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ABSTRACT

Introduction: This study assessed the safety of
postoperative diffusion tensor imaging (DTI)
with on-state deep brain stimulation (DBS) and
the feasibility of reconstruction of the white

matter tracts in the vicinity of the stimulation
site of the subthalamic nucleus (STN). The
association between the impact of DBS on the
nigrostriatal pathway (NSP) and the treatment
effect on motor symptoms in Parkinson’s dis-
ease (PD) was then evaluated.
Methods: Thirty-one PD patients implanted
with STN-DBS (mean age: 66 years; 25 male)
were scanned on a 1.5-T magnetic resonance
imaging (MRI) scanner using the DTI sequence
with DBS on. Twenty-three of them were scan-
ned a second time with DBS off. The NSP, den-
tato-rubro-thalamic tract (DRTT), and
hyperdirect pathway (HDP) were generated
using both deterministic and probabilistic trac-
tography methods. The DBS-on-state and off-
state tractography results were validated and
compared. Afterward, the relationships between
the characteristics of the reconstructed white
matter tracts and the clinical assessment of PD
symptoms and the DBS effect were further
examined.
Results: No adverse events related to DTI were
identified in either the DBS-on-state or off-state.
Overall, the NSP was best reconstructed, fol-
lowed by the DRTT and HDP, using the proba-
bilistic tractography method. The connection
probability of the left NSP was significantly
lower than that of the right side (p\ 0.05), and
a negative correlation (r = -0.39, p = 0.042) was
identified between the preoperative symptom
severity in the medication-on state and the
connection probability of the left NSP in the
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DBS-on-state images. Furthermore, the distance
from the estimated left-side volume of tissue
activated (VTA) by STN-DBS to the ipsilateral
NSP was significantly shorter in the DBS-re-
sponsive group compared to the DBS-non-re-
sponsive group (p = 0.046).
Conclusions: DTI scanning is safe and delin-
eation of white matter pathway is feasible for
PD patients implanted with the DBS device.
Postoperative DTI is a useful technique to
strengthen our current understanding of the
therapeutic effect of DBS for PD and has the
potential to refine target selection strategies for
brain stimulation.

PLAIN LANGUAGE SUMMARY

For some more seriously affected Parkinson’s
disease (PD) patients, drugs are no longer
effective in treating their symptoms. An alter-
nate treatment is to use deep brain stimulation
(DBS), a commonly used neurosurgical therapy
for PD patients. For those DBS treatments tar-
geting the subthalamic nucleus (STN), the
electrical stimulation used may impact nearby
white matter tracts and alter the effectiveness of
the DBS treatment. The nigrostriatal pathway
(NSP), dentato-rubro-thalamic tract, and
hyperdirect pathway are three white matter
tracts near the STN. They are all relevant to
motor symptoms in PD. This study examined
whether imaging these tracts using magnetic
resonance imaging (MRI) is safe and feasible in
the presence of DBS leads. The relationships
between the fiber-tracking characteristics and
distance to the DBS leads were then evaluated.
For this purpose, 31 PD patients with stimula-
tion-on were scanned on a 1.5 T MRI scanner
using a diffusion tensor imaging sequence. A
total of 23 subjects underwent another scan
using the same sequence with stimulation-off.
No adverse events related to diffusion tensor
imaging were found. Among the white matter
tracts near the STN, the NSP was best delin-
eated, followed by the dentato-rubro-thalamic
tract and the hyperdirect pathway. The con-
nection probability of the left NSP was signifi-
cantly lower than that of the right side as were

the subject’s motor symptoms. The closer the
distance between the NSP and the stimulation
location, the better the DBS outcome. These
findings indicate that imaging white matter
tracts with DBS on is safe and useful in mapping
DBS outcomes.

Keywords: Postoperative imaging; Diffusion
tensor imaging; Parkinson’s disease; Deep
brain stimulation; Subthalamic nucleus; White
matter fiber tracts

Key Summary Points

White matter tracts near the deep-brain-
stimulation (DBS) site were reconstructed
based on a 10-min diffusion tensor
imaging sequence acquired on a 1.5-T
magnetic resonance imaging (MRI)
scanner, and no adverse events were
identified in either DBS-on or DBS-off
states.

In the Parkinson’s disease (PD) patients
implanted with the subthalamic deep
brain stimulator, the nigrostriatal
pathway (NSP) was best reconstructed,
followed by the dentato-rubro-thalamic
tract (DRTT) and hyperdirect pathway
(HDP), using the probabilistic
tractography method.

