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ABSTRACT: ObjectivesObjectives: Subthalamic nucleus deep brain stimulation (STN-DBS) is an effective treatment for
improving the motor symptoms of Parkinson’s disease (PD). Overall, cognitive function remains stable after
STN-DBS in most patients. However, cognitive decline, specifically in the verbal fluency domain, is seen in a
subset of STN-DBS patients. Currently, predictors of cognitive decline in PD patients treated with STN-DBS are
not well known. Thus, identification of presurgical predictors might provide an important clinical tool for better
risk-to-benefit assessment. This study explores whether whole brain white matter lesion (WML) volume, or
hippocampal and forebrain volumes, measured quantitatively on MRI, are associated with cognitive changes
following STN-DBS in PD patients.
MethodsMethods: We conducted a retrospective study using presurgical, and ≥ 6-month postsurgical neuropsychological
(NP) evaluation scores from 43 PD patients with STN-DBS. Mean pre/post NP test scores for measures of executive
function, attention, verbal fluency, memory, and visuospatial function were analyzed and correlated with WML
volume, and brain volumetric data.
ResultsResults: Although cognitive measures of verbal fluency, executive function, attention, memory, and visuospatial
function showed declines following STN-DBS, we observed limited evidence that white matter lesion burden or
cortical atrophy contributed to cognitive change following STN-DBS.
ConclusionsConclusions: These results suggest that post-STN-DBS cognitive changes may be unrelated to presurgical WML
burden and presence of cortical atrophy.

Introduction
Deep brain stimulation (DBS) is an established treatment in
advanced Parkinson’s disease (PD) patients experiencing motor
fluctuations and dyskinesia despite optimal dopamine drug
therapies.1–6 Numerous studies demonstrate that the subthalamic
nucleus (STN) is a target that results in favorable improvement
in motor disability, reductions in anti-Parkinsonian medications,
and improvements in quality of life.4,5,7,8 Though STN-DBS is a
proven and effective treatment of the motor symptoms of PD,

challenges remain in differentiating non-motor impairments as a
function of disease progression or a result of DBS.

Cognitive changes are reported in a subset of patients follow-
ing STN-DBS, including declines in verbal fluency, executive
function, attention, and memory.3,7,9–21 Pathological mecha-
nisms have been hypothesized to contribute to cognitive changes
in PD including brain volume changes and degeneration of
dopaminergic and other non-dopaminergic neurotransmitter sys-
tems (e.g., cholinergic projection pathways).22 Previous studies
have also attributed cognitive changes in the domains of
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attention, learning and memory, visuospatial function, and exec-
utive function to white matter lesions (WML) observed on brain
MRI,23–27 as well as volumetric changes to neuroanatomical
structures.28–32

Evidence suggests that cognitive decline in PD patients corre-
lates with white matter volume 23–27 and brain volumetric
changes.22,28–32 Therefore, it is critical to determine whether
STN-DBS correlates with WML or volumetric changes in PD
patients who demonstrate postsurgical cognitive changes. To
date, the relationship between quantitative measures of presurgi-
cal brain MRI and cognitive declines post-STN-DBS surgery
remains unclarified and the best predictor of postsurgical decline
is presurgical cognitive status.20,21,33

This study evaluated whether (1) there was a decrease in cog-
nitive performance in patients following STN-DBS and
(2) whether there was a relationship between quantitative mea-
sures of presurgical brain MRI (WML volume, forebrain, and
hippocampal volumes) and change in cognitive performance
between pre- and post-STN DBS surgery. We hypothesized that
greater WML volume and lower forebrain and hippocampal vol-
umes would be associated with greater decline in performance
on neuropsychological (NP) tests post-DBS surgery. Importantly,
this relationship has not been explored in post-DBS patients.
Therefore, the results of this study could impact the clinical man-
agement decisions of DBS teams in assessing possible risks and
benefits of DBS surgery.

