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Abstract

Aim: Many resting-state functional magnetic resonance imaging (rs-fMRI) studies have provided evidence that
repetitive transcranial magnetic stimulation (rTMS) exerts treatment effects via functional connectivity (FC) from
a superficial stimulation target to a deep effective region. The dorsolateral subthalamic nucleus (DL-STN) is an
effective target in deep brain stimulation surgery for Parkinson’s disease (PD), but its targeting highly depends on
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well-trained neurosurgeons and is not easily used for FC-guided rTMS. We aimed to devise a method for
automatically localizing the DL-STN, and further develop a one-stop plug-in of rs-fMRI FC analysis to assist future
individualized FC-guided rTMS.

Methods: Based on structural and iron-sensitive MRI of 78 participants, two raters defined the DL-STN coordinates
with very high reliability. The averaged coordinates in the standard Montreal Neurological Institute (MNI) space
were: left DL-STN, x: -11.89 + 0.82, y: -14.51 £ 1.00, and z: -6.40 + 1.01 and the right DL-STN, x: 12.53 £ 0.77, y:
-13.97 £0.86, and z: -6.57 + 0.99. As the individual distances from the averaged coordinates were less than 3 mm
(within one voxel for most rs-fMRI studies) for all 78 participants, we defined the average coordinates as AutoSTN.
We then developed a one-stop plug-in named Connectivity and Coordinates Converting Assistant Toolbox (CC-
CAT) and performed AutoSTN FC analysis.

Results: The AutoSTN seed showed significant FC with the motor cortices in all participants.

Conclusion: The AutoSTN-based rs-fMRI FC could guide future rTMS on PD. The one-stop plug-in CC-CAT can be
used for any FC-guided rTMS treatment.

Keywords: Dorsolateral subthalamic nucleus, automatic targeting, Parkinson's disease, functional connectivity,
repetitive transcranial magnetic stimulation

INTRODUCTION

Parkinson’s disease (PD), one of the most frequent neurodegenerative disorders, is clinically characterized
by akinesia, rigidity, resting tremor, and gait instability and is accompanied by various nonmotor
complications, such as depression, cognitive decline, and sleeping problems, all of which could lead to
significant family and social burdens™?. Although dopaminergic drugs could effectively control motor
symptoms at the early stage of PD, nonmotor symptoms might be worsened, and additional drug-related
motor complications could emerge with long-term dopaminergic treatment™*. Deep brain stimulation
(DBS) surgery is a well-established and effective antiparkinsonian method for those patients who are
refractory to medications, but it has a high cost and depends on strict patient selection criteria®.

As a noninvasive technique, repetitive transcranial magnetic stimulation (rTMS) has been recommended
for the treatment of PD"7. While the commonly used figure “8” coil offers a focused stimulation approach,
its focus could only reach 2~4 cm in depth®®'”, i.e., only the superficial cortex could be stimulated directly.
However, the core pathology of most brain disorders, including PD", lies in the deep brain regions.
Effectively modulating deep brain activity through the superficial cortex is essential for rTMS treatment.
Wang et al. proposed a functional connectivity (FC)-guided rTMS approach with stimulation of the left
parietal cortex which has FC with the hippocampus. The authors successfully modulated the FC of the
hippocampus and significantly improved subjects’ associative memory performance”. This FC-guided
r'TMS approach might also be a promising therapy for patients with brain disorders.

The sensorimotor subdivision of the subthalamic nucleus (STN), a crucial node of the cortico-basal ganglia
motor pathway!*', is an effective deep brain target in DBS surgery for PD patients"*'”; the effectiveness of
targeting this region indicates that the dorsolateral (DL)-STN might be a viable deep brain region in the FC-

guided rTMS approach.

However, the small size, biconvex shape, oblique orientation in 3D planes, and special junctional position
among deep brain regions of the DL-STN"**" make it a challenge to precisely target this region. To address
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the issue in DBS surgery, a method based on the anatomical landmarks of the red nucleus (RN) is widely
used”"*?. This method greatly depends on well-trained neurosurgeons and is not suitable for FC-guided
rTMS.

Therefore, the current study developed an “AutoSTN” method to help automatically target DL-STN
coordinates. Furthermore, a one-stop plug-in FC analytic toolbox named the “Connectivity and
Coordinates Converting Assistant Toolbox (CC-CAT)” was developed to automatically target the DL-STN
in native space and to serve as an individualized potential superficial stimulation target in rTMS therapy.