The connection probability of the left NSP
was significantly lower than that of the
right side, and a negative correlation was
identified between the preoperative
symptom severity in the medication-on
state and the connection probability of
the left NSP in the DBS-on-state images.

Clinically effective DBS electrodes for
alleviation of PD motor symptoms were in
close anatomical proximity to the left-side
NSP.
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INTRODUCTION

Deep brain stimulation (DBS) of the subthala-
mic nucleus (STN) is an effective neurosurgical
therapy for the treatment of advanced, levo-
dopa-responsive Parkinson’s disease (PD).
However, DBS-induced improvement of motor
function varies greatly in individual patients
[1–3]. One possible mechanism underlying the
variation in treatment effect is related to the
influence of STN-DBS on the white matter
bundles near the stimulation site [4, 5].
According to previous studies, the white matter
tracts in close proximity to the STN, particularly
the nigrostriatal pathway (NSP), dentato-rubro-
thalamic tract (DRTT), and hyperdirect pathway
(HDP), are related to the control of motor
behavior, the pathophysiology of PD, and
potentially the therapeutic mechanism of DBS
[6–8]. The NSP, which connects the substantia
nigra (SN) with the dorsal striatum, is a crucial
pathway in the basal ganglia that influences
voluntary movement, and the loss of dopamine
neurons in this pathway is one of the main
pathological features of PD [7, 9]. Modulation of
the DRTT is responsible for the therapeutic
effects of DBS that lead to the alleviation of
tremor [6]. The HDP, which directly connects
the motor-related cortical areas and the STN
[10], is thought to be associated with DBS-in-
duced clinical improvement, and damage to the
tract may be responsible for motor symptoms or
other movement disorders such as ataxia or
tremor [8].

Previous studies have shown that the dis-
tance between DBS electrodes and specific white
matter tracts in the patients may affect the
effectiveness of DBS [4]. However, so far, most
magnetic resonance imaging (MRI) studies
examining the relationship between the DBS-
induced therapeutic effect and the DBS-influ-
enced white matter tracts have only been per-
formed on open-access datasets, such as the
Human Connectome Project (HCP) and
Parkinson’s Progression Markers Initiative
(PPMI), or on patient images acquired before
DBS surgery [11, 12]. The degeneration and
integrity of the tracts need to be examined in
patients postoperatively, because the impaired

integrity of white matter bundles after the
implantation of the DBS device or the degen-
eration of the white matter tracts years after
surgery may potentially account for the varia-
tion and alteration in DBS effects [13]. To date,
there is no known study reporting the level of
degeneration and integrity of white matter
tracts after DBS surgery. Therefore, it would be
of great interest to delineate the white matter
tracts after DBS surgery [14]. The pathways
shown by diffusion tensor imaging (DTI) can
help further elucidate the mechanisms of DBS
and further guide therapy. With the help of
postoperative DTI tractography, the role of the
white matter pathways in DBS for the treatment
of PD can be further studied [15].

Safety and feasibility issues need to be vali-
dated for the DTI sequence after DBS implan-
tation. There is evidence supporting the safety
of postoperative MRI, but the most commonly
used sequences have been T1-weighted, T2-
weighted, proton density-weighted, and gradi-
ent-echo imaging. These methods are mainly
used to confirm the location of electrodes and
to check for possible surgical complications
[16–18]. DTI-based tractography allows nonin-
vasive mapping of the structural connections of
the brain. Preliminary postoperative diffusion-
weighted tractography conducted by Muller
and colleagues [15] was shown to be both safe
and feasible in the DBS-off state, but it has not
been reported whether it is safe to scan the DTI
sequence in the DBS-on state and whether the
results of tract reconstruction are affected by the
DBS states or different tractography approaches,
including the deterministic tractography (DT)
and the probabilistic tractography (PT) meth-
ods. It would benefit patients to undergo MRI
scanning with DBS on, since it may be uncom-
fortable (e.g., excessive tremor, unpleasant
subjective feeling) for some patients to undergo
MRI scanning with DBS switched off. Further-
more, given that the access to MR scanners in
most clinical centers is limited, the long acqui-
sition time of the DTI sequence proposed by
Muller and colleagues [15], which takes about
25 min, may hinder its clinical application.
They chose a long repetition time
(25,000–28,000 ms) to maintain low specific
absorption rate (SAR) values out of safety
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concerns. However, it would be an advantage if
the scanning time could be shortened without
exceeding the safety range of the SAR value or
sacrificing the image quality.