Methods
Population Identification
The Colorado Multiple Institutional Review Board (COMIRB)
approved this retrospective study. The University of Colorado
Hospital (UCH) neuropsychology database was retrospectively
screened for idiopathic PD (iPD) patients who had undergone
STN DBS between January 2011 and June 2016 and for which
presurgical NP testing and ≥ 6-month postsurgical NP testing
were available. Data were collected in three categories. The
UCH cloud-based neuropsychology database was used to obtain
the presurgical and postsurgical neuropsychology evaluation
records. The health record management system (EPIC) and med-
ical imaging management system (PACS) were reviewed to
extract relevant clinical (PD history, patient demographics, and
comorbidities) surgical and imaging data (T2-fluid attenuated
inversion recovery (FLAIR) and T1-3D). Of the 162 patients
total with STN-DBS surgery between January 2011 and June
2016, 43 iPD patients met the inclusion criteria for our study:
(1) STN-DBS, (2) presurgical NP and ≥ 6-month postsurgical
NP testing, and (3) presurgical T2-FLAIR and 3D T1-weighted
MRI. 119 patients were excluded due to lack of postsurgical
cognitive testing (N = 94); reimplantation of the DBS stimulator
(N = 11); < 6 months between surgery and June 2016 (N = 8);
postsurgical cognitive testing occurred < 6 months after surgery;
and lack of pre/postsurgical cognitive testing (N = 3).

Patients
Table 1 summarizes demographic, clinical, and surgical details for
43 patients. The mean age at the time of surgery was 63.1 ±
7.3 years, and the mean duration of PD was 9.4 ± 4.1 years. The
mean duration of NP follow-up after surgery was 14.4 ±
6.4 months (median, 13 months, range 6 to 43 months).

Pre-DBS Evaluation and
Selection, and Neurosurgical
Procedure
As part of the DBS evaluation process, the UPDRS score was
obtained ON and OFF L-DOPA to confirm medication
response, brain MRI were obtained and assessed for surgical risks,
and NP testing was administered and evaluated for cognitive
functioning. Candidates were deemed appropriate for DBS from
a neurological and neurosurgical perspective when there was no
evidence of cognitive impairment indicative of dementia
(e.g., PD-Dementia, comorbid Alzheimer’s disease) and no con-
cerning psychological risk factors (e.g., significant depression with
suicidal ideation/intent, significant anxiety, current substance
abuse) Surgical implantation of the DBS electrode and generator
was carried out in accordance with the established UCH staged
DBS-surgery protocol (i.e., DBS lead and implantable pulse gen-
erator [IPG] are implanted during separate surgeries roughly two
weeks apart). Briefly, awake microelectrode recordings, intrao-
perative kinesthetic and macro-stimulation testing were used to
implant the DBS lead (Medtronic model 3389 quadripolar elec-
trode: contacts were 1.5 mm in length and spaced 0.5 mm apart).
Postoperative MRI and CT were used to verify accurate place-
ment. Three weeks following implantation of the lead, the IPG
would be implanted under general anesthesia.

Relevant Neuropsychological
(NP) Tests
To determine cognitive status pre- and postsurgically, all patients
completed a standardized UCH movement disorder NP battery.
On average, testing was performed 5.7 months (± 4.0; range:
1 to 23 months) before surgery. Sixteen test scores from the full
battery were selected and group changes within various domains
were assessed. The selection of tests relevant for this study was
based on suggestions from the literature.10–13,16,20,21,34 The
Stroop color-word and interference tasks (Golden version), and
the Wisconsin card sorting test-64 (WCST-64) Perseverative
errors score were used for executive function. The block-design
subtest (WAIS-IV) and judgment of line orientation (JOLO)
were used for visuospatial function. The brief test of attention
(BTA), coding subtest (WAIS-IV), and the digit span subtest
(WAIS-IV) were used for attention. The California verbal learn-
ing test-II (CVLT-II) long-delay recall, recognition hits and total
scores, and the brief visuospatial memory test-revised (BVMT-
R) delayed recall; discrimination index and total scores were used

418 MOVEMENT DISORDERS CLINICAL PRACTICE 2018; 5(4): 417–426. doi: 10.1002/mdc3.12643

RESEARCH ARTICLE ASSOCIATION OF QUANTITATIVE MEASURES WITH COGNITIVE OUTCOMES OF STN-DBS



for memory. Animal naming and letter fluency tests were used
for semantic and phonemic verbal fluency, respectively.