METHODS

Participants and data acquisition

The research was conducted at the Center for Cognition and Brain Disorders (CCBD) of Hangzhou Normal
University (HZNU) and subjected to a rigorous review by the local ethics committee (No. 20140508).
Recruited participants excluded those with a history of neurological and psychiatric disorders. For each
subject, a written informed consent was signed before participation in this study. Eighty subjects were
included in this study. Of these, two were excluded due to poor MRI image quality; thus, 78 subjects (60.9 +
7.7 years old, 54 males) were finally included.

For all participants, a resting-state functional magnetic resonance imaging (rs-fMRI), 3D-enhanced
susceptibility-weighted angiography (ESWAN), and 3D T1-weighted imaging scanning were collected on a
3T GE scanner (MR750, GE Medical Systems, Milwaukee, WT).

During rs-fMRI collection, the subjects were instructed to keep their eyes closed, avoid falling asleep, and
remain as still as possible. The rs-fMRI images were scanned with the following parameters: repetition time
(TR) = 2,000 ms, echo time (TE) = 30 ms, interleaved acquisition with a total of 43 slices, flip angle (FA) =
90°, collecting matrix = 64 x 64, field of view (FOV) = 220 x 220 mm’, spatial resolution = 3.44 x 3.44 x
3.20 mm’, and total scanning time = 8 min. ESWAN was performed as follows: TR = 54 ms, 16 echoes, first
echo time (TE1) = 3 ms, echo separation = 3 ms, FA = 12°, collecting matrix = 256 x 256, FOV = 256 x
256 mm’, and spatial resolution = 1 x 1 x 1 mm’. For the 3D T1 anatomical image, it was collected as
follows: TR = 8.1 ms, TE = 3.1 ms, a total of 176 sagittal slices with thickness = 1 mm, FA = 8°, and FOV =
250 x 250 mm®.

Data preprocessing

Individual DL-STN coordinate targeting based on anatomical landmarks

Data preprocessing for DL-STN coordinate targeting for each subject was performed based on AFNI
(https://afni.nimh.nih.gov/) and SPM12 (http://www.fil.ion.ucl.ac.uk/spm/). First, we reoriented the T1
image manually to anterior commissure-posterior commissure (AC-PC) stereotactic space using 3drefit in
AFNI. Then, ESWAN image was coregistered to the T1 image using SPM. After that, DL-STN coordinate
targeting was conducted two times (1st and 2nd) by two independent raters (ZN and YJ) on the coregistered
ESWAN images as follows.

DL-STN coordinate targeting was conducted on the coregistered ESWAN image in AC-PC aligned
stereotactic space according to the steps of defining DL-STN in DBS surgery”"*? using AFNI. The details are
shown in Figure 1.

We estimated the intra- (i.e., test-retest) and inter-rater reliability of all the x, y, and z coordinates using the
intra-class correlation (ICC) according to the following equation>*"
MSr — MSe

I = s ¥ = DMse + KMsc = MSe)/n M
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Figure 1. Targeting the DL-STN coordinates of a subject. (A) The axial slice of the red nucleus with the maximal diameter was
determined. The x coordinate of the DL-STN was defined 3 mm lateral to the lateral edge of the RN. The y coordinate was defined as the
coordinate of a line tangent to the anterior edge of the RN; (B) The z coordinate of the DL-STN was defined 2 mm inferior to the
superior edge of the RN. (C) and (D) are the coronal and axial views of the DL-STN coordinates, respectively. DL-STN: Dorsolateral
subthalamic nucleus; RN: red nucleus.

where MSr represents between-subject variance, MSe represents the random error, MSc represents between-
rater variance, n is the number of subjects, and K is the number of raters.

Additionally, the intra- and inter-rater Euclidean distances of the x, y, and z coordinates for each subject
were calculated.

The coordinates of our results were compared with those of Lozano’s DL-STN. It should be noted that the
origin of the coordinates in their study was the midpoint of the AC-PC line, and we transformed their
coordinate origin to the AC.