The primary aim of the present study was to
validate the safety and feasibility of the delin-
eation of white matter bundles near the stimu-
lation site of STN-DBS based on clinically
applicable postoperative DTI sequences
acquired from a 1.5-T scanner within a rela-
tively short amount of time (about 10 min). We
shortened the total acquisition time by setting a
relatively short repetition time (6500 ms) while
keeping the SAR value under the recommended
threshold level (0.4 W/kg) [19]. Furthermore, we
examined whether the NSP, DRTT, and HDP
tracts could be delineated using both DT and PT
approaches and quantitatively assessed the
effect of DBS state (DBS-on and DBS-off) on the
tractography results. Finally, we also evaluated
and interpreted the relationships between the
characteristics of reconstructed white matter
tracts and the clinical assessment of PD symp-
toms and the DBS effect.

METHODS

This study was approved by the Ruijin Hospital
Institutional Review Board (Approval Number:
2018017). All procedures in the present study
were in accordance with the Declaration of
Helsinki. Each patient was informed of the
procedures of the study and signed a consent
form.

Patient Inclusion

From August 2020 to December 2020, a total of
43 PD patients implanted with bilateral
quadripolar DBS electrodes (Model 3387, Med-
tronic, Minneapolis, MN; L302, PINS, Beijing;
Model 1210, SceneRay, Suzhou) were recruited
for MRI scanning. All the patients were right-
handed. Twelve patients were excluded from
the scanning, as follows: seven patients
declined to participate, two were excluded due
to MRI contraindications, and the other three
were excluded because their DBS electrodes
were at globus pallidus interna (GPi) instead of

STN. Therefore, 31 patients underwent scan-
ning with the DBS device on, and then 23 of
them were rescanned using the same MRI pro-
tocol after turning off the DBS device for about
1 h. Eight patients did not undergo the second
scan: three patients refused to turn off the DBS,
and the other five were unable to complete the
second MRI scan because their symptoms of
tremor became too severe after turning off the
DBS device. The flowchart for the study and the
population recruitment process is shown in
Fig. 1.

Image Acquisition

Preoperative MR images (T1-weighted and T2-
weighted images) were obtained from each
patient before the day of DBS surgery on a 3.0-T
scanner (Ingenia, Philips, Best, Netherlands).
The acquisition parameters for T1-weighted
images were as follows: repetition time
(TR) = 7.1 ms, echo time (TE) = 3.4 ms, flip
angle = 7�, voxel resolu-
tion = 0.75 9 0.75 9 1.5 mm3, matrix = 320 9

320, number of slices = 150, bandwidth
(BW) = 241 Hz/px, acquisition time
(AT) = 3 min 14 s. The acquisition parameters
for T2-weighted images were as follows:
TR = 4000 ms, TE = 106 ms, flip angle = 90�,
voxel resolution = 0.75 9 0.75 9 1.5 mm3,
matrix = 320 9 320, number of slices = 100,
BW = 439 Hz/px, AT = 5 min 36 s.

During the week after surgery, helical com-
puted tomography (CT) imaging (IQon Elite
Spectral CT, Philips, Best, Netherlands) was
performed axially (tube current = 235 mA;
voltage = 120 kV; in-plane voxel resolu-
tion = 0.5 9 0.5 9 5 mm3). The postoperative
CT images were fused to the preoperative MR
images to estimate the volume of tissue acti-
vated (VTA) by DBS using the Lead-DBS toolbox
(www.lead-dbs.org, version 2.5.2), which indi-
cates a rough approximation of the surrounding
tissue influenced by DBS [20].

Postoperative MRI was performed on a 1.5-T
MR scanner (Magnetom Aera, Siemens Health-
care, Erlangen, Germany) using a 16-channel
head coil. The scanning protocol is summarized
in Table S1. The complete DTI sequence
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consisted of 64 diffusion-weighted directions
with b = 1000 s/mm2 and 16 interspersed scans
with b = 0 s/mm2. The other acquisition
parameters were as follows: TR = 6500 ms,
TE = 126 ms, matrix = 110 9 110, voxel size =
2 9 2 9 2 mm3, BW = 1336 Hz/px, AT = 9 min

13 s, and SAR = 0.34 ± 0.02 W/kg. Sagittal
high-resolution 3D T1-weighted structural
images were acquired to define the regions of
interest (ROI) for fiber tracking. A magnetiza-
tion-prepared rapid-acquisition-gradient-echo
(MPRAGE) sequence was used with the follow-
ing parameters: TR = 3400 ms, TE = 3 ms,
inversion time = 900 ms, flip angle = 8�,
matrix = 216 9 224, voxel size = 1 9 1 9 1
mm3, BW = 260 Hz/px, AT = 6 min 2 s, and
SAR = 0.03 ± 0.004 W/kg.