MRI Processing Pipeline and
Segmentation
All MRI files for each study subject were stripped of identifying
information. Axial T2-FLAIR MRIs with a slice thickness of
3 mm were available for all 43 patients. For calculation of T2
hyperintense white matter lesion volumes (mm3), each subject’s
T2-FLAIR images were processed with the Lesion Prediction
Algorithm (LPA) as implemented in the Lesion Segmentation
Tool (LST) toolbox, version 2.0.13 (http://www.applied-
statistics.de/lst.html) for SPM12. LPA results from the
43 T2-FLAIR scans were reviewed in FSL View from the
FMRIB Software Library (FSL: http://www.fmrib.ox.ac.uk/fsl)
to assess accuracy of lesion segmentation. Manual editing to cor-
rect erroneous lesion segmentation of non-brain tissue in nine
scans was completed. An expert neuroradiologist reviewed and
gave final approval of corrections. All 43-lesion probability masks
were binarized at a threshold value of 0.5 recommended by LST
developers. Lesion volumes were then calculated for each
patient’s binarized thresholded probability mask.

Axial 3D T1-weighted brain MRIs with a slice thickness of
1.2 mm were available for 30 of 43 patients. For calculation of
brain structure volume (cm3), each patient’s 3D T1-weighted brain

MRI was processed with Neuroquant (CorTechs Labs). Volumes
for the left and right forebrain parenchyma and left and right hip-
pocampi were extracted from the Neuroquant segmentation.

Statistical Analysis
All analyses were completed with SAS software, Version 9.4.
Data was graphically checked for outliers, skew, and deviation
from normality. Covariates were set to their mean values in the
usable sample when testing the pre–post difference. Additionally,
responses were grouped into several domains, and mixed model
regressions were used to perform overall F tests for a pre–post dif-
ference among any of the responses. The strength of relationships
between pre–post differences in scales and volumetrics were
examined with the non-linear Spearman correlation. Due to the
range in magnitude of lesion volume, the natural log transforma-
tion (base e) of lesion volumes was used for all data analyses. Par-
tial correlations controlled for covariates. Spearman correlation
analyses between log (lesion volume) and the change in perfor-
mance on each of the 16 cognitive tests was employed to investi-
gate if presurgical WML volume was a significant predictor of
postsurgical changes in performance on cognitive tests with a sig-
nificance level of p < 0.05. To explore if brain region volume
was associated with postsurgical changes in performance on cog-
nitive tests, Spearman correlation analyses between left forebrain
parenchyma, right forebrain parenchyma, left hippocampus or

TABLE 1 Demographic, clinical, and surgical characteristics of patients.

Subjects N = 43
Age @ baseline mean (± SD) 62.3 (± 7.3)
Age @ PD onset mean (± SD) 52.8 (± 9.2)

Disease duration, years
Mean (± SD) 9.4 (± 4.1)
Median (min/max) 9 (2/22)

Sex
Male/Female 30/13

Education, years
Mean (± SD) 15.3 (± 2.7)
Median (min/max) 16 (10/20)

Duration of surgery after Pre-NP eval, months
Mean (± SD) 5.7 (± 4.0)
Median (min/max) 5 (1/23)

Duration of Post-NP eval after surgery, months
Mean (± SD) 14.4 (± 6.4)
Median (min/max) 13 (6/43)