The AutoSTN method to define the DL-STN coordinates

All the images, including the labeled image with DL-STN coordinates, were transformed to Montreal
Neurological Institute (MNI) space. To estimate the variation in the individual DL-STN coordinates
(x, , 2), the distance between the individual and the average MNI coordinates was calculated (i.e., x, y and z
coordinates were evaluated separately).

FC of the DL-STN at the group level and individual level

The x, y, and z coordinates displayed high intra- and inter-reliability with very small Euclidean distances
[Table 1, Supplementary Figure 1]. Moreover, the distances between the individual and the averaged
coordinates were less than 2 mm (x, y and z coordinates) for most subjects (the details are displayed in the
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Table 1. The intra- and inter-rater reliability of the DL-STN coordinates

Left DL-STN Right DL-STN
Rater
X y z b4 y z
Intra-rater
R1 0.965 0.991 0.999 0.990 0.993 0.996
R2 0.981 0.985 0.999 0.987 0.989 0.999
Left DL-STN Right DL-STN
Time
x y z X y z
Inter-rater
st 0.950 0.978 0.999 0.953 0.983 0.999
2nd 0.950 0.971 0.999 0.967 0.975 0.999

DL-STN: Dorsolateral subthalamic nucleus; R1: rater 1 (ZN); R2: rater 2 (YJ); Ist: the first time the DL-STN was targeted; 2nd: the second time the
DL-STN was targeted.

“RESULTS” section). Therefore, we defined the average coordinates as the AutoSTN coordinates (DL-STN
on the left, x = -11.89 + 0.82; y = -14.51 + 1.00; z = -6.40 + 1.01; DL-STN on the right, x = 12.53 + 0.77; y =
-13.97 + 0.86; z = -6.57 + 0.99). The AutoSTN MNI coordinates could not only be used to automatically
target the DL-STN coordinates in MNI space but could also be used to achieve automatic DL-STN
coordinate targeting in individual native AC-PC stereotactic spaces by transforming the AutoSTN
coordinates to those in individual native spaces. This method of automatically targeting the DL-STN is
named the “AutoSTN” method.

To validate our assumption that the DL-STN has significant FC with the motor cortices, we conducted
group DL-STN FC analysis in MNI space and individual DL-STN FC analysis in native space. All functional
data analyses were processed using the DPABI 4.3 toolbox (DPABI_V2.3, http://rfmri.org/dpabi) and
validated by using the newly developed plug-in “CC-CAT” (please see “Automatic implementation using
the ‘CC-CAT’ plug-in” section).

For the FC in MNI space, we first preprocessed the images through the following steps: (1) removal of the
first 10 time frames; (2) slice-timing correction to correct the slice-dependent delays; and (3) head motion
correction. According to the realignment parameter of head movement, the subjects who presented more
than 2 mm displacement or 2-degree translation in any of the x, y, or z direction were excluded. Then, we
performed: (4) co-registration of fMRI images to the AC-PC aligned T1 images as mentioned in “Individual
DL-STN coordinate targeting based on anatomical landmarks” section; (5) normalized images to MNI space
using EPI normalization; (6) bandpass filtering of 0.01-0.08 Hz; (7) removal of linear trends and nuisance
covariates with head motion (Friston-24), white matter (WM), and cerebrospinal fluid (CSF) parameters;
and (8) spatial smoothing using a Gaussian kernel with full-width half maximum (FWHM) = 6 mm. After
preprocessing, the time frame of the voxel of the DL-STN (DL-STN on the left, x: -11.89 + 0.82, y: -14.51 +
1.00, and z: -6.40 + 1.01 and DL-STN on the right, x: 12.53 £ 0.77, y: -13.97 + 0.86, and z: -6.57 + 0.99) was
extracted, and then whole-brain FC analyses were performed for each subject. Additionally, one sample ¢-
tests were performed [Gibbs random field (GRF) correction, individual P < 1E-09, cluster P < 1E-07]. To
guide potential FC-guided rTMS treatment, we generated a motor cortex mask (left and right separately) by
combining the group-level FC map and the motor cortices [Brodmann area 4 (BA4) and Brodmann area 6
(BAs6)] in the Brodmann template.

Considering that FC-guided rTMS would be performed in the native space, we transformed the individual
FC maps within the motor cortex mask from MNI space to native space.
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Automatic implementation using the “CC-CAT” plug-in
We have developed a one-stop solution, a plug-in named “CC-CAT” based on RESTplus (http://restfmri.
net/forum/), for automatic implementation.