The date of the postoperative MRI, time
since DBS surgery, and incidence of any adverse
events related to MR scanning were recorded.
The clinical data of the patients are summarized
in Table 1.

Image Quality Assessment

A trained MRI analyst conducted a visual image
quality assessment [21] by inspecting all 80
volumes for each DTI scan. Any volume that
appeared to contain artifacts was marked and
discarded. The corresponding b-values file and
the diffusion gradient table documents were
modified accordingly.

Region of Interest Selection

The NSP was defined as the connection between
the SN and corpus striatum (STR). Streamlines
seeded from the dentate nucleus (DN) to the
contralateral thalamus (THA) were estimated as
the DRTT. Streamlines from the precentral
gyrus (PG) to the STN were estimated as the
HDP [15]. The bilateral ROIs in Montreal Neu-
rological Institute (MNI) space (STN, STR, and
SN were extracted from the ATAG-elderly atlas
[22]; DN was extracted from the delineation by
He and colleagues [23]; THA and PG were

Fig. 1 Study procedure and patient inclusion. a Study procedure; b flowchart of patient recruitment
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extracted from the Automated Anatomical
Labeling atlas [24]) and were registered to each
patient’s 3D T1 MPRAGE images using the
FMRIB Software Library (FSL, https://fsl.fmrib.
ox.ac.uk/fsl/fslwiki/, version 5.0.11).

Tractography Reconstruction

Deterministic Tractography
Deterministic brute-force tractography was
performed using Diffusion Toolkit (http://
trackvis.org, version 0.6.4.1), a user-friendly
cross-platform software, which allows interac-
tive track data manipulation in real-time.
Tracking was performed using a modified fiber
assignment by continuous tracking (FACT)
algorithm with a fractional anisotropy (FA)
threshold of 0.2, angle threshold of 45�, orien-
tation patch with z inverted and no swap, and
default step length of 0.1 mm, which was found
to produce the most anatomically accurate
reconstruction [25]. Following the brute-force
tract reconstruction, the TrackVis tract visual-
ization program (http://trackvis.org, version
0.6.1) was automatically launched. The whole-
brain tracks file and the ROIs were uploaded
manually. The SN and STR were used as filters to
partition the NSP. Similarly, those streamlines
from the DN to the contralateral THA were
retained as the estimates of the DRTT, and those

streamlines from the PG to the STN were
retained as the estimates of the HDP. The tract
counts shown in the Property-Track module
were recorded.

Probabilistic Tracking
Probabilistic tractography of the NSP, DRTT,
and HDP was performed using FSL’s Probtrackx
2.0. To resolve the issues of crossing fibers, a
Markov chain Monte Carlo sample was built
using BEDPOSTX (Bayesian Estimation of Dif-
fusion Parameters Obtained using Sampling
Techniques) implemented by FSL’s Diffusion
Toolbox in which the diffusion coefficient was
modeled using a gamma distribution with a
maximum of two fibers per voxel.

The default settings of Probtrackx 2.0 were as
follows: 5000 samples/voxel, step
length = 0.5 mm, curvature threshold = 0.2,
and ‘‘loopcheck’’ selected to ensure that no
tracts were included that doubled back on
themselves [26, 27]. The SN, DN, and PG corti-
cal areas were set as the seed masks, and the
STR, THA, and STN were set as termination
targets, respectively. The number of streamlines
propagating from the seeded regions to the
targets was calculated for each voxel in this
manner. As such, the resulting output map
represented the robustness of the fiber tract, as
described by the probability of its existence in a

Table 1 Demographics and clinical information of the patients

DBS-on (n = 31) DBS-off (n = 23)

Age (years) 66 ± 6 67 ± 5

Male sex, no. (%) 25 (80.6%) 18 (78.3%)

DBS type Medtronic (n = 24) Medtronic (n = 17)

PINS (n = 1) PINS (n = 1)

SceneRay (n = 6) SceneRay (n = 5)

Disease duration (years) 10 ± 4 10 ± 4

Months since surgery 12 ± 4 12 ± 4

MDS UPDRS-III scores 34 ± 14 53 ± 16

Values are reported as mean ± standard deviation
DBS deep brain stimulation, n number of patients, MDS UPDRS-III Movement Disorder Society’s Unified Parkinson’s
Disease Rating Scale-III
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particular voxel between the seed region and
the termination target. The connection proba-
bility was defined as follows: mean number of
streamlines per voxel sampled = sum of voxel
values in the result map / number of voxels in
the seed mask [27].