Percent change in UPDRS*
Mean (± SD) −36.8 (± 27.4)
Median (min/max) −37 (-88/26)

Post-surgical Levodopa equivalent dose, mg
Mean (± SD) 534.3 (± 397.1)
Median (min/max) 525 (0/2000)

Surgical characteristics
Age @ implantations mean (± SD) 63.1 (± 7.3)
Unilateral STN-DBS 14

left 7
right 7

Bilateral STN-DBS 29
Vascular risk factors
Diabetes % 2
Controlled Hypertension % 18.6
Hypercholesterimia/Hyperlipidemia % 18.6
History of smoking % 37.2
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right hippocampus volume and change in performance on each
of the 16 cognitive tests was used with a significance level of p <
0.05. Given the importance of WML and vascular risk factors
(VRFs),35,36 we controlled for the latter in our analysis. Covari-
ates for statistical analysis were identified from extracted clinical
data and included: age at baseline, education at baseline, number
of VRFs, disease duration, percent change in UPDRS, postsurgi-
cal levodopa equivalent dose, and time from surgery to postsurgi-
cal NP testing. VRFs were defined as a history of diabetes,
controlled hypertension (managed by medication), hypercholes-
terolemia and/or hyperlipidemia, and smoking. Patient’s history
across VRFs were summed to calculate number of VRFs. Percent
change in UPDRS was calculated from presurgical UPDRS score
OFF medication and postsurgical UPDRS score OFF mediation/
ON stimulation. Due to the small sample size and the number of
responses, outcomes were mostly analyzed individually, on avail-
able case data, and without adjustment for multiple comparisons
to avoid loss power. Similarly, full regression models were not fit
with all the volumetric measurements because of the number of
variables compared with the number of usable observations.

Results
Neuropsychological (NP) Testing
There were significant declines (p < 0.05) in pre- to post- perfor-
mance for cognitive tests in the domains of executive function, ver-
bal fluency, attention, memory, and visuospatial function (Table 2;
Fig. 1). There were also non-significant pre- to post-changes in per-
formance for cognitive measures in the domains of memory, execu-
tive function, and visuospatial function. (Table 2; Fig. 1).

Correlation Between Change in
Performance and WML Volume
Presurgical T2 lesion volume was not correlated with change in
performance on cognitive measures in the domains of memory,
verbal fluency, executive function, or attention, even after
adjusting for covariates (age at baseline, education at baseline,
number of VRFs, disease duration, percent change in UPDRS,
postsurgical levodopa equivalent dose, and time from surgery to
postsurgical NP testing; Table 3). There was a significant nega-
tive correlation observed between lesion volume and decline in
performance on a visuospatial task, which persisted when adjust-
ing for covariates (r = -0.44, p = 0.02; Table 3). Age (r = 0.46,
p < 0.002), number of vascular comorbidities (r = 0.35, p <
0.02) and percent change in UPDRS (r = 0.35, p = 0.03) were
positively correlated with lesion volume (Table 4).

Correlation Between Change in
Performance and Brain Region
Volumes
Presurgical forebrain parenchyma and hippocampal volumes
were not correlated with declines in performance on cognitive
measures, even after adjusting for age at baseline, education at
baseline, number of VRFs, disease duration, percent change in
UPDRS, postsurgical levodopa equivalent dose, and time from
surgery to postsurgical NP testing (Table 3). There was a signifi-
cant positive correlation observed between right hippocampus
volume and change in performance on the CVLT-II recognition
hits score (r = 0.48, p = 0.04), which persisted after adjusting for
covariates, as shown in Table 3. Age was negatively correlated

TABLE 2 Group neuropsychological evaluation scores for presurgical, postsurgical, and pre/post changes, organized by
cognitive domain.