In this plug-in, users only need to perform one single click and input a few parameters, i.e., the TR and slice
numbers, and the program will automatically perform all the steps we mentioned above.

As Supplementary Figure 2 shows, users need to select the region of interest (ROI) (the DL-STN for this
paper), type in the TR and the number of slices in the fMRI data that are included, set the input/output
directory, and then just perform a single click on the button labeled “Press to Convert”.

The program will write the following results to the output directory [Supplementary Figure 3]:

1. Left and right STN coordinates in native space (text file, i.e., rev_LROI_Coordinate.txt,
rev_RROI_Coordinate.txt).

2. Left and right DL-STN masks in native space (NIFTI files with prefixes “rev_LSTN_MNI" and
“rev_RSTN_MNI").

3. Left and right STN-based FC map in native space (NIFTTI files with prefixes “rev_LROI1FC_" and
“rev_RROI2FC_").

4. Left and right STN-based FC map in MNI space (NIFTI files with prefixes “ROI1FC_" and “ROI2FC_").

All the FC analyses mentioned above were validated by using the newly developed plug-in toolbox.

RESULTS

The DL-STN coordinates in the native AC-PC aligned space

The DL-STN coordinates in the native AC-PC aligned space displayed high intra- and inter-rater reliability
(ICCs > 0.95, Table 1). The overall intra- and inter-rater Euclidean distances of the x, y, and z coordinates
were very small [Supplementary Figure 1]. Three subjects displayed intra-rater distances of 3-4 mm in any
direction (x, y, and z) [Table 2], and 8 subjects presented inter-rater distances of 3-4 mm in any direction (x,

¥, and z) [Table 3].

In native AC-PC aligned space, the DL-STN coordinates (x, y, and z) of our study were consistent with
those of Lozano et al., with only the z coordinate being approximately 1 mm inferior to that of Lozano’s DL-
STN [Supplementary Table 1],

The DL-STN coordinates in standard MNI space

Overall, the average coordinates of the DL-STN in standard MNI space were as follows: the left DL-STN, x:
-11.89 + 0.82, y: -14.51 + 1.00, and z: -6.40 + 1.01 and the right DL-STN, x: 12.53 + 0.77, y: -13.97 + 0.86, and
z:-6.57 £ 0.99 [Table 4].

The distances for x, y,and z between the individual DL-STN coordinates and the average DL-STN
coordinates were less than 2 mm for 93.6% of subjects [Figure 2]. Five (6.4%) subjects displayed 2-3 mm
from the average DL-STN coordinates in the x, y, or z coordinates targeted by both raters [Figure 2,
Supplementary Table 2]. The coordinates of these outliers still displayed high intra- and inter-rater
reliability (ICCs 0.797-0.998) [Supplementary Table 3].
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Table 2. The subjects had an intra-rater distance of 3-4 mm by both raters

Intra-rater distance

Rater DL-STN Subject ID

X y z
R1 Left e319 3 0 0
R2 Left e281 0 4 1
R2 Right e340 0 -3 0

DL-STN: Dorsolateral subthalamic nucleus; R1: rater 1 (ZN); R2: rater 2 (Y)).

Table 3. The subjects had an inter-rater distance of 3-4 mm at both rating times

Inter-rater distance

Time DL-STN Subject ID

X y z
st Right e327 3 -2 -1
2nd Left e249 2 3 -2
2nd Left e281 0 4 1
2nd Left e325 0 -3 -2
2nd Left e420 1 -3 -2
2nd Right e249 1 -3 0
2nd Right e340 -1 -4 -1
2nd Right e416 -1 -3 -1

DL-STN: Dorsolateral subthalamic nucleus; 1st: the first targeting of DL-STN; 2nd: the second targeting of DL-STN.

The FC of the DL-STN

Overall, the DL-STN has high FC with the motor cortices, including the premotor area (PMA), primary
motor cortex (M1), and supplementary motor area (SMA), at both the group level [Figure 3] and the
individual level [Figure 4]. All individuals showed significant FC between the DL-STN seed ROI and the
lateral motor cortices [Figure 4], with a peak r > 0.4 for most subjects [Supplementary Table 4]. For the five
subjects who displayed coordinates 2-3 mm from the average DL-STN, the peak r was 0.3-0.9
[Supplementary Table 4]. The results were validated by using the “CC-CAT” plug-in and are displayed in
Supplementary Figure 4.

