1.3 −3.8 to 1.1 0.27
 Category fluency 10.9 (5.3) 8.4 (4.0) 9.2 (3.1) 9.3 (2.8) −1.2 −4.7 to 2.2 0.45
 Switching category 7.8 (3.31) 7.6 (3.5) 8.7 (2.6) 8.1 (2.2) 0.1 −2.6 to 2.8 0.94
 CWIT, inhibition 11.0 (1.9) 9.7 (2.3) 10.0 (3.7) 10.3 (2.9) −0.94 −2.2 to 0.3 0.13
 CWIT, shifting 8.4 (3.6) 8.7 (3.7) 9.3 (8.8) 10.8 (1.8) −1.4 −3.7 to 0.8 0.18
 CWIT, inhibition errors 10.6 (2.0) 9.1 (3.0) 10.2 (2.0) 11.00 (1.1) −2.1 −3.8 to −0.5 0.02
 CWIT, shifting errors 8.7 (3.2) 9.4 (2.8) 9.1 (4.0) 10.4 (1.4) −0.9 −3.2 to 1.4 0.40
 TMT, shifting 7.0 (4.4) 5.7 (4.2) 9.0 (1.5) 9.3 (3.7) −1.5 −4.8 to 1.7 0.33
 TMT, shifting total errors 9.9 (2.2) 8.3 (3.9) 11.0 (1.1) 9.8 (3.2) −0.2 −3.8 to 3.5 0.93
Attention/working memory
 PASAT, z-score 43.9 (8.8) 42.9 (9.3) 36.9 (8.7) 41.6 (10.7) −4.4 −13.0 to 4.1 0.29
 Dichotic listening, T-score
  Nonforced RE 45.7 (9.8) 46.7 (5.9) 49.4 (12.5) 51.3 (11.0) −4.3 −13.5 to 4.9 0.33
  Nonforced LE 43.6 (6.0) 44.3 (5.1) 49.9 (8.4) 44.8 (7.7) 2.0 −5.7 to 9.6 0.59
  Forced Rt RE 43.6 (6.0) 44.3 (5.1) 49.9 (8.4) 56.8 (11.5) −5.8 −15.8 to 4.3 0.24
  Forced Rt LE 43.3 (7.0) 45.3 (6.6) 48.7 (10.8) 41.4 (7.4) 4.5 −3.6 to 12.6 0.25
  Forced Lt RE 48.6 (10.1) 52.6 (8.0) 46.8 (8.2) 47.8 (8.3) 3.7 −2.0 to 9.5 0.19
  Forced Lt LE 44.9 (9.2) 46.0 (9.1) 53.9 (7.6) 50.6 (7.6) 2.4 −3.8 to 8.7 0.42
 Digit forward, scaled score 11.0 (2.34) 10.8 (2.4) 11.8 (2.8) 12.1 (2.9) −0.8 −2.9 to 1.2 0.40
 Digit backward, scaled score 9.4 (4.3) 6.7 (2.6) 9.0 (2.1) 8.5 (2.3) −2.0 −4.3 to 0.3 0.08
Mood & behavior
 BAI, raw score 9.3 (4.9) 4.9 (3.8) 10.3 (7.2) 9.4 (6.50) −3.3 −8.9 to 2.2 0.23
 BDI, raw score 5.8 (4.8) 3.7 (2.1) 7.4 (5.8) 6.0 (7.2) −1.6 −7.1 to 3.9 0.55
 FrSBe, total score, T-score 53.8 (20.3) 52.3 (17.0) 65.7 (21.9) 51.8 (16.6) 7.4 −4.0 to 18.8 0.19
 FrSBe, apathy, T-score 56.4 (20.1) 53.1 (13.7) 68.0 (23.5) 53.5 (14.8) 4.7 −6.3 to 15.7 0.38
 FrSBe, disinhibition, T-score 49.2 (16.0) 47.9 (13.8) 57.0 (15.4) 51.1 (12.9) 0.61 −9.9 to 11.1 0.90
 FrSBe, executive dysfunction, T-score 52.8 (14.2) 53.7 (14.9) 60.7 (18.0) 49.0 (13.5) 9.2 −1.3 to 19.6 0.08

Diff = baseline − adjusted difference/intercept; LE = left ear; RE = right ear.
Values for preoperative and 6 months are given as mean (SD). Boldface type indicates statistical significance.
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that our results are confirmed in future studies, preferably 
with larger sample sizes. Because this is the first study to 
investigate the cognitive effects of cZi DBS in PD patients, 
we still believe that our results are of interest and that our 
study will encourage others to verify or dispute our find-
ings.

Also, with repeated assessments there is a risk of prac-
tice/learning effects. To limit this, parallel versions of tests 
were used, where available. Nevertheless, the inclusion of 
a BMT group for comparison of the short-term cognitive 
and behavioral effects of cZi DBS, and the long-term 

follow-up of the patients at 24 months, are methodologi-
cal advantages of this study. We did not conduct assess-
ments with DBS on/off, which makes us unable to draw 
any conclusions as to whether the changes we see are due 
to stimulation or surgical intervention.