Total N Pre-surgical score Post-surgical score Pre/post change in score p-value

Attention
BTA 35 15.4 ± 3.4) 13.5 ± 4.9) −1.8 (± 3.3) 0.003
Digit span 36 27.1 (± 4.2) 25.3 (± 4.2) −1.9 (± 3.5) 0.003
Coding

Executive Function 37 55.5 (± 13.5) 47.9 (± 13.7) −7.6 (± 10.6) <0.0001
Stroop color-word 30 35.2 (± 7.6) 29.7 (± 7.7) −5.4 (± 5.4) <0.0001
Stroop interference 27 2.0 (± 12.3) 6.9 (± 19.2) 4.9 (± 21.4) 0.25
WSCT-64 perseverative errors 33 20.0 (± 12.2) 19.2 (± 12.8) −0.8 (± 14.7) 0.77

Memory
BVMT-R delayed recall 39 7.8 (± 2.5) 7.4 (± 3.2) −0.4 (± 2.4) 0.29
BVMT-R discrimination index 39 5.6 (± 0.8) 5.2 (± 1.2) −0.4 (± 1.1) 0.05
BVMT-R total 39 19.1 (± 6.7) 17.7 (± 8.3) −1.4 (± 6.0) 0.14
CVLT-II long-delay recall 38 9.7 (± 3.4) 10.1 (± 3.1) 0.4 (± 2.8) 0.42
CVLT-II recognition hits 38 14.8 (± 1.3) 14.6 (± 1.6) −0.2 (± 1.7) 0.5
CVLT-II total 38 46.3 (± 13.0) 45.2 (± 12.3) −1.1 (± 10.2) 0.51

Verbal fluency
Animal naming 36 21.9 (± 5.4) 18.7 (± 5.0) −3.1 (± 4. 7) 0.0003
Letter fluency 38 41.8 (± 10.4) 35.1 (± 12.1) −6.7 (± 9.1) <0.0001

Visuospatial function
Block design 36 34.8 (± 11.1) 32.4 (± 11.4) −2.4 (± 6.4) 0.03
JOLO 37 23.6 (± 4.7) 23.4 (± 4.5) −0.3 (± 3.8) 0.67

All values are Mean (± SD).
Abbreviations: BTA, Brief Test of Attention; BVMT-R, Brief Visual Memory Test-Revised; CVLT-II, California Verbal Learning Test-II; JOLO, Judge-
ment of Line Orientation; WCST-64, Wisconsin Card Sorting Test-64.
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with left (r = -0.50, p < 0.004) and right (r = -0.55, p < 0.002)
hippocampus volumes, but not left or right forebrain paren-
chyma volumes (Table 4).

Discussion
This study is the first to test the association of quantitative mea-
sures of whole brain WML, forebrain parenchymal, and hippo-
campal volumes in presurgical brain MRI with cognitive change
following STN-DBS. We observed significant group declines in

performance on cognitive test scores in the five cognitive
domains evaluated. We also observed that a significant decline in
cognitive performance on a visuospatial task post-STN-DBS was
significantly correlated with a higher burden of WML. Addition-
ally, greater presurgical right hippocampus volume was associated
with less change in performance on a memory task from pre- to
post-surgery. However, this study also showed that in this cohort
larger WML volume before surgery was not strongly associated
with the cognitive changes in the domains of attention, execu-
tive function, or verbal fluency. Likewise, lower presurgical fore-
brain parenchyma and hippocampal volumes were not associated

FIG. 1. Mean pre- and postsurgical group neuropsychological evaluation scores organized by cognitive domain.
*Significant change in performance on cognitive test.
Abbreviations: BTA, Brief Test of Attention; BVMT-R, Brief Visual Memory Test-Revised; CVLT-II, California Verbal Learning Test-II; JOLO,
Judgement of Line Orientation; WCST-64, Wisconsin Card Sorting Test-64.
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with most postsurgical cognitive declines experienced by this
cohort.

Neuropsychological Evaluation
Performance
We observed significant group declines in performance on cog-
nitive tests scores in the domains of executive function
(Stroop-color word task), verbal fluency (animal naming and
letter fluency tasks), attention (brief test of attention, coding,
and digit span), memory (BVMT-R discrimination index), and
visuospatial function (block design). Our results are generally
consistent with previous cognitive outcome studies; however,
many studies also inconsistently report impairment in domains
of executive function, memory, attention, and visuospatial
function.3,7,9,11–13,15,16,18–21 Our observations could be attrib-
uted to the demographic and clinical characteristics of our
cohort, as well as the UCH DBS for PD evaluation and selec-
tion protocol for determining suitable surgical candidates.

We did not observe significant declines in performance on
two measures of executive function (Stroop interference task and
WSCT-64 perseverative errors score), or most measures of mem-
ory (BVMT-R delayed recall and total scores, and CVLT-II
long-delay recall, recognition hits and total scores), which is con-
sistent with some prior reports,13 but inconsistent with
others.11,12,19–21 Some of these studies11,13,20 included a control
group of PD patients managed with standard clinical care, a lack
of which is a limitation of our current study. In one control

matched study, STN-DBS for PD patients demonstrated a selec-
tive decline in verbal memory compared to a control group.11 In
addition, significant declines on tasks of executive function (mea-
sured by the stroop color-word task), and attention (measured by
the digit span task), were exhibited by both groups. These results
were suggestive that the observed declines were a result of the
progression of the disease, rather than the DBS alone.

Although significant group declines in performance were
observed in all five cognitive domains, it is important to note that
our cohort was a limited sampling of STN-DBS patients, and repre-
sents patients with advanced PD and no significant cognitive impair-
ments for a mean disease duration of 9.4 years before surgery.
Moreover, it is standard protocol to evaluate each DBS candidate
and carefully assess the risk-to-benefit ratio, to approve candidates
without clinical, surgical, or psychiatric contra-indicators for the sur-
gery. Nonetheless, it is somewhat unusual that in the present study
we observed declines in performance within all cognitive domains
assessed. The reason for these results is unclear, but it possible that
selection bias may be one factor in this clinical sample. While repeat
evaluations following STN-DBS were recommended to all patients,
not all patients were responsive to scheduling requests. Therefore, it
is possible those patients who presented for repeat evaluation dif-
fered from those who did not (e.g., those with worries regarding
cognitive functioning may have been more likely to schedule repeat
evaluation than those with no worries), thereby influencing our
findings. Overall, our neuropsychological results taken with previ-
ously reported findings emphasize the importance of counseling
DBS candidates on the potential risk of cognitive declines following
the surgery to appropriately manage expectations.

TABLE 3 Correlation between change in performance on neuropsychological tests and log (lesion volume), forebrain and
hippocampal volumes, covarying for age, education, number of vascular risk factors, duration of PD, percent change in UPDRS,
postsurgical levodopa equivalence score, and time from surgery to postsurgical NP testing.

White matter
lesion

Left forebrain
parenchyma

Right forebrain
parenchyma

Left
hippocampus

Right
hippocampus

Total N r p-value r p-value r p-value r p-value r p-value

Attention
BTA 35*; 23 −0.02 0.93 0.38 0.14 0.31 0.24 0.04 0.88 0.30 0.25
Digit span 36*; 23 0.02 0.91 −0.01 0.97 −0.11 0.68 −0.18 0.49 0.38 0.15
Coding 37*; 25 −0.28 0.13 −0.27 0.28 −0.27 0.27 −0.10 0.70 −0.02 0.92

Executive Function
Stroop color-word 30*; 19 0.01 0.96 0.38 0.23 0.40 .020 −0.08 0.80 0.03 0.93
Stroop interference 27*; 17 −0.02 0.94 0.59 0.07 0.55 0.10 0.32 0.36 0.27 0.45
WSCT-64 perseverative errors 33*; 20 −0.01 0.97 0.03 0.93 0.16 0.60 −0.40 0.18 −0.37 0.21

Memory
BVMT-R delayed recall 39*; 26 0.03 0.88 0.00 0.99 0.03 0.90 −0.33 0.17 −0.13 0.60
BVMT-R discrimination index 39*; 26 0.08 0.64 −0.12 0.61 −0.09 0.73 0.01 0.96 −0.20 0.40
BVMT-R total 39*; 26 0.05 0.77 0.12 0.63 0.19 0.44 −0.33 0.17 −0.09 0.71
CVLT-II long-delay recall 38*; 25 −0.04 0.83 0.22 0.38 0.14 0.58 0.18 0.48 −0.11 0.66
CVLT-II recognition hits 38*; 25 0.05 0.81 −0.07 0.79 −0.08 0.75 0.26 0.30 0.48 0.04
CVLT-II total 38*; 25 0.03 0.87 0.39 0.11 0.35 0.16 0.19 0.45 0.04 0.88

Verbal fluency
Animal naming 36*; 23 −0.33 0.08 0.08 0.76 0.11 0.69 0.10 0.72 0.09 0.73
Letter fluency 38*; 25 −0.29 0.11 0.07 0.77 0.05 0.85 0.08 0.75 0.27 0.28

Visuospatial function
Block design 36*; 24 −0.44 0.02 −0.13 0.63 −0.14 0.59 −0.18 0.49 0.20 0.45
JOLO 37*; 24 0.13 0.48 −0.14 0.6 −0.16 0.55 −0.08 0.75 0.02 0.93

*Total N for lesion volume analysis
Abbreviations: BTA, Brief Test of Attention; BVMT-R, Brief Visual Memory Test-Revised; CVLT-II, California Verbal Learning Test-II; JOLO, Judge-
ment of Line Orientation; WCST-64, Wisconsin Card Sorting Test-64.
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Correlation of Lesion Volume to
Change in Performance on
Cognitive Tests
Our results did demonstrate a statistically significant correlation
between decline in visuospatial performance (as measured by
block design subtest) and a greater burden of WML, even after
correcting for age at baseline, education, number of VRFs, dis-
ease duration, percent change in UPDRS, postsurgical levodopa
equivalent dose, and time from surgery to postsurgical NP test-
ing. These findings contrast previous observations that PD-MCI
patients treated with medication demonstrated impaired visuo-
spatial function that was not correlated with increased WML
volume,24 or DTI metrics.23 These studies employed different
methodologies and instruments for assessing visuospatial function,
which can explain the difference in our observations. A different
DTI study27 did demonstrate a relationship between visuospatial
ability and white matter changes in the anterior corona radiata.
These results suggest that the prefrontal control processes impor-
tant for intact visuospatial function were disrupted. However,
caution must be taken when comparing these results to ours
since these studies employed DTI metrics in patients who had
not undergone STN-DBS surgery. Overall, the contribution of
increased WML volume to decline in performance on a visuo-
spatial task is unclear, however, it is possible the observed finding
reflects a decline in speeded performance associated with a
greater burden of WML rather than a “true” visuospatial change.
Nonetheless, future studies should explore whether this decline
is correlated with WML burden in specific cortical or sub-
cortical brain region areas.

Our results did reveal a significant correlation between greater
burden of WML, increased age at baseline and increased number
of vascular comorbidities (diabetes mellitus, hypertension, hyper-
lipidemia/hypercholesterolemia, and smoking). These results are
consistent with a recent critical review36 of studies exploring the
contribution of WML to the cognitive impairments experienced
by PD patients treated with medication. This analysis implicated
vascular risk factors as a main contributing factor of greater
WML volume, and, therefore, cognitive dysfunction.

Correlation of Bilateral Brain
Region Volumes to Change in
Performance on Cognitive Tests
We observed a significant positive relationship between right
hippocampus volume and less change in performance on CVLT-
II recognition hits score. There are no reports of correlates
between intact memory functions and increased brain volume,
and few reports of correlates28,32,37,38 of impaired memory and
volumetric changes to brain regions, in either PD or STN-DBS
patients. Our observations are consistent with broader
reports11,28,29,32,37,38 that associate impaired memory with vol-
ume changes to the medial temporal lobe, and frontostriatal net-
works. Indeed, medial temporal lobe structures, including the

hippocampus, are established substrates for memory functions,
and implicated in memory networks.32 Based on these reports, it
is reasonable that unimpaired performance on the CVLT-II rec-
ognition hits is associated with less atrophy in the right hippo-
campus, as our results suggested.

Overall, there is a paucity of literature exploring the relation-
ship of quantitative measures of brain MRI and the cognitive
outcomes of STN-DBS. This is the first study to explore the
correlation between quantitative measures of presurgical WML
volumes and bilateral forebrain parenchyma and hippocampus
brain volumes in STN-DBS patients, and the cognitive changes
following STN-DBS. This study, therefore highlights the need
for further exploration of this topic.

Limitations and Future Directions
This study is not without some limitations. As a retrospective
study, the collection of the neuropsychological data and MRI data
was “non-systematic,” and thus, there were some missing data. A
limitation of the brain volume correlation was the exclusion of the
13 patients with missing 3D T1-weighted MRI. In addition, our
cohort’s MRI data were collected on two different scanners, and
future studies should aim to have an established MRI acquisition
protocol. Nonetheless, the LPA tool within the Lesion Segmenta-
tion Tool (LST) toolbox, version 2.0.13 for SPM12, and Neuro-
quant segmentation tool for our neuroanatomical quantifications
helped us overcome this limitation in our study.

Another limitation of our study was our relatively small sample
size, restricted by the completion of ≥ 6-month postsurgical neuro-
psychological evaluation. Although we performed well over
43 STN-DBS surgeries between January 2011 and June 2016,
many of the STN-DBS patients were excluded in the preliminary
screening of this study’s population because they lacked ≥

6-month postsurgical cognitive testing. It is not clear why some
patients did not have postsurgical cognitive testing; however, any
number of variables could have contributed to these patients not
returning. First, postsurgical cognitive testing is not required for
standard clinical care; therefore, many patients could have been
prohibited from completing this testing because it was not covered
by their insurance policy. It is also possible that the patients who
did not complete postsurgical testing represent patients who were
doing either very well or very poorly, and therefore, were not
inclined to return for the extensive neuropsychological battery.
Likewise, some patients could have decided that they did not wish
to participate in an additional cognitive battery, regardless of an
ability to do so, as it is a demanding and exhaustive evaluation.
Additionally, the University of Colorado Hospital, being a
regional center, serves patients from several surrounding states, and
many patients treated at this facility commute from long distances.
It is possible patients completed postsurgical cognitive testing at a
different site, and these records were not accessible for this study.
Regardless of the reasons for patients’ not having postsurgical cog-
nitive testing, future studies should implement a standardized pre-
surgical and postsurgical cognitive testing protocol to allow for a
more systematic collection of patient data.
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It is possible that our decision to broadly group our cohort’s
neuropsychological data kept relationships hidden. Therefore,
future studies should stratify patients in some manner, such as indi-
vidual cognitive changes, vascular comorbidities, or even unilateral
vs. bilateral STN-DBS. Last, future studies evaluating whether
quantitative measures of brain MRI are associated with the cogni-
tive outcomes of STN-DBS should also include a control group of
age and disease duration, matched PD patients treated with medi-
cation. Future exploration of this relationship could also evaluate
increased lesion volumes in specific cortical brain regions as a pre-
dictor of cognitive changes in domains associated with those
regions, such as changes in frontal white matter regions and wors-
ened verbal fluency and executive function performance.

Conclusions
These results are encouraging since they suggest that presurgical
lesion and brain region volumes, beyond any clinical predictors,
do not put STN-DBS candidates at an increased risk for postsur-
gical cognitive impairments.
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