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Abstract

The clinical benefit of deep brain stimulation (DBS) for Parkinson's disease (PD) is

relevant to the tracts adjacent to the stimulation site, but it remains unclear what

connectivity pattern is associated with effective DBS. The aim of this study was to

identify clinically effective electrode contacts on the basis of brain connectivity

markers derived from diffusion tensor tractography. We reviewed 77 PD patients

who underwent bilateral subthalamic nucleus DBS surgery. The patients were

assigned into the training (n = 58) and validation (n = 19) groups. According to the

therapeutic window size, all contacts were classified into effective and ineffective

groups. The whole-brain connectivity of each contact's volume of tissue activated

was estimated using tractography with preoperative diffusion tensor data. Extracted

connectivity features were put into an all-relevant feature selection procedure

within cross-validation loops, to identify features with significant discriminative

power for contact classification. A total of 616 contacts on 154 DBS leads were dis-

criminated, with 388 and 228 contacts being classified as effective and ineffective

ones, respectively. After the feature selection, the connectivity of contacts with the

thalamus, pallidum, hippocampus, primary motor area, supplementary motor area

and superior frontal gyrus was identified to significantly contribute to contact classi-

fication. Based on these relevant features, the random forest model constructed

from the training group achieved an accuracy of 84.9% in the validation group,

to discriminate effective contacts from the ineffective. Our findings advanced

the understanding of the specific brain connectivity patterns associated with

clinical effective electrode contacts, which potentially guided postoperative DBS

programming.
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1 | INTRODUCTION

Deep brain stimulation (DBS) is currently a well-established medical

therapy for movement disorders such as Parkinson's disease (PD),

essential tremor, and dystonia, and is being explored for a variety of

other neurological and psychiatric diseases (Miocinovic, Somayajula,

Chitnis, & Vitek, 2013). In PD, two main DBS targets are the sub-

thalamic nucleus (STN) and the globus pallidus pars interna

(Odekerken et al., 2013; Shukla & Okun, 2014), which are both sub-

cortical nuclei in gray matter structures. There are some electrophysi-

ological evidences indicating that DBS actually excites neuronal fibers,

but inhibits cell bodies (McIntyre, Grill, Sherman, & Thakor, 2004;

McIntyre & Hahn, 2010). Therefore, the white matter tracts adjacent

to the stimulation site should be related to the DBS therapeutic

effects.

Diffusion tensor imaging (DTI) is a MRI technique that allows to

non-invasively map white matter tractography in the brain, by mea-

suring the diffusion of water molecules through tissue (Jones, 2008).

Within the last few years, this modality has been applied for the pre-

operative target localization of DBS surgery, such as the visualization

of the dentato-rubro-thalamic tract optimizing target definition for

tremor control (Coenen et al., 2014) and the four-bundle white matter

blueprint for subcallosal cingulate DBS targeting in treatment-

resistant depression (Riva-Posse et al., 2018). As to the STN-DBS for

PD patients, STN can be functionally divided into motor (dorsolateral),

limbic (medial), and associative (ventromedial) sub-regions, based on

the topography of cortico-subthalamic projections (Lambert et al.,

2012). The motor part of STN is known to receive motor input and be

the stimulation site that obtained the best motor improvement

(Johnsen, Sunde, Mogensen, & Østergaard, 2010; Wodarg et al.,

2012). A patient-specific dissection of the STN subdivisions could be

achieved using fiber tracking from diffusion-weighted images, which

might facilitate individualized surgical planning (Plantinga et al., 2018).

Akram et al. (2017) further found that the optimal DBS site for PD

symptoms of tremor, bradykinesia, and rigidity appears to correspond

to different areas in the motor STN. Furthermore, DBS-cortical con-

nectivity, along the hyperdirect pathways (Nambu, Tokuno, & Takada,

2002; Williams et al., 2002) to primary motor area (M1), supplemen-

tary motor area (SMA), and prefrontal cortex, is predictive of maxi-

mum improvement for different motor symptoms.