Conclusions
To our knowledge, this is the first randomized long-

term follow-up study focusing on the cognitive effects of 
cZi DBS surgery in patients with PD. DBS in the cZi in 

TABLE 3. Long-term effects of cZi DBS on cognition and mood

Test Preop 6 Mos 24 Mos
Preop vs 6 Mos 

Adjusted p Value
Preop vs 24 Mos 
Adjusted p Value

Global cognition
 Ravens’s Coloured Progressive Matrices (%) 60.4 (45.1–75.6) 67.2 (50.5–83.9) 52.0 (38.7–65.3) 0.558 0.181
Memory, T-score 
 Claeson-Dahls retention 49.2 (45.7–52.7) 43.8 (37.8–49.8) 47.3 (41.5–53.1) 0.185 0.792
 Claeson-Dahls verbal learning 46.1 (41.2–51.0) 45.4 (42.0–48.7) 42.1 (37.1–47.0) 0.909 0.246
 BVMT-R recall 40.0 (35.1–44.9) 38.8 (32.7–45.0) 39.2 (34.0–44.5) 0.889 0.920
 BVMT-R learning 54.9 (50.5–59.3) 53.3 (47.6–59.0) 51.7 (44.7–58.8) 0.879 0.689
 BVMT-R delayed recall 47.1 (42.0–52.3) 45.3 (39.4–51.3) 45.8 (39.8–51.8) 0.827 0.899
Executive function, scaled score
 Phonemic fluency 10.72 (9.12–12.3) 9.74 (8.45–11.0) 9.41 (7.89–10.9) 0.173 0.129
 Category fluency 10.18 (8.16–12.2) 7.90 (5.76–10.0) 8.98 (6.95–11.0) 0.055 0.378
 Switching category 7.96 (6.48–9.44) 8.00 (6.57–9.43) 6.40 (4.66–8.14) 0.998 0.104
 CWIT, inhibition 10.58 (9.30–11.9) 9.29 (7.60–11.0) 8.81 (6.71–10.9) 0.058 0.084
 CWIT, shifting 9.57 (7.86–11.3) 8.94 (6.83–11.0) 8.29 (5.96–10.6) 0.728 0.383
 CWIT, inhibition errors 10.76 (9.93–11.6) 9.51 (7.85–11.2) 10.58 (9.65–11.5) 0.256 0.898
 CWIT, shifting errors 9.52 (8.21–10.8) 9.42 (7.15–11.7) 9.21 (7.31–11.1) 0.994 0.898
 TMT, shifting 8.22 (6.21–10.24) 6.65 (4.73–8.57) 7.10 (4.97–9.23) 0.055 0.338
 TMT, shifting total errors 9.91 (8.62–11.2) 8.71 (7.08–10.3) 9.82 (8.32–11.3) 0.090 0.977
Attention/working memory
 PASAT, z-score 43.0 (36.6–49.4) 40.2 (35.1–45.2) 34.7 (28.3–41.0) 0.337 0.011
 Dichotic listening, T-score
  Nonforced RE 48.6 (43.7–53.6) 50.8 (46.6–55.1) 53.7 (47.5–59.9) 0.462 0.184
  Nonforced LE 43.9 (40.3–47.5) 44.5 (41.9–47.1) 43.1 (40.7–45.5) 0.938 0.871
  Forced Rt RE 50.6 (44.5–56.8) 51.3 (46.4–56.3) 51.7 (45.3–58.2) 0.938 0.918
  Forced Rt LE 42.3 (38.7–45.9) 42.9 (39.7–46.0) 45.5 (41.9–49.2) 0.952 0.300
  Forced Lt RE 48.1 (43.6–52.7) 50.5 (46.0–54.9) 52.6 (48.5–56.7) 0.475 0.049
  Forced Lt LE 47.7 (43.5–51.9) 47.7 (43.5–51.9) 46.6 (43.3–49.8) 1.000 0.739
 Digit forward, scaled score 11.7 (10.24–13.1) 11.4 (10.0–12.8) 10.3 (8.83–11.7) 0.860 0.068
 Digit backward, scaled score 9.08 (7.19–10.97) 7.92 (6.38–9.47) 7.66 (6.17–9.15) 0.392 0.236
Mood & behavior
 BAI, raw score 9.44 (6.48–12.41) 4.76 (2.95–6.57) 7.53 (3.42–11.65) 0.004 0.660
 BDI, raw score 6.09 (3.21–8.98) 4.39 (2.82–5.96) 8.46 (4.27–12.64) 0.324 0.531
 FrSBe, total score, T-score 53.2 (44.2–62.1) 52.9 (44.5–61.3) 59.7 (50.7–68.7) 0.994 0.090
 FrSBe, apathy, T-score 55.1 (45.7–64.4) 54.4 (47.4–61.4) 61.4 (52.8–69.9) 0.976 0.258
 FrSBe, disinhibition, T-score 50.2 (43.1–57.3) 50.1 (42.6–57.7) 52.3 (45.5–59.2) 0.999 0.606
 FrSBe, executive dysfunction, T-score 51.1 (44.4–58.5) 52.8 (45.6–60.0) 59.4 (51.7–67.0) 0.794 0.007
Values for preoperative, 6 months, and 24 months are given as mean (95% CI). Boldface type indicates statistical significance.
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patients with PD does not produce any global adverse ef-
fects on cognition, mood, or behavior. There were no dif-
ferences in global cognitive status at 6 months between 
patients randomized to BMT and patients who underwent 
cZi DBS. At 6- and 24-month follow-up, cZi DBS showed 
no major changes in global cognitive functioning. Howev-
er, cZi DBS was associated with a decline in attention and 
self-reported executive function at the 24-month follow-
up. A transient improvement with regard to symptoms of 
anxiety during the first 6 months, when compared to the 
BMT group, was also found. In contrast, cZi DBS did not 
result in a decline of verbal fluency as has been consistent-
ly documented following STN DBS. We argue that the cZi 
as a target for DBS in PD is an addition to the established 
targets (STN, GPi, and Vim). Additional targets such as 
the cZi, with good effect on tremor and few cognitive side 
effects, can increase the options to modify surgical treat-
ment for individual patients based on clinical profile and 
symptomatology.
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