DISCUSSION

We developed an approach, i.e., AutoSTN, to help automatically target individual DL-STNs in the current
study. The obtained DL-STN coordinates demonstrated significant FC with motor areas at both the group
level and individual level.

The STN and motor pathway

As a crucial nucleus of both the hyper-direct and indirect motor circuits of the cortico-basal ganglia"*'¥, the
STN mediates inhibitory output from the basal ganglia to motor cortices. Abnormal increased FC between
the STN and motor cortices” existed in PD patients compared with healthy subjects. This abnormally
high connectivity may lead to excessive inhibitory outflow from the base ganglia to motor cortices, resulting
in hypokinetic movement disorders in PD patients”.

Automatic targeting of the DL-STN for FC-guided TMS

STN-DBS surgery is a well-established therapy for drug-refractory PD patients. However, it is an invasive
approach with a high cost and depends on strict patient screening criteria®. Alternatively, rTMS is a
noninvasive and low-cost technique and has been recommended for the treatment of PD patients®”.
Usually, the conventional stimulation target for rTMS located within the motor cortices'”** was defined
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Table 4. The mean and SD of the DL-STN coordinates

Left DL-STN Right DL-STN
Rater Time x y z X y z
Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

R1 st -12.23 0.88 -14.29 0.84 -6.21 1.07 13.03 0.70 -13.71 0.74 -6.31 1.00

2nd -12.01 0.75 -14.24 0.87 -5.95 1.01 12.91 0.76 -13.74 0.81 -6.21 0.93
R2 st -11.65 0.83 -14.76 1.08 -6.68 0.99 12.05 0.84 -14.15 0.87 -6.87 0.99

2nd -11.65 0.83 -14.76 1.20 -6.77 0.95 1212 0.77 -14.28 1.01 -6.88 1.03
Overall -11.89 0.82 -14.51 1.00 -6.40 1.01 12.53 0.77 -13.97 0.86 -6.57 0.99

SD: Standard deviation; DL-STN: dorsolateral subthalamic nucleus; R1: rater 1 (ZN); R2: rater 2 (YJ); 1st: the first time the DL-STN was targeted; 2nd: the second time the DL-STN was targeted.

according to “Hotspot”, a brain area corresponding to hand movement. As an individualized variation, the “Hotspot” is not always located within the M1
area”. Furthermore, the distance of the “Hotspot” defined according to different sessions would be varied from several millimeters to centimeters™ .
Additionally, this defined stimulation method ignores impaired activity because of brain lesions in PD patients. Therefore, individualized stimulation targets

are essential for improving the therapeutic efficacy of rTMS for PD patients.

FC-guide rTMS approach could connect a superficial cortex with a core deep brain effective target in DBS surgery, such as the STN or the pallidus pars interna
(GPi)'"”], realizing individualized precise stimulation. Indeed, these effective deep brain targets for DBS were functionally connected with motor cortices.
Indeed, these effective deep brain targets for DBS were functionally connected with motor cortices”". Furthermore, retrospective studies found that the FC
strength between the subgenual anterior cingulate (sgACC) and the dorsolateral prefrontal cortex (DLPFC) was correlated with rTMS clinical efficacy for
major depressive disorder (MDD)"*". Moreover, fMRI-guided rTMS has been demonstrated to be effective in the treatment of MDD patients, and this
individualized neuronavigational method was represented by Stanford Neuronavigational Therapy (SNT) which has been approved by FDA". In line with
numerous previous studies™ ", we found significant FC between the STN and motor cortices (including M1, SMA, and premotor area). On the basis of these
findings, although there was no evidence about FC-guided TMS utilization in PD, we presume that the FC peak within the motor cortices could be used as the
superficial stimulation target in rTMS therapy for patients with PD.

However, the STN can be functionally divided into three subregions, i.e., the medial limbic, ventromedial associative, and dorsolateral motor subregions (DL-
STN)"**. The DL-STN was the region that provided the maximum therapeutic effect with the least adverse events during DBS surgery*”. Although image-
based DL-STN targeting in DBS surgery has been well established with modern MRI techniques, e.g., ESWAN, it is a challenge to manually localize multiple
anatomical landmarks.
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Figure 2. The distances between individual and average DL-STN coordinates in x, y,and z,respectively. (A)-(C) are the results targeted
by Rater 1 (ZN); (D)-(F) are the results targeted by Rater 2 (YJ). DL-STN: Dorsolateral subthalamic nucleus.

Figure 3. One sample t-tests of the FC of the bilateral DL-STN (GRF correction, individual P < 1E-09, cluster P < 1E-07). (A) The right
DL-STN; (B) the left DL-STN. FC: Functional connectivity; DL-STN: dorsolateral subthalamic nucleus; GRF: Gibbs random field.

Here, we provided an AutoSTN method to automatically localize DL-STN coordinates. The AutoSTN
method was performed based on the image-based DL-STN targeting method by manually localizing the DL-
STN targets of 78 healthy subjects to obtain the average coordinates. It has been shown that the image-based
DL-STN targeting method displayed the smallest variance compared with the indirect targeting method
based only on AC and PC landmarks or the image-only direct targeting method, which was closely
associated with the optimal electrode contact with satisfactory clinical outcome®*?. Our results showed that
the DL-STN coordinates had both high intra- and inter-rater reliability (ICC > 0.95). The overall DL-STN
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Figure 4. The FC of the DL-STN within the motor cortex in native AC-PC space of one subject; (A) and (B) the FC of the left DL-STN
within the left and right hemisphere motor cortices of one subject; (C)and (D) the FC of the right DL-STN within the left and right
hemisphere motor cortices of the same subject. The high FC areas indicated by arrows might be potential therapeutic targets for future
FC-guided rTMS. FC: Functional connectivity; DL-STN: dorsolateral subthalamic nucleus; AC-PC: anterior commissure-posterior
commissure; rTMS: repetitive transcranial magnetic stimulation.

coordinate targeting was in agreement with that of Lozano et al.”” [Supplementary Table 1]. Moreover,
most subjects displayed less than 2 mm of the intra- and inter-rater distances of the x, y, and z coordinates
[Supplementary Figure 1, Tables 2 and 3].

Only 5 (6.4%) subjects displayed distances in the x, y, and z directions between the individual and the
averaged DL-STN coordinates higher than 2 mm but less than 3 mm [Supplementary Table 2]. These five
subjects did not display high intra- and inter-rater distances of more than 3 mm. Furthermore, all five
subjects showed high FC between the DL-STN and the motor cortices. Collectively, these findings further
implied that the average DL-STN coordinates can be used as the coordinates for most people, which
allowed for the development of AutoSTN coordinates.

One-stop plug-in for “AutoSTN” implementation

Based on the software RESTplus, we developed a one-stop plug-in toolkit named “CC-CAT” for automatic
seed-based FC analysis [Supplementary Figure 2]. As shown in our FC analysis results [Figure 4], future
r'TMS studies could consider the peak FC coordinates in the motor cortices as stimulation targets for rTMS
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therapy. We validated the one-stop plug-in and obtained the same results as those of DPABI
[Supplementary Figure 4]. Moreover, the CC-CAT supports any seed-based FC in both individual original
space and standard space. Researchers could select the peak FC points in the original space as the
individualized rTMS stimulation target.

Limitations and cautions

We strongly suggest that researchers double-check the quality of spatial normalization by visual inspection
of the plug-in “CC-CAT”, especially for rTMS treatment. The final coordinates should also be double-
checked on the structural images. Furthermore, we could not exclude the variations resulting from different
MRI machines and settings, and its robustness and adaptability should be explored in the future. Finally, as
this study represents only an initial exploration of individualized FC-guide TMS therapy for PD, it did not
include any patients with PD. Therefore, the effectiveness of DL-STN FC-guided rTMS as a therapy needs
to be investigated in future clinical studies.

Conclusions

In our study, we developed an AutoSTN method to help automatically target the DL-STN, which
corresponds to the average coordinates of a group of healthy subjects. Furthermore, based on the AutoSTN
coordinates, a one-stop plug-in FC analysis was developed, which could be integrated into future FC-guided
r'TMS therapeutic procedures.

All original code has been deposited at GitHub and is publicly available at GitHub - Hongy1836/ccat-
toolbox.
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