White matter tractography can not only optimize preoperative

DBS targeting, but also provide reference for contact selection in

postoperative DBS programming. The monopolar review, evaluating

motor improvement and side effects for each contact, is currently the

standard procedure during programming (Volkmann, Herzog,

Kopper, & Deuschl, 2002). As more complex electrodes with multiple

contacts, such as directional leads with multiple independent current

controls, are applied and replace the conventional quadripolar elec-

trode in the near future (Kühn & Volkmann, 2017; Pollo et al., 2014),

DBS programming will become much more time-consuming. In a

recent study, the distance of active contacts to the hyperdirect path-

way was found to be related to the improvement of motor symptoms

after DBS (Chen et al., 2018). Moreover, Zhang et al. (2019) found

that the number of tracts through the volumes of tissue activated

(VTAs) of contacts and M1/SMA showed significant differences

between clinical optimal and nonoptimal contacts. By the whole-

brain tractography rather than limited to the specific tracts, areas

that most frequently connected to clinically effective contacts

included the thalamus, substantia nigra, brainstem, and superior fron-

tal gyrus (SFG), and the strength of connectivity to the thalamus and

SFG were positively associated with clinical effectiveness, which

were demonstrated in a DTI study (Vanegas-Arroyave et al., 2016).

However, these discriminative factors were found in PD patients

from a relatively small cohort. With sufficient number of patients,

multi-factor models can be constructed to distinguish between effec-

tive and ineffective contacts, which potentially help contact selection

in DBS programming.

In this study, we reviewed PD patients who underwent bilateral

STN-DBS surgery and performed preoperative DTI-based

tractography to obtain the brain connectivity patterns of all contacts.

We then identified relevant connectivity features with significant dis-

criminative power for contact classification under an all-relevant fea-

ture selection procedure and constructed a random forest model to

discriminate clinically effective contacts from the ineffective.

2 | MATERIALS AND METHODS

2.1 | Patients

77 idiopathic PD patients who underwent bilateral STN-DBS surgery

at the Department of Functional Neurosurgery, Shenzhen Second

People's Hospital between January 2017 and September 2019 were

consecutively recruited. All patients met UK Brain Bank criteria for idi-

opathic PD (Hughes, Daniel, Kilford, & Lees, 1992) and obtained an

improvement rate > 25% on the Unified Parkinson's Disease Rating

Scale-part III (UPDRS-III) in the L-DOPA challenge test, assessed by a

multi-disciplinary team of specialized movement disorders neurolo-

gists and functional neurosurgeons. In addition, patients underwent

neuropsychological evaluation and structural MRI scanning to rule out

dementia and significant brain atrophy, respectively. The patients

were assigned to the training (n = 58) and validation (n = 19) groups.

This study was approved by the local ethics committee of our hospital

for human research. All participants were fully informed about the

purpose and procedure of the study, and provided written informed

consent before enrollment.

2.2 | Preoperative MR images

Preoperative MRI scanning was performed on a 3T system (Prisma,

Siemens, Erlangen, Germany) using a 32-channel head coil. The proto-

col included high-resolution T1- and T2-weighted MR images, along

with a diffusion-weighted imaging acquisition (echo-planar imaging,

60 weighted directions, and 2 b0 images, b = 1,000 s/mm2,

TR/TE = 8300/80 ms, resolution 2 × 2 × 2 mm3).
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2.3 | Surgical procedure

The surgeries were performed in a locally anesthetic condition, using

Leksell Stereotactic System (Elekta AB, Stockholm, Sweden). Two

DBS electrodes (PINS L301, Beijing, China) targeting the STN were

implanted in both sides of brain. Lead placement was the most

important process for the operation. The place to obtain the best

clinical efforts was evaluated and confirmed by single unit micro-

electrode recording and stimulation on wake patients during the

operation. The dorsolateral portion of the nucleus is known to

receive motor input and be the stimulation site that obtained the

best motor improvement. The target coordinates were defined by a

composite method combining Indirect Targeting and Red nucleus-

based Targeting (Toda et al., 2009). After validation of lead place-

ment by microelectrode recording and stimulation, the electrodes

were connected to the pulse generator (G102R, PINS, Beijing,

China), which was implanted subcutaneously in the left subclavicular

region.

2.4 | Postoperative CT scanning and DBS
programming

A 1 mm head CT scanning was performed right before DBS program-

ming, using a 40-row spiral system (Somatom definition, AS; Siemens,

Erlangen, Germany). One month after DBS surgery, an experienced

neurologist implemented DBS programming on all patients (more than

12 hours after the withdrawal of their dopaminergic medications in a

clinically defined “off-state”) with the monopolar review strategy.

Monopolar screening was performed for each of the four contacts on

each lead. The initial DBS parameters were as follows: pulse width of

60 ms, frequency of 130 Hz, and voltage amplitude of 0.5 V. The

amplitude of stimulation voltage was gradually increased at a step of

0.5 V to determine each contact's therapeutic window. The minimum

voltage where motor improvement first appeared for each patient's

predominant parkinsonian symptoms (tremor, rigidity or bradykinesia)

was defined as the window entry. And the maximum voltage where

side effects (such as facial pulling, dysarthria, diplopia, and paresthe-

sia) occurred or 6.0 V if there were no side effects was defined as the

window exit. The window size was calculated by subtracting the win-

dow entry from the window exit.

The contacts with the therapeutic window size ≥2 V were classi-

fied as clinically effective contacts and the others as ineffective ones.

An example of contact classification outcome in a PD patient is dis-

played in Figure 1. The stimulating contact was determined for each

lead to obtain the largest therapeutic window and the best motor

improvement (Volkmann, Moro, & Pahwa, 2006). DBS lead therapeu-

tic impedances were recorded for the stimulating contacts with the

final setting.

2.5 | DBS electrode localization and VTA
estimation

DBS electrodes were localized using the toolbox of Lead-DBS (http://

www.lead-dbs.org) in Matlab (MathWorks, Natick, Massachusetts).

The main steps included linear coregistration between postoperative

CT and preoperative MRI, normalization to the standardized Montreal

Neurological Institute (MNI) space, pre-reconstruction of electrode

trajectories and manual correction of electrode localization (Horn &

Kühn, 2015). After localization, the VTA was estimated for each con-

tact as previous described in Horn et al. (2017), using the window

entry voltage as the stimulation voltage (Vanegas-Arroyave et al.,

2016; Figure 2a).

2.6 | Image preprocessing

Diffusion weighted imaging data were analyzed using FSL toolbox.

Motion and eddy current distortions were corrected using the “eddy”

script. A brain mask of the non-diffusion-weighted image was created

using the BET in FSL. Diffusion tensors were calculated using the

(a) (b)

F IGURE 1 An example of contact classification outcome in a PD patient. During the initial programming session, the contacts with the
therapeutic window size ≥2 V were classified as clinically effective contacts (EC) and the others were classified as ineffective contacts (IEC).
Gray = no clinical benefit was observed; green = the therapeutic window between window entry and window exit voltages; red = side effects
were observed. PD, Parkinson's disease
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“dtifit” script, and the resulting fractional anisotropy (FA) images

were linearly co-registered in native space to their corresponding

T1-weighted images. Preoperative structural images were then non-

linearly registered to the standard MNI space (the ICBM152 tem-

plate). The automated anatomical labeling (AAL) atlas in the standard

space was used to inversely warp images back to individual native

space by applying the inverse transformation of the above two steps.

This atlas contained 116 gray matter regions of interest. The

corresponding regions in both hemispheres, such as the right and

left thalamus, were merged. In addition, four specific sub-nuclei

including the red nucleus, substantia nigra, STN, and hypothalamus

were added to the segmented brain, which resulted in a total of

66 sub-regions.

2.7 | Tractography

Deterministic tractography was performed in subject-specific native

space using the fiber assignment by continuous tracking (FACT) algo-

rithm in Diffusion Toolkit (http://www.trackvis.org/dtk/). A streamline

was started from each seed (eight seeds per voxel) and terminated

when it reached a voxel with an FA value lower than 0.2, or when the

streamline exceeded the brain mask, or when the trajectory of the

streamline made a turn sharper than 45�.

2.8 | Feature extraction

For each contact, we estimated the strength of connectivity between

the corresponding VTA and 66 segmented regions. Averaged FA

values, calculated from all the streamlines through both the VTA and

segmented regions, defined the connectivity strength, which resulted

in 66 connectivity features (Figure 3). Additionally, connectivity analy-

sis employed streamline count instead of averaged FA value for the

measurement. To normalize for differences in voltage and VTA vol-

ume, we defined the connectivity strength as the fraction of the num-

ber of the streamlines through both the VTA and segmented regions

to the total number of the streamlines through the VTA (streamline

fraction).

2.9 | Feature selection and model construction

To identify features with significant discriminative power for contact

classification, all connectivity features were put into an all-relevant

feature selection procedure within cross-validation loops using the

random forest algorithm (Figure S1), as described in a previous study

(Sun et al., 2017). All electrode contacts in the training group

(58 patients) were divided into two groups: clinically effective and

ineffective contacts. The selection procedure was embedded in a

repeated 10-fold cross-validation framework (repeated 100 times) to

F IGURE 2 The VTA estimation and DBS electrode localization. (a) The volume of tissue activated (VTA) was estimated for each electrode
contact, using the window entry voltage as the stimulation voltage. (b) 154 DBS electrodes were located in standardized MNI space together with
the subthalamic nucleus (STN), according to the DISTAL atlas. A total of 616 contacts were discriminated, with 388 and 228 contacts being
classified as clinically effective (red dots) and ineffective (gray dots) contacts, respectively

F IGURE 3 Flow diagram representing steps for feature extraction
and selection. AAL, automated anatomical labeling; Preop DTI,
preoperative diffusion tensor imaging; FA, fractional anisotropy;
Preop T1WI, preoperative T1-weighted image; Postop CT,
postoperative computed tomography; ROIs, regions of interest; STN,
subthalamic nucleus; VTA, volume of tissue activated
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obtain unbiased estimates of classification error. For each iteration, a

random forest classifiers was constructed from the training set using

the randomForest package (Svetnik et al., 2003) in Matlab

(MathWorks, Natick, MA). The performance of the classifier was eval-

uated in the validation set. Among all iterations, different subsets of

features were selected on the basis of different folds. The selection fre-

quency of each feature was defined as the number of iterations in which

the feature was selected divided by the total number of iterations. Fea-

tures with significantly higher selection frequency than random values

defined by permutation test (permuted 1,000 times; Sun et al., 2017)

were identified as effectiveness-related selections, with p value <.05

after false discovery rate (FDR) correction for multiple comparisons

(Benjamini & Hochberg, 1995). On basis of identified features, the last

random forest model was built from the training group (58 patients) and

was further evaluated in the validation group (19 patients).

3 | RESULTS

3.1 | Clinical outcomes

The demographic characteristics and clinical information of all patients

were listed in Table 1. There were no significant differences in age,

sex, PD duration, levodopa equivalent daily dose (LEDD) or UPDRS-III

scores between training and validation groups (two-tailed t-tests, all

p values >.05). One month after the DBS surgery, patients obtained a

significant improvement of the UPDRS-III score (28.8 ± 9.0; preopera-

tive UPDRS-III score when medication off, 50.7 ± 14.9; postoperative

UPDRS-III score when medication off, 21.9 ± 6.9; p < .001 in a paired

t-test).

154 DBS electrodes were located in standardized MNI space

together with the STN (Figure 2b), according to the DISTAL atlas

(Ewert et al., 2018). A total of 616 contacts were discriminated, with

388 and 228 contacts being classified as clinically effective and inef-

fective contacts, respectively. MNI coordinates of effective contacts'

centers in the right and left hemispheres were x = 12.7 ± 1.5,

y = −13.5 ± 2.2, z = −7.9 ± 2.4 and x = −11.8 ± 1.2, y = −13.8 ± 2.3,

z = −7.6 ± 2.5 (mean ± SD), respectively. The coordinates of ineffec-

tive contacts' centers in both hemispheres were x = 13.3 ± 1.8,

y = −12.9 ± 2.1, z = −7.6 ± 3.0 and x = −12.3 ± 1.4, y = −13.1 ± 1.9,

z = −7.4 ± 2.8, respectively. Effective and ineffective contacts showed

no differences in the MNI coordinates, using Kolmogorov–Smirnov

tests (all p values >.05, after FDR correction; Table 2).

3.2 | The performance of random forest classifiers

In constructing and evaluating the classifiers to discriminate effective

contacts from the ineffective, we repeated 100 times of 10-fold cross

validation, which resulted in a total of 1,000 training–testing cycles.

TABLE 1 The demographic and clinical information of all patients

Total (n = 77) Training (n = 58) Validation (n = 19) p valuea

Age (years) 59.8 ± 10.5 59.6 ± 10.0 60.4 ± 10.7 .78

Sex (M/FM) 45/32 33/25 12/7 .63b

PD duration (years) 8.3 ± 2.6 8.4 ± 2.4 7.9 ± 2.5 .45

LEDD 1,050.7 ± 477.2 1,064.5 ± 486.3 1,008.4 ± 459.1 .66

Preop UPDRS-III 50.7 ± 14.9 52.0 ± 15.1 46.8 ± 14.2 .18

Postop UPDRS-III 21.9 ± 6.9 22.6 ± 7.3 19.8 ± 5.9 .12

UPDRS-III improvement 28.8 ± 9.0 (56.8%) 29.4 ± 9.2 (56.5%) 27.0 ± 8.7 (57.7%) .32

Note: Values are represented as the mean ± SD, except for the gender distribution.

Abbreviations: FM, female; LEDD, levodopa equivalent daily dose; M, male; Preop, preoperative; Postop, postoperative; UPDRS-III, Unified Parkinson's

Disease Rating Scale part III.
aUnless otherwise indicated, p values were calculated with two-tailed t-tests between training and validation groups.
bp Value was obtained using a chi-squared test between training and validation groups.

TABLE 2 The MNI coordinates of effective and ineffective contacts' centers in right and left hemispheres

Right hemisphere Left hemisphere

Effective contacts Ineffective contacts p Valuea Effective contacts Ineffective contacts p Valuea

Number 204 104 184 124

MNI_X 12.7 ± 1.5 13.3 ± 1.8 .10 −11.8 ± 1.2 −12.3 ± 1.4 .14

MNI_Y −13.5 ± 2.2 −12.9 ± 2.1 .10 −13.8 ± 2.3 −13.1 ± 1.9 .075

MNI_Z −7.9 ± 2.4 −7.6 ± 3.0 .26 −7.6 ± 2.5 −7.4 ± 2.8 .32

Note: MNI coordinates are represented as the mean ± SD.

Abbreviations: MNI_X, Coordinate X in MNI space; MNI_Y, Coordinate Y in MNI space; MNI_Z, Coordinate Z in MNI space.
aKolmogorov–Smirnov test and FDR correction were performed.
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The accuracy and Cohen's kappa coefficient of the random forest clas-

sifiers were 87.2 ± 4.1% and 0.63 ± 0.19, with features from the all-

relevant feature selection process. The corresponding sensitivity and

specificity were 90.5 ± 5.6% and 85.1 ± 6.8%, respectively.

3.3 | Significantly relevant features

After the feature selection was embedded into the 10-fold cross-

validation procedure, a total of 1,000 feature subsets were created

for each random forest classifier. In the construction of the classifier

discriminating between effective and ineffective contacts, the mean

number of features in each subset was 7.6 (range from 5 to 10;

7.6–15.2% of all 66 features). Six connectivity features were identi-

fied to be significantly relevant, with their selection frequencies

being significantly higher than random values derived from the per-

mutation test (Table 3). These six features were the strength of con-

nectivity to the thalamus, hippocampus, pallidum, M1, SMA, and SFG

defined by the mean FA value. Moreover, These features of effective

contacts were significantly larger than that of ineffective contacts,

using Kolmogorov–Smirnov tests (all p values <.001, after FDR cor-

rection; Figure 4). That is to say, the stronger the connectivity of a

contact with each of these six relevant brain regions was, the greater

the probability of being an effective contact was.

When streamline fraction replaced mean FA to define the con-

nectivity strength, similar results were obtained except that the con-

nectivity to the pallidum was not relevant to contact classification.

3.4 | Connectivity-based prediction of contacts'
effectiveness

In the training group (58 patients), six connectivity features related to

contacts' effectiveness were screened by the feature selection proce-

dure. Based on these relevant features, the random forest model con-

structed from the training group achieved an accuracy of 84.9% in the

validation group (19 patients), to discriminate effective contacts from

the ineffective.

4 | DISCUSSION

In brief, our study provided an effective connectivity-based model

that discriminated between clinically effective and ineffective elec-

trode contacts in PD patients treated with STN-DBS. Brain connectiv-

ity markers of effective contacts, including the connectivity to the

TABLE 3 Significantly relevant connectivity features to
discriminate between effective and ineffective contacts

Selection
frequency

(%)a Feature description

Effective

contacts

Ineffective

contacts

93.1 Strength of connectivity

between the VTA and

thalamus

0.54 ± 0.20 0.32 ± 0.18

91.8 Strength of connectivity

between the VTA and SMA

0.27 ± 0.13 0.16 ± 0.10

91.2 Strength of connectivity

between the VTA and SFG

0.31 ± 0.16 0.19 ± 0.11

88.5 Strength of connectivity

between the VTA and M1

0.25 ± 0.11 0.17 ± 0.09

84.4 Strength of connectivity

between the VTA and

hippocampus

0.31 ± 0.18 0.24 ± 0.14

80.6 Strength of connectivity

between the VTA and

pallidum

0.36 ± 0.22 0.28 ± 0.20

Note: The connectivity strength (mean ± SD) was defined by the averaged

FA value.

Abbreviations: M1, primary motor area; SFG, superior frontal gyrus; SMA,

supplementary motor area; VTA, volume of tissue activated.
aDefined as the number of iterations in which the feature was selected

divided by the total number of iterations performed.

(a) (b)

(c) (d)

(e) (f)

F IGURE 4 The comparisons of six connectivity features between
effective and ineffective contacts. These features were the strength
of connectivity to the (a) thalamus, (b) SMA, (c) SFG, (d) M1,
(e) hippocampus and (f) pallidum, defined by the mean FA value. They
all showed significant differences using Kolmogorov–Smirnov tests
(all p values <.001, after FDR correction). The symbol (*) indicates
being significant. EC, effective contacts; FA, fractional anisotropy;
IEC, ineffective contacts; M1, primary motor area; SFG, superior
frontal gyrus; SMA, supplementary motor area
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thalamus, hippocampus, pallidum, M1, SMA, and SFG, were identified

through the all-relevant feature selection procedure.

In this study, we investigated the whole-brain connectivity to the

stimulation site based on diffusion-weighted MR images and

established an analytic framework through machine learning methods,

to characterize the specific connectivity patterns of effective DBS.

Extracted features were put into an all-relevant feature selection pro-

cedure within cross-validation loops using the random forest algo-

rithm. To train binary classifiers, the two-sample t-test is commonly

used as the feature selection method. The p value in a t-test indicates

the consistency of difference between two groups rather than the

magnitude of difference, which suggests that the two-sample t-test

may be not optimal for feature selection. In comparison, the all-

relevant feature selection screens out all features that provide infor-

mation usable for classification and significantly contribute to group

discrimination. Thus, the analytic framework can identify all features

relevant to the contact selection and characterize the specific connec-

tivity patterns of effective contacts.

The STN, a small lens-shaped nucleus in basal ganglia, connects

with other basal ganglia and several cortical areas. The STN is sur-

rounded by dense bundles of white matter fibers such as the sub-

thalamopallidal and pallidothalamic fibers, which are parts of the

indirect pathway for the motor circuitry of the basal ganglia. The indi-

rect pathway exerts surround inhibition to facilitate an excitatory

drive to muscles responsible for a given movement and suppress

unwanted motor activity not relevant to the primary movement

(Mehanna & Jankovic, 2013). PD is thought to be of great concern to

over-activation of the indirect pathway (Mehanna & Lai, 2013). In

our study, the connectivity of contacts with the thalamus and palli-

dum was found to be related to the therapeutic effects of STN-DBS

in PD, which might be explained by the inhibitory effects of DBS and

the subthalamopallidal and pallidothalamic fibers surrounding the

STN. This result was consistent with the finding that the strength of

connectivity to the thalamus was positively associated with clinical

effectiveness of STN-DBS in a DTI study (Vanegas-Arroyave

et al., 2016).

In addition to the indirect pathway, the descending fibers from

Brodmann area 6 and M1 enter the STN in its dorsal aspect, constitut-

ing the motor component of the hyperdirect pathway (Haynes &

Haber, 2013). This study reveals a stronger connectivity of effective

contacts with the M1, SMA being located in the medial aspect of

Brodmann area 6 and SFG containing the dorsal and anterior areas of

Brodmann area 6, than that of ineffective contacts. Some previous

studies investigating the association between brain connectivity and

clinical outcome of DBS obtained similar results (Akram et al., 2017;

Horn et al., 2017; Vanegas-Arroyave et al., 2016). Horn et al. (2017)

found that the structural connectivity of the electrode to SMA posi-

tively correlated with clinical response of STN-DBS. Akram et al.

(2017) revealed that DBS-cortical connectivity to M1, SMA, and pre-

frontal cortex was predictive of maximum improvement for different

motor symptoms. These consistent findings further support the role

of STN-based connectivity in the STN-DBS's mechanism of action

for PD.

Although STN-DBS is an effective therapy for PD, the therapeutic

effects still vary among PD patients and the corresponding precise

mechanisms remain unclear. In this study, effective and ineffective

contacts showed significant differences in the identified connectivity

features extracted from tractography, but no differences in the MNI

coordinates, which suggested that relevant white matter tracts near

the STN might be more important than the same stimulation site for

the DBS therapeutic effects in different PD patients. This was also

supported by the electrophysiological finding that DBS decouples

neuronal somatic and axonal activity—inhibiting cell bodies and simul-

taneously generating orthodromic and antidromic axonal action

potentials (Johnson & McIntyre, 2008). Moreover, clinical studies

started to use tractography for the preoperative target localization of

DBS, such as the visualization of the dentato-rubro-thalamic tract

optimizing target definition for tremor control (Coenen et al., 2014)

and the four-bundle white matter blueprint for subcallosal cingulate

DBS targeting in treatment-resistant depression (Riva-Posse et al.,

2018). Therefore, our findings and related studies might advance our

understanding of the neural substrates of the DBS therapeutic effects

and provide the potential for personalized DBS therapy in PD.

Postoperative DBS programming consists of contact selection

and parameter management (Volkmann et al., 2002). As more complex

electrodes with multiple contacts, such as directional leads with multi-

ple independent current controls, are applied and replace the conven-

tional quadripolar electrode in the near future (Kühn & Volkmann,

2017; Pollo et al., 2014), DBS programming by the monopolar review

strategy will become more time-consuming. Within the last few years,

several studies explored the clinical value of neuroanatomical informa-

tion about electrode contacts' locations based on postoperative struc-

tural MR images (Petersen et al., 2018; Zhang et al., 2019). Petersen

et al. (2018) calculated contacts' locations by an automated electrode

reconstruction and revealed that most contacts chosen to deliver

stimulation were closest or second closest to the atlas-based STN tar-

get. Additionally, Zhang et al. (2019) found that the distances of con-

tacts to the STN showed significant differences between clinical

optimal and nonoptimal contacts. In this study, the strength of con-

nectivity to the thalamus, pallidum, hippocampus, M1, SMA, and SFG

showed significant differences between effective and ineffective con-

tacts. More importantly, the connectivity-based model achieved the

accuracy of 84.9% to discriminate effective contacts from the ineffec-

tive, which potentially guided clinicians to select effective contacts.

We acknowledge a few limitations to our study. First, the connec-

tivity analysis was based on preoperative DTI data, rather than the

postoperative. Thus, the corresponding results possibly change due to

brain shift, cell death or other surgical effects. Second, UPDRS-III

scores were evaluated only for the stimulating contacts, but not all

contacts. So we defined the effectiveness of contacts according to

the therapeutic window size, rather than the magnitude of motor

improvement assessed by the UPDRS-III score. Lastly, the effective-

ness of contacts was evaluated 1 month after DBS surgery. More

follow-up clinical outcomes, including programming optimization,

UPDRS-III scoring, and LEDD reduction, should be recorded and ana-

lyzed in future study.
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In this study, an effective model was constructed to discriminate clin-

ical effective contacts from the ineffective, which potentially guided

postoperative DBS programming. The connectivity of contacts with

the thalamus, hippocampus, pallidum, M1, SMA, and SFG, signifi-

cantly contributing to contact classification, could serve as the brain

connectivity markers for the identification of effective contacts in

STN-DBS.
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