Clinical Outcome Measures

The Movement Disorder Society’s Unified
Parkinson’s Disease Rating Scale-III (MDS
UPDRS-III) was used for both preoperative
motor symptom assessment (in the states of
medication-on and medication-off) and post-
operative assessment (in the states of medica-
tion-off/DBS-on and medication-off/DBS-off).
The preoperative UPDRS-III scores were avail-
able for 28 patients. The postoperative UPDRS-
III scores of the DBS-on state were available for
all 31 patients. The postoperative UPDRS-III
scores of the DBS-off state were available for 28
patients. The clinical efficacy was calculated
using the following formula:

Improvement ¼ 1 � scores with DBSon
scores with DBSoff

� �

� 100%:

The patients whose DBS-on state UPDRS-III
scores decreased by at least 25% compared to
those of the DBS-off state were defined as
responders to DBS treatment, and the patients
whose motor improvement was less than 25%
were defined as nonresponders to DBS
treatment.

VTA Estimation and Distance to Tracts

The location of DBS electrodes was recon-
structed using the Lead-DBS toolbox (www.
lead-dbs.org) by registration of the preopera-
tive structural MR images and the postoperative
CT scans. The stimulation parameters (i.e., the
location of the active stimulation contacts and
voltage amplitudes) were specified for each
individual patient. The VTAs for each patient
were then estimated using a finite element
method (FEM) approach in Lead Group [8]. For
further analysis, the center of gravity (COG) of

each white matter fiber track and the VTAs were
calculated using the regionprops3 function in
MATLAB, defined as:

xcog
ycog
zcog

2
4

3
5 ¼

Pn
i¼1 mi �

xi
yi
zi

0
@

1
A

Pn
i¼1 mi

;

where xcogycogzcog
� �

represents the coordinates of

the COG, and mi represents the value of each
voxel i with its coordinates ½xiyizi� in the three-

dimensional space. The resulting COG coordi-
nates of the VTAs were transformed from the
MNI space to the patients’ individual diffusion-
weighted image using Advanced Normalization
Tools (ANTs, https://www.nitrc.org/projects/
ants, [28]). Subsequently, the Euclidean dis-
tances between the COGs of the right and left
hemispheric STN VTAs and the COGs of the
white matter fiber tracks (the resulting individ-
ual NSPs, DRTTs, and HDPs, in Sect. 2.5.2) were
calculated.

Statistical Analysis

Statistical analyses were conducted using SPSS
software (version 22.0, IBM Corp., Armonk, NY,
USA). The differences in the volume and FA of
the ROIs between the DBS-on and DBS-off states
were compared using a paired t test. The dif-
ferences in the numbers of tract count and the
connection probability between the DBS-on
and DBS-off states were compared using the
Wilcoxon test. The differences in the numbers
of tract count and the connection probabilities
between the left and right sides were also com-
pared using the Wilcoxon test. Pearson corre-
lation analysis was performed to investigate the
relationships between the baseline severity of
the motor symptoms in the patients and the
white matter tract connection probabilities. The
distances from the VTAs to the tracts were
compared between the responder group and
non-responder group using the independent
t test. Results with a p value\0.05 were con-
sidered statistically significant.
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RESULTS

Safety of DTI Scanning with Implanted
DBS Device

The duration from the DBS implantation sur-
gery to the post MRI session ranged from 4 to
102 months in the patients (Fig. S1). There were
no adverse events related to the MRI. During
the MR scanning in the DBS-on state, there was
no disruption of the stimulation due to the DBS
device being switched off unexpectedly.

Demonstration of DTI B0 Images

The B0 images of one representative patient in
the DBS-on and DBS-off states, respectively, are
shown in Fig. S2. The yellow arrows indicate
artifacts generated by the extension cables
which were placed on the skull, resulting in
signal loss observed over the parietal and tem-
poral regions of the left hemisphere. The red
arrows indicate the artifacts generated by the
DBS electrodes. The sequence with high band-
width and short TE helped constrain the arti-
facts to the area near and around the metal
materials.

Comparison of DTI Characteristics
Between DBS-on and DBS-Off States

The segmentation outlines of the 12 ROIs in a
representative patient are illustrated in Fig. S3.
The mean values and standard deviations of the
volume and the FA value of the ROIs are shown
in Table S2. There was no significant difference
in the volume or FA value of the defined seed
and target ROIs between the DBS-on and the
DBS-off states. The FA of the left SN was signif-
icantly lower than that of the right SN (p\0.05
in both DBS-on and DBS-off states).

Tractography Delineation
by Deterministic Tracking

Figure 2 shows the deterministic tracking result
of one representative patient in two states:
(a) DBS-on state and (b) DBS-off state. As seen in

the representative images, only a few tracts are
identified by deterministic tracking.

For both the DBS-on and the DBS-off condi-
tions of DTI, the NSP was successfully recon-
structed in most of the patients (69.6–77.4%);
the HDP was reconstructed in a small propor-
tion of patients (4.3–12.9%), and the DRTT
could not be reconstructed at all. The number
and percentage of patients with successfully
reconstructed tractography are shown in
Table 2.

No significant differences were observed in
the numbers of tract count of the right NSP
versus that of the left NSP (DBS-on: p = 0.183;
DBS-off: p = 0.069). The numbers of NSP tract
count between the DBS-on and the DBS-off
states show no statistical differences in either
side (right side: p = 0.476; left side: p = 0.563) as
shown in Table 3.

Tractography Delineation by Probabilistic
Tracking

The probabilistic fiber tracking detected the
NSP, DRTT, and HDP in all 62 hemispheres in
the DBS-on state and in 46 hemispheres in the
DBS-off state. Figure 3 shows the probabilistic
tracking result of one representative patient in
two states: (a) DBS-on state and (b) DBS-off
state. Overall, the NSP is best reconstructed on
the postoperative images, followed by the DRTT
and the HDP, which is in concordance with the
results by the DT method. It should be noted
that the artifacts produced by DBS leads and
electrode contacts in and around the STN to
some extent lead to signal loss in DTI data, so
the fibers between PG and STN cannot always be
accurately reconstructed.

The connection probabilities of bilateral
tracts in the DBS-on and DBS-off states are
summarized in Table 4. There was no significant
difference in the tracking results of the bilateral
fiber bundles of NSP and DRTT between the DBS-
on and the DBS-off conditions (right NSP:
p = 0.306; left NSP: p = 0.053; right DRTT:
p = 0.503; left DRTT: p = 0.670). The connection
probabilities of the left NSP are significantly
lower than those of the right side in both DBS-
on and DBS-off states (p\ 0.05 in both states).
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No significant differences were shown between
the connection probabilities of bilateral DRTT
(DBS-on: p = 0.248; DBS-off: p = 0.879).

In addition, a negative correlation was found
between the preoperative UPDRS-III scores in
the medication-on state and the connection
probability of left NSP identified on the images
in the DBS-on state (r = -0.39, p = 0.042,
Fig. 4a). The correlation coefficient of the pre-
operative medication-on UPDRS-III scores
against the connection probability of right NSP
in the DBS-on state was not significant
(r = -0.25, p = 0.205, Fig. 4b).

Relationship Between VTA–Bundles
Distance and Clinical Improvement

As shown in Fig. 5a, the distance between the
left VTA and the left NSP of responders was

significantly shorter compared to that of the
non-responders (responder group:
4.2 ± 2.7 mm, non-responder group:
7.4 ± 5.2 mm, p = 0.046, equal variances
assumed). The distance between the right VTA
and the right NSP in the responsive group was
not significantly different from that in the non-
responsive group (responder group:
5.6 ± 3.0 mm, non-responder group:
6.3 ± 4.6 mm, p = 0.672, equal variances
assumed, Fig. 5b).

DISCUSSION

Main Findings

The present work demonstrated, firstly, that a
safe and feasible DTI sequence, which takes less

Fig. 2 Illustration of the NSP, HDP, and DRTT
reconstructed by deterministic tracking method in one
representative patient in two states. a DBS-on state;
b DBS-off state. STR striatum, THA thalamus, PG

precentral gyrus, SN substantia nigra, STN subthalamic
nucleus, DN dentate nucleus, NSP nigrostriatal pathway,
HDP hyperdirect pathway, DRTT dentato-rubro-thalamic
pathway
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than 10 min of scanning, can be performed in
postoperative PD patients with on-state DBS in
a 1.5-T scanner. The motor tracts near the STN,
which are thought to be involved in the
pathophysiology of PD, specifically the NSP,
DRTT, and HDP, can be reconstructed using the
DT or PT method. There was no significant dif-
ference in the fiber tracking results between the
DBS-on and DBS-off DTI data. Secondly, the FA
of the left SN and the connection probability of
the left NSP were significantly lower than those
of the right side, and the connection probability
of the left NSP was negatively correlated with
the preoperative UPDRS-III scores in the medi-
cation-on state, indicating the asymmetry of
degeneration of the NSP in PD patients. Thirdly,

the distance between the left VTA and ipsilat-
eral NSP was significantly shorter in the
responders to DBS treatment than in the non-
responders, indicating that clinically effective
DBS electrodes are in close anatomical proxim-
ity to the NSP tracts.

Safety and Feasibility of the Postoperative
DTI Approach

The treatment effect of DBS is associated with
the electrical impact of DBS on the white matter
tracts in the vicinity of the stimulation site
[4, 5, 29, 30]. The DBS effect is altered years after
implantation [13], which may result from the
gradual degeneration of the white matter tracts.
To understand the mechanisms, the safety and
feasibility of the reconstruction of white matter
tracts from the less common MRI sequence,
namely DTI, need to be validated first. A recent
study indicated that the white matter tracts can
be successfully reconstructed from a 25-min DTI
scan in the DBS-off state [15]. However, whether
the white matter tracts can be successfully
reconstructed from the DTI data acquired
within a shorter amount of time in the DBS-on
state remains unclear. A short acquisition time
of postoperative imaging data and the scanning
with DBS-on can significantly facilitate related
research and clinical practice.

The DTI sequence adopted in this study
proved to be safe and clinically feasible for two
main reasons. First, the SAR value of the DTI
sequence performed was only 0.34 ± 0.02
W/kg, which is lower than the recommended

Table 2 The number (percentage) of patients whose
white matter tracts were successfully reconstructed using
deterministic tractography

Tracts Side DBS state

DBS-on (n = 31) DBS-off (n = 23)

NSP R 24 (77.4%) 16 (69.6%)

L 23 (74.2%) 17 (73.9%)

HDP R 4 (12.9%) 2 (8.7%)

L 3 (9.7%) 1 (4.3%)

DRTT R 0 (0%) 0 (0%)

L 0 (0%) 0 (0%)

n number of patients, R right side, L left side, NSP
nigrostriatal pathway, HDP hyperdirect pathway, DRTT
dentato-rubro-thalamic pathway

Table 3 The tract numbers of the bilateral NSP in DBS-on and DBS-off states

Tracts Side DBS state p value

DBS-on (n = 31) DBS-off (n = 23)

NSP R 13 (3, 79) 19 (8.5, 39) 0.476

L 13 (1, 37) 9 (2.5, 35) 0.563

p value 0.183 0.069 –

The tract count numbers are shown in the form of median (IQR1, IQR3)
n number of patients, NSP nigrostriatal pathway, R right side, L left side, DBS deep brain stimulation, IQR interquartile
range
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Fig. 3 Illustration of the NSP, DRTT, and HDP
reconstructed by probabilistic tracking method in one
representative patient in two states. a DBS-on state;
b DBS-off state. STR striatum, THA thalamus, PG

precentral gyrus, SN substantia nigra, STN subthalamic
nucleus, DN dentate nucleus, NSP nigrostriatal pathway,
DRTT dentato-rubro-thalamic pathway, HDP hyperdirect
pathway

Table 4 The connection probabilities of the patients in DBS-on and DBS-off states

Tracts Side DBS state p value

DBS-on (n = 31) DBS-off (n = 23)

NSP R 131 (115, 154) 125 (112, 156) 0.306

L 118 (106, 133) 120 (110, 144) 0.053

p value < 0.001 0.001 –

DRTT R 69 (59, 75) 68 (61, 75) 0.503

L 71 (56, 77) 69 (62, 80) 0.670

p value 0.248 0.879 –

Significant differences are in bold. The connection probabilities are shown in the form of median (IQR1, IQR3)
n number of patients, R right side, L left side, NSP nigrostriatal pathway, DRTT dentato-rubro-thalamic pathway; IQR,
interquartile range
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threshold level of 0.4 W/kg [19]. The SAR values
of T1-weighted and T2-weighted sequences for
the postoperative MR scanning have been pro-
ven safe in previous studies [31]. However,
research on the safety of DTI sequences with
DBS device implantation remains limited. Both
our present study and a recent study [15]

suggest that scanning of DTI sequences with a
DBS device is safe under a 1.5-T MR scanner.

As is known, the acquisition time of the DTI
sequence is much longer than the clinically
used T1WI and T2WI sequences [32]. The
acquisition time of the DTI sequence in the
present study was 9 min 13 s. We shortened the

Fig. 4 Correlation between the preoperative UPDRS-III
scores and the connection probability of NSP. a Correla-
tion between UPDRS-III scores with the connection

probability of the left NSP; b correlation between
UPDRS-III scores with the connection probability of the
right NSP

Fig. 5 Comparison of distances between VTA and NSP
in responder and non-responder groups. a The left-side
VTA–NSP distance of the responders is significantly
shorter than that of the non-responders; b the right-side

VTA–NSP distance of the responders is not significantly
different from that of the non-responders. VTA volumes
of tissue activated, NSP nigrostriatal pathway
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total acquisition time by setting a relatively
short repetition time (6500 ms) while keeping
the SAR value under the recommended thresh-
old level (0.4 W/kg) [19]. Compared with the
recent study, in which it took about 25 min to
acquire postoperative DTI images for tractogra-
phy [15], our results show that clinically useful
DTI images can be acquired within a relatively
short amount of time. Given that the access to
MR scanners in most centers is limited and that
the long duration of scanning may make
patients feel restless [33], the proposed 10-min
scanning protocol in our study is more efficient
and clinically practical than the 25-min proto-
col proposed in a previous study [15], which can
facilitate the examination of the white matter
tracts around the stimulation contacts in future
research.

Artifacts in the DTI Image with a DBS
Device

There have been concerns regarding the effect
of MRI on surgically implanted metal electrodes
due to possible heating and displacement of the
metal components by the magnet [31, 34–36].
Nevertheless, postoperative DTI is a useful
imaging modality for patients with PD or other
movement disorders, since it has the capability
to show both the electrode position and the
white matter tracts on the same image. A safe
DTI approach in both DBS-on and DBS-off states
would make it possible to carry out longitudinal
studies exploring the relationship between DBS
location and the surrounding white matter
bundles in a variety of diseases.

As indicated by a recent study, the delin-
eation of tracts in postoperative imaging
decreases compared with that in preoperative
imaging due to susceptibility artifacts [15]. In
our study, susceptibility artifacts and the quality
of the DTI images were assessed visually. The
susceptibility artifacts were generated by the
fixing caps, connector wires, extension cables,
and the DBS electrodes, resulting in signal loss
over the parietal and temporal lobes on the
right hemisphere. The precise characteristics of
the artifact induced by the DBS electrodes have
been fully described by Li and colleagues [18].

In this study, a spin-echo sequence was applied
to help constrain the artifacts to the area near
and around the metal materials. The results
showing that the white matter tracts could be
successfully delineated in most patients suggest
that the metal artifacts are not so significant to
have a vital influence on the tractography
reconstruction.

Influence of Electrical Pulses
on Postoperative Tractography
Construction

Both the DT method and the PT method have
been extensively applied in clinical neuro-
science studies to explore the nervous system
architecture of PD patients [37], but few papers
have reported the postoperative tractography
comparison between the DBS-on and DBS-off
states. Notably, Muller and colleagues only tes-
ted the feasibility of the reconstruction of the
white matter bundles in the DBS-off state [15].
We additionally tested the reconstruction in the
DBS-on state. Our results show no difference in
the volume or FA of the predefined seeds and
target ROIs between the DBS-on and DBS-off
conditions. Moreover, the numbers of white
matter tracts and the connection probabilities
show no statistical differences on either side
between the DBS-on and the DBS-off states. Our
results suggest that tractography based on DTI is
not affected by the high-frequency electrical
pulses sent to the deep brain nuclei through the
implanted electrodes. MR scanning in the DBS-
on state can benefit those postoperative
patients who cannot control their disease
symptoms without stimulation.

Asymmetry of the SN and NSP

As shown in Sects. 3.3 and 3.5, the FA of the left
SN and the connection probabilities of the left
NSP were significantly lower than those on the
right side. Asymmetry in FA of the SN in PD
patients has also been reported in other studies,
which is implicated in an asymmetrical degen-
eration of dopaminergic nigral neurons. While
some studies indicate that the asymmetry of FA
of the SN correlates with the clinical asymmetry
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in PD patients [38], others report no such asso-
ciation [39, 40]. For instance, Prakash and col-
leagues [39] found that the FA was lower at the
left rostral SN compared to the right SN,
regardless of the motor asymmetry. Safai and
colleagues also reported that the FA in the left
SN was significantly lower than that in the right
SN, with no details pertaining to clinical later-
ality [40]. In our study, the FA of the left SN and
the connection probability of the left NSP were
significantly lower than those of the right side,
which is consistent with the hypotheses of
inherently lower dopamine levels in the left
than the right NSP and/or the higher vulnera-
bility of the left NSP to pathogenetic mecha-
nisms underlying PD [41], although further
studies are needed to better understand the
mechanisms underlying asymmetric nigrostri-
atal features in PD.

Our results highlight the asymmetry in FA
and connection probabilities that can be
revealed in PD patients implanted with a DBS
device. Notably, the result of asymmetry was
only revealed by the PT method and not the DT
method, probably because PT is more sensitive
in detecting complex crossing fibers than DT
[42]. Moreover, the connection probability of
left NSP showed a