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Abstract

Background: Deep brain stimulation of the subthalamic nucleus is a widely-used adjunctive 

therapy for motor symptoms of Parkinson disease, but with variable motor response. Predicting 

motor response remains difficult and novel approaches may improve surgical outcomes as well as 

understanding regarding pathophysiological mechanisms.

Objective: To determine whether pre-operative resting state functional connectivity MRI predicts 

motor response from deep brain stimulation of the subthalamic nucleus.

Methods: We collected preoperative resting-state functional MRI from 70 participants 

undergoing subthalamic nucleus deep brain stimulation. For this cohort, we analyzed strength of 

STN functional connectivity with seeds determined by stimulation-induced (ON/OFF) 15O H2O 

PET regional cerebral blood flow differences in a partially overlapping group (n = 42). We 

correlated STN-seed functional connectivity strength with postoperative motor outcomes and 

applied linear regression to predict motor outcomes.

Results: Preoperative functional connectivity between left subthalamic nucleus and ipsilateral 

internal globus pallidus correlated with postsurgical motor outcomes (r = −0.39, p = 0.0007), with 

stronger preoperative functional connectivity relating to greater improvement. Left pallidal-

Correspondence to: Scott A Norris, M.D., Associate Professor, Washington University in St Louis, Department of Neurology, Box 
8111, 660 S. Euclid Avenue, St. Louis, MO 63110, USA, Clinic: 314-362-6908, norriss@wustl.edu.
*deceased.
Author Contributions
JRY, MCC, TH, JSP, and SAN contributed to conception and design of the study; JRY, MCC, TH, ABT, MM, MU, SDT, AK, AZS, 
JSP, and SAN contributed to acquisition and analysis of data; JRY and SAN drafted the text and prepared the figures. All authors 
reviewed the manuscript and revised for intellectual content.

HHS Public Access
Author manuscript
Mov Disord. Author manuscript; available in PMC 2022 March 01.

Published in final edited form as:
Mov Disord. 2021 March ; 36(3): 662–671. doi:10.1002/mds.28376.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



subthalamic nucleus connectivity also predicted motor response to DBS after controlling for 

covariates.

Interpretation: Preoperative pallidal-subthalamic nucleus resting-state functional connectivity 

predicts motor benefit from deep brain stimulation, though this should be validated prospectively 

before clinical application. These observations suggest that integrity of pallidal-subthalamic 

nucleus circuits may be critical to motor benefits from deep brain stimulation.
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Introduction

Deep brain stimulation (DBS) of the subthalamic nucleus (STN) is a widely-used adjunct 

therapy for motor impairment in Parkinson disease (PD) but with substantial variability in 

degree of benefit1,2. While levodopa responsiveness predicts some variability in STN DBS 

outcomes, an incomplete understanding of DBS predictors limits optimal delivery of this 

therapy3–6. PET-based measures of relative regional cerebral blood flow (rCBF) responses to 

STN stimulation demonstrate local and downstream effects, including midbrain, thalamus, 

cerebellum, and prefrontal, motor, and temporal cortical regions7,8. These STN stimulation-

induced rCBF responses correlate with motor outcomes. Specifically, premotor and 

cerebellar responses correlate with gait, supplementary motor area with rigidity, and 

thalamus with bradykinesia8,9. Correlations between rCBF and behavioral responses to STN 

stimulation imply network-level effects of STN DBS. This interpretation is supported by 

PET studies demonstrating modulation of PD-related metabolic brain networks from both 

DBS and neuromodulatory gene therapy at the STN, correlating with the effects of STN 

DBS on motor function and disability10,11. Thus, modulation of PD-related networks may be 

important for DBS effects. Pre-operative evaluation of such networks may improve 

characterization of stimulation response and prediction of motor outcomes.

Resting-state functional connectivity MRI (rs-fcMRI) reflects the temporal correlations of 

spontaneous activity in blood oxygen level dependent (BOLD) signals across the brain, 

permitting organization into resting-state networks subserving various functions12. 

Significant alterations in functional connectivity (FC) networks have been linked to PD 

manifestations13–15. Various stimulation targets that are effective for treating parkinsonism 

are also highly functionally connected, implying that DBS may modulate networks to 

achieve its effects16. Furthermore, FC of stimulation location correlates with STN DBS 

effects in normative connectome data, supporting the notion that FC may correlate with STN 

DBS effects17,18.

The most direct approach to determine the effects of DBS on resting state networks would 

be to perform rs-fcMRI studies after lead implantation. However, technical issues limit this 

approach. DBS electrodes produce a susceptibility artifact which obscures BOLD signals 

confounding FC measurements near electrodes and contact sites19. Furthermore, potential 

electrode heating raises safety concerns with current DBS electrodes within high field 

strength sequences used for BOLD imaging. While 3T MRI is standard for high quality rs-
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fcMRI, structural and functional scans at 3T have been shown to exceed parameters 

recommended for DBS, which limits scan time and field strength for rs-fcMRI in 

DBS18,20,21. Thus, alternative approaches evaluating FC in patients with DBS may improve 

analysis of DBS effects. Using brain regions known to respond to stimulation as seed 

regions to interrogate preoperative resting state rs-fcMRI may reveal functional network 

connectivity that predicts clinical response to DBS and avoids the technical limitations of 

post-operative MRIs.

We aimed to identify the relationship between preoperative rs-fcMRI and DBS motor 

response. To do this, we identified rCBF responses to STN stimulation using previously 

acquired 15O PET data. We then applied these response regions as seeds in a preoperative rs-

fcMRI analysis. We hypothesized that connectivity patterns between regions modulated by 

STN stimulation would predict postoperative motor outcome from STN DBS.

Methods

Overview

From a prior 15O PET study with a stimulation on/off design, we identified brain regions 

with STN stimulation induced blood flow response. We then applied these regions as seeds 

in a partially overlapping cohort with preoperative (STN DBS) rs-fcMRI data (Figure 1). We 

correlated pre-operative functional connectivity between STN and seed regions with 

postoperative motor outcomes, defined as change in Unified Parkinson Disease Rating Scale 

part III (UPDRS-III). Significant correlations were then applied to a linear regression model 

to predict the postoperative change in UPDRS-III.

Participants

Participants were selected from a consecutive series of PD patients who had undergone 

bilateral STN DBS implantation surgery at the Movement Disorders Center in Washington 

University School of Medicine and who agreed to participate in this study. For each 

participant, the study included one or both of a) pre-operative rs-fcMRI, and b) post-

operative PET (described below) and clinical measures of STN DBS effects. This research 

was approved by the Washington University Institutional Review Board, and written 

informed consent was obtained from each participant. Inclusion criteria for this study 

included diagnosis of idiopathic PD by UK Brain Bank criteria and placement of bilateral 

STN DBS between 2007 and 201722. Exclusionary criteria included dementia, poor 

response to levodopa (except levodopa-resistant tremor), structural brain abnormalities, 

history of encephalitis, stroke, serious head injury or inability to hold the head still. 

Participants with metal or MRI-incompatible devices were excluded from rs-fcMRI.

Neurosurgical procedure

Patients with PD were pre-screened for comorbidities which would preclude safe electrode 

implantation and completed detailed formal neuropsychological testing to exclude dementia. 

All participants had bilateral STN DBS stimulators (Medtronic 3389 DBS leads paired the 

with most up-to-date internal pulse generators at the time of implantation: Activa™ SC, 

Kinetra™ SC, or Soletra™ SC) placed at Washington University as previously described23. 
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Accurate electrode placement was verified by intraoperative microelectrode recordings, 

motor responses to intra-operative stimulation, and postoperative CT. DBS contacts were 

localized in atlas space using a previously validated method and compared with a 

probabilistic atlas of STN to confirm accurate placement24,25. Participants with clear outlier 

electrodes (over 2 mm from STN target) or whose placement could not be confirmed by CT 

were removed from analysis.

PET methods

Post-operative PET data acquisition was performed as previously described, overlapping 

with previously reported research8. Briefly, following DBS implantation and clinical 

programming optimization, 15O PET scans were performed for each participant in the OFF-

medication state (median 382.5 days after DBS, range 136–2513 days). PET scans were 

obtained in off-stimulation and unilateral ON-stimulation conditions, with side stimulated 

representing the more-affected brain hemisphere (determined by baseline UPDRS-III). 

Stimulation conditions included contacts targeting dorsal STN (D-STN) and contacts 

targeting ventral STN (V-STN), referred to collectively as ON-stimulation. Details regarding 

data acquisition, processing and quality assurance are found in Supplement S1.

MRI methods

MRI data were acquired preoperatively (median 12 days before DBS, range 1 to 295 days) 

using a Siemens 3T MAGNETOM Trio scanner. Scans were obtained ON-medication to 

minimize movement. Participants were asked to lie still in the scanner awake with their eyes 

closed. BOLD runs with visible body motion or where the participant reported sleep were 

discarded. Scans included a T1-weighted MPRAGE, a T2-weighted fast spin echo, and 1–3 

rs-fcMRI BOLD EPI scans (7.3 min per run). Resting state fcMRI preprocessing and motion 

censoring were rigorously performed similar to previously described methods26. Details 

regarding MRI acquisition and processing are found in Supplement S1.

Clinical evaluation

Preoperative and postoperative OFF-medication, ON-stimulation (postoperative) scores were 

collected from the 12 months before and after DBS implantation, and used to calculate 

average change in UPDRS-III over the study period. Average scores over the entire 

postoperative period were used to mitigate random fluctuations, to comprehensively 

represent overall postoperative performance, and to avoid bias in selecting which scores 

represented an “optimized” condition. Final UPDRS-III score at the end of the 12 month 

study period, and variability in UPDRS-III over the study period (calculated as within-

subject standard deviation in UPDRS-III) were also computed. Levodopa equivalent daily 

doses (LEDD) at time of DBS surgery and 12 months postoperatively were also calculated, 

accounting for percent change across the timepoints27. Scores for UPDRS part IV pertaining 

to dyskinesia were also totaled at the same time points. Full details are found in Supplement 

S1.
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Statistical analysis

PET.—PET data were analyzed with SPM12 (https://www.fil.ion.ucl.ac.uk/spm/). Scans 

were flipped such that the stimulated side was placed on the left in all participants, and thus 

laterality concerned “ipsilateral and contralateral” rather than “left and right.” OFF-

stimulation was compared with D-STN and V-STN stimulation conditions using paired-

sample t-tests. Since D-STN and V-STN did not differ significantly, they were combined 

into ON-stimulation. Responses to DBS were determined in two ways: a priori-defined ROI 

analysis to maximize sensitivity at specific regions believed to respond to STN DBS, and 

whole-brain cluster analysis to capture responses outside of a priori-defined regions. A set of 

33 ROIs were defined a priori based on a previous study demonstrating rCBF responses to 

STN DBS, as well as selected from regions hypothesized to be involved in the motor effects 

of PD, with overlapping ROIs removed (Supplement S2)7,28. A 3 mm radius sphere was 

drawn for each ROI. We applied small-volume FWE correction to significant local maxima 

and corrected for total number of ROIs using the Benjamini-Hochberg false discovery rate 

(FDR). Whole-brain cluster-based analysis was used to identify significant responses after 

correction for family-wise error rate (FWE) of 0.05, and significant local maxima were 

identified within these clusters, with each local maxima identified as an area of DBS 

response. Local maxima within regions of significant response to STN stimulation identified 

from either the a priori ROI-based or cluster-based analysis were located in Talairach atlas 

space (using ICBM-152 transform). Ventrolateral (VL) thalamus was significant in both 

analyses and thus counted as a single area of response; the seed for lateral posterior thalamus 

largely overlapped that of VL thalamus, and was thus censored from further analyses. Thus, 

12 anatomically unique regions of significant response remained and are hence-forth 

referred to as “DBS response seeds”29,30.The seeds used for the cluster-based rCBF 

responses were the activation maps thresholded for significance at FWE-adjusted p = 0.05, 

and labelled by their predominant anatomic location.

Rs-fcMRI.—MRI data were analyzed using custom scripts in MATLAB 2014b 

(MathWorks, Inc) and FSL version 6.031. For the rs-fcMRI analysis, we applied DBS 

response seeds from the PET analysis in addition to a probabilistic groupwise representation 

of STN stimulation sites. The latter was generated from individual participant contact #2 

(targeting dorsolateral/motor STN in our implantation method) locations overlaid in atlas 

space and thresholded per voxel to include a minimum of 5 participants per voxel. Because 

rCBF-defined seeds were obtained from unilateral stimulation while clinical DBS effects are 

the result of bilateral stimulation, we mirrored these seeds across midline for rs-fcMRI 

correlation with clinical motor effects. Then, the functional connectivity between each STN 

and the set of 12 DBS response seeds was computed. Correlation maps were generated by 

extracting the BOLD time course from each seed, and the Pearson correlation coefficient (r) 

was computed between the time course of each seed pair. Correlation coefficients were then 

Fisher z-transformed and a correlation matrix between each seed pair was obtained. 

Connectivity between each STN and each DBS response seed was then correlated to overall 

change in UPDRS-III (primary outcome), as well final change and variability in UPDRS-III 

(secondary outcomes). We analyzed motor ratings within SPSS 25 (IBM Corp, 2017). 

Paired-sample t-tests were used to compare motor data between pre-DBS and post-DBS 

conditions. Pearson correlations between motor ratings, levodopa dose and response, and FC 
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were performed to analyze the contributing effect of preoperative clinical variables on the 

above analyses. Pearson correlations between FC and post-operative change in LEDD and 

FC and post-operative change in UPDRS IV dyskinesia scores were also calculated as 

secondary outcomes. Multiple comparisons were FDR-corrected at 0.05 for the number of 

correlations within each analysis.

For correlations between FC and change in UPDRS-III that were significant after multiple 

comparison correction, a linear regression model was used to predict change in UPDRS-III 

using these significant FC relationships. Covariates included age, sex, handedness, 

maximally affected side, levodopa equivalent daily dose (LEDD) at time of DBS 

implantation, and baseline UPDRS-III. Assumptions checked included linearity of data, 

homoscedasticity, normality of residuals, and absence of outliers, autocorrelation and 

multicollinearity. Hierarchal linear regression was used to compare the model including 

clinical predictors with the model including only the FC predictor. Cross-validation within 

the dataset was performed using a leave-one-out approach, with mean absolute error and 

root mean square error used to evaluate model validity. To test the predictive power of FC in 

addition to preoperative ON/OFF levodopa response, linear models (using the above 

covariates) predicting change in UPDRS-III using preoperative ON/OFF levodopa response 

with and without significant FC relationships were compared using hierarchal linear 

regression.

An exploratory rs-fcMRI analysis was also performed to investigate relationships between 

UPDRS-III and FC at a whole-brain level. Global resting state correlation maps were 

calculated for four seeds: left STN, right STN, left GPI and right GPI to explore asymmetry 

in correlations between motor outcomes and STN-GPI connectivity. These were used to 

create a general linear model (GLM) with change in UPDRS-III as the explanatory variable. 

FSL randomise was used to compute T-maps for this GLM thresholded to a T-statistic of 2.0, 

and cluster-wise significance testing at p = 0.05 was performed using 5000 permutations.

Results

Participants: Forty-two of 73 participants that had postoperative PET scans passed quality 

criteria in OFF-stimulation and at least one ON-stimulation condition (see “PET methods”). 

Seventy-six of 103 participants that completed preoperative rs-fcMRI passed quality criteria 

(see “MRI methods”) and 70 were included in outcomes analysis. Of those removed from 

analysis, 1 had insufficient preoperative records, 1 died shortly after DBS due to surgical 

complications, and 4 had inaccurate electrode implantations (Supplement S3). Clinical 

characteristics and scores before and after DBS for participants included in the imaging 

cohorts are summarized in Table 1. Baseline characteristics were similar between PET and 

rs-fcMRI groups. Mean lesion effect on UPDRS III prior to stimulation was small (−2.2 

points). Mean UPDRS-III, LEDD, and UPDRS-IV dyskinesia scores all decreased over the 

first year post-DBS with clinically programmed stimulation settings (Table 1). Preoperative 

ON/OFF levodopa change in UPDRS-III correlated with post-operative change in UPDRS-

III (r = 0.41, p <0.001).
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PET rCBF responses to STN stimulation: Unilateral STN stimulation produced significant 

responses in 12 regions in both ROI-based and whole-brain analyses, including cortical, 

thalamic and basal ganglia regions. Significant clusters observed in the whole-brain analysis 

are shown in Figure 2, where STN stimulation decreased rCBF in sensorimotor cortical 

regions, and increased rCBF in thalamic regions. A full list of ROIs and rCBF stimulation 

response locations may be found in Supplement S2 and S4.

rs-fcMRI Analysis: The FC matrix between STN and DBS response seeds is shown in 

Figure 3a, and the same matrix with each FC relationship correlated to change in UPDRS-III 

is shown in Figure 3b. FC of left STN to left GPI significantly correlated with overall change 

in UPDRS-III (r = −0.39, p = 0.001, Figure 2c). Connectivity between left STN and left 

thalamus also correlated with change in UPDRS-III (r = −0.33, p = 0.006), although this was 

not significant after multiple comparison correction. Of note, right STN to right GPi 

connectivity was not significantly correlated with change in UPDRS-III. A full list of 

correlations between FC and change in UPDRS-III is found in Table 2.

Left STN-GPi FC also correlated with final change in UPDRS-III (r = −0.38, p = 0.001), but 

did not correlate with variability in UPDRS-III (r = −0.042). Left STN-GPi FC did not 

correlate with baseline UPRDS-III (r = −0.012), preoperative daily levodopa equivalent dose 

(LEDD) (r = −0.017), or levodopa response (r = −0.089). FC did not significantly correlate 

with post-DBS LEDD reduction or change in UPDRS-IV dyskinesia scores. Minimal effects 

on the correlation between left STN-GPi FC and overall change in UPDRS-III were 

observed when participants censored due to poor electrode placement were included (r = 

−0.393).

A linear regression analysis with covariates of age, sex, handedness, maximum affected side, 

baseline UPDRS-III, and LEDD demonstrated that left STN-GPi FC predicted change in 

UPDRS-III (overall model: R2 = 0.26, F = 3.1, p = 0.007; L STN-GPI FC as predictor: β = 

−0.40, p < 0.001). The model including these clinical variables did not predict significantly 

more variance in motor outcomes than L STN-GPi FC alone (F-change = 1.5, p = 0.179). 

Cross-validated error was modest for this model, with mean absolute error of 11.7 ± 9.5 

(percent change UPDRS-III) and root mean square error of 15.0. A model including both 

preoperative ON/OFF levodopa response and left STN-GPi FC with the above covariates 

predicted significantly more variance in outcome than the model without FC (F-change 12.5, 

p<0.001).

Exploratory analysis relating change in UPDRS-III with whole-brain connectivity to STN 

and GPi did not reveal significant clusters (Supplement S5). Left STN connectivity to a 

region primarily involving ipsilateral pallidum and putamen showed non-significant 

correlation with a reduction in UPRDS-III, while this did not hold true for right STN. GPi 

connectivity to ipsilateral STN and surrounding midbrain regions demonstrated similar 

asymmetry.
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Discussion

We investigated preoperative rs-fcMRI relationships to STN DBS motor outcomes using 

rCBF data to select regions responding to STN stimulation as seeds. We found that 

preoperative left pallidal-subthalamic FC predicts motor outcomes of STN DBS.

Study Limitations and Strengths

This study integrates PET, rs-fcMRI, and DBS to predict DBS motor outcomes using 

preoperative FC. Although the preoperative nature of this rs-fcMRI dataset makes it useful 

for prediction, this also limits its utility in exploring DBS mechanisms. A key caveat of this 

study is the role of laterality in both PET and rs-fcMRI data. As participants were stimulated 

unilaterally on their more affected side during PET acquisition, images had to be flipped 

along the x-axis to standardize stimulation to permit averaging across all participants, thus 

identifying rCBF responses as “ipsilateral” or “contralateral,” rather than “left” or “right.” 

This may obscure responses in brain regions without symmetric connectivity to STN, and 

thus the clear asymmetry seen in the rs-fcMRI data could not be verified in our PET data. 

The effects of bilateral stimulation may not be fully represented by unilateral stimulation 

parameters, thus limiting the set of brain regions applied to rs-fcMRI data and clinical 

outcomes. While our approach was conservative, under more robust clinical stimulation 

parameters a larger set of responses could provide additional regions and networks to 

explore. Furthermore, while PET data were acquired OFF-medication to maximize the effect 

of STN DBS, rs-fcMRI data were acquired ON-medication due to technical limitations of 

scanning PD patients in the OFF state. While levodopa likely has little effect on FC in early 

PD, its effects on FC in advanced PD remain uncertain and may limit the interpretation 

regarding lack of correlation between STN-GPi FC and baseline UPDRS-III32. Another 

caveat is that we had too limited an overlap of participants having BOLD MRI and those 

having PET to directly analyze rs-fcMRI connectivity and blood flow responses using a 

within-subjects analysis. Additionally, although all participants were programmed by the 

same group of clinicians using a consistent approach, individual variation in programming 

effectiveness could not be specifically accounted for. Finally, although cross-validation 

within the dataset produced modest error, replication in a test cohort will be necessary prior 

to use as a biomarker.

The key strength of this study is its multimodal nature, integrating PET, rs-fcMRI, and DBS 

in a novel fashion to demonstrate that individual variability in resting-state FC of the STN is 

predictive of motor benefit in STN DBS. This study is strengthened by its technical quality, 

including BOLD rs-fcMRI processing with rigorous motion censoring. Censoring data 

contaminated by motion is of paramount importance in studying movement disorders using 

rs-fcMRI, as movement may cause spurious correlations and artifacts in a systematic manner 

corresponding to disease severity and state changes. Studying participants with advanced PD 

requiring DBS may increase FC differences compared to earlier stages of PD33.

Preoperative functional connectivity predicts DBS motor effects

STN and GPi are highly connected anatomically and functionally, with GPi acting as the 

principal output nucleus of the basal ganglia and STN among its chief modulators with 
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direct connection via the subthalamic fasciculus34,35. STN and GPI are the two DBS targets 

with established efficacy for motor symptoms of PD, and may share certain 

pathophysiological characteristics in PD36–38. The revelation that the preoperative STN-GPi 

FC predicts DBS-related improvement in motor parkinsonism further suggests that 

preoperative pallidal-subthalamic functional interactions relate to the motor effect of STN 

DBS. Although the cause of variability in pallidal-subthalamic FC is unclear, contributions 

from neurodegenerative and genetic factors are quite plausible. While FC of postoperative 

stimulation locations has previously been related to DBS motor outcomes using normative 

connectome data (thus negating any individual differences in preoperative FC), this study 

differs from previous attempts in that it demonstrates that individual differences in 

preoperative connectivity patterns between DBS candidates are also predictive of outcome17. 

STN-GPi FC may thus offer promise as a biomarker for STN DBS responsiveness, used in 

conjunction with more established predictors such as levodopa responsiveness. Integration of 

this marker with other predictors of DBS responsiveness may be particularly powerful as a 

predictive tool in the clinical setting, as illustrated by the increased predictive power of the 

model using FC in addition to levodopa response as compared to medication response 

alone39. However, this requires future prospective validation at the individual level, a 

promising approach undergoing development40.

Asymmetry of connectivity and DBS response

While left STN connectivity with left GPi robustly correlated with motor outcomes, it is 

unclear why the same did not hold true for right STN to right GPi connectivity. Even when 

controlled for handedness and most affected side, only left pallidal-subthalamic connectivity 

predicted outcomes. We expected STN connectivity to relate to motor outcomes 

symmetrically, however the role of laterality and stimulation side in the effect of STN DBS 

is complex. Although early studies in STN DBS showed only contralateral reduction in 

rigidity and bradykinesia, subsequent data support a substantial ipsilateral effect on 

parkinsonism9. Furthermore, even unilateral STN DBS may be sufficient to treat 

parkinsonian symptoms in some patients41. This may be a manifestation of an asymmetric 

relationship between STN and motor activity in PD42. In some patients a “dominant STN” 

has been observed, where unilateral STN stimulation produces a similar effect to bilateral 

stimulation43. In one experiment in PD patients receiving STN DBS, phase coupling of 

bilateral STN occurred with movement of either hand, but flow of synchronization was 

always from right to left STN regardless of which hand was moved44. The distinction 

between the left and right STN connectivity relationship with motor outcomes here suggests 

that these observations may represent asymmetric motor circuits modulated by STN 

stimulation. Further study is needed to explore the relationship between connectivity and 

symmetry in STN DBS.

In conclusion, brain regions with altered blood flow response secondary to STN stimulation, 

specifically GPi, demonstrate altered preoperative resting-state FC that relates to motor 

outcomes following STN DBS. Our results suggest that integrity of STN-GPi FC is 

important in predicting motor outcomes from STN DBS. With continued study, FC may 

become a valuable tool for presurgical planning, including identification of DBS candidates 

and response prediction.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: 
Study flowchart. Each imaging modality (rs-fcMRI and PET) occurred as independent 

components of a larger DBS outcome study focused on clinical outcomes (322 participants 

enrolled between 2007–2017). The PET component was performed only between 2009 and 

2015. 19 participants received both rs-fcMRI and PET and passed all quality-control criteria 

for study inclusion.
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Figure 2: 
PET rCBF responses to unilateral STN stimulation in whole-brain analysis. Responses 

shown are significant at cluster-wise FWE p<0.05. Side ipsilateral to stimulation is 

displayed as standard radiological left (figure right). Reference atlas is in Talairach space.

A: STN stimulation produced negative rCBF response centered in ipsilateral dorsal 

sensorimotor regions, including primary motor, primary sensory, and SMA cortex. B: STN 

stimulation produced positive rCBF response centered in ipsilateral thalamus, including 

ventrolateral and mediodorsal regions. Scale is in t-statistic for paired T-test between 

stimulation condition and OFF condition. Voxels displayed are thresholded to cluster-wise 

FWE-corrected significance at p<0.05.
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Figure 3: 
Resting state fcMRI connectivity matrices. A: Z-transformed correlation matrix of all 

regions of PET defined DBS response, mirrored in contralateral hemisphere and inclusive of 

bilateral STN, for all DBS subjects. B: Matrix in (A) correlated with percent change 

UPDRS-III. C. Scatterplot of left STN – left GPI FC versus percent change UPDRS-III (r = 

−0.385, p = 0.001).
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Table 1:

A. Clinical characteristics of participants receiving pre-DBS rs-fcMRI for primary outcome measurement and 

B. participants receiving 15O PET with unilateral STN stimulation to determine rs-fcMRI seed placement. 

Relevant values are reported as mean ± standard deviation. OFF-medication was defined as the practically-

defined OFF state with overnight medication withdrawal. Postoperative UPDRS-III values are ON-stimulation 

with bilateral clinical stimulation settings and averaged over first year after DBS. The participants receiving 
15O PET were similar to the participants receiving fcMRI in age, baseline UPDRS-III, and motor response to 

DBS.

A.

Participants receiving preoperative rs-fcMRI (n = 70)

Sex 46 male, 24 female

Age at DBS (years) 62.8 ± 9.3

UPDRS-III (preoperative) ON-medication 18.0 ± 6.9

UPDRS-III (preoperative) OFF-medication 35.4 ± 7.3

UPDRS-III response to levodopa (pre-DBS) (%) −49.2 ± 16

Change in UPDRS-III after DBS (%) OFF-medication −38.1 ± 15

LEDD at DBS (mg) 1708 ± 662

LEDD at 12 months post-DBS (mg) 1106 ± 480

Dyskinesia score pre-DBS 2.7 ± 1.8

Dyskinesia score post-DBS 0.7 ± 0.8

Mean DBS voltage (V) 2.69 ± 0.6

Mean DBS frequency (Hz) 177 ± 19

Mean DBS pulse width (μs) 60.6 ± 4.4

B.

Participants receiving postoperative 15O PET (n = 42)

Sex 25 male, 17 female

Age at DBS (years) 61.8 ± 8.9

Age at PET (years) 63.3 ± 8.9

UPDRS-III (preoperative) OFF-medication 36.1 ± 10.2

Change in UPDRS-III after DBS (%) OFF-medication −36.8 ± 22*
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Table 2:

Correlations between change in UPDRS-III after DBS with resting state FC of STN and brain regions 

modulated by DBS. All values displayed with Pearson correlation coefficient (r) and uncorrected p-value. 

Negative correlations indicate that greater motor benefit correlates with higher connectivity, as an 

improvement in UPDRS-III is a negative change.

Left STN Right STN

R p R p

Internal globus pallidus – left −0.394** 0.0007 −0.176 0.144

Internal globus pallidus – right −0.058 0.633 −0.093 0.445

Putamen – left 0.103 0.397 0.144 0.235

Putamen – right 0.113 0.35 0.125 0.303

Thalamus – left −0.326* 0.006 −0.119 0.329

Thalamus – right 0.01 0.932 0.009 0.944

Frontal pole – left 0.021 0.862 −0.02 0.867

Frontal pole – right 0.043 0.725 0.058 0.634

Brodmann area 9 – left 0.145 0.233 0.023 0.853

Brodmann area 9 – right −0.065 0.595 −0.199 0.099

Sensorimotor cortex – left −0.007 0.954 −0.057 0.637

Sensorimotor cortex – right 0.067 0.58 −0.006 0.958

*
denotes significant correlations at p < 0.05 before correction for multiple comparisons.

**
denotes significant correlations at p < 0.05 after FDR correction for multiple comparisons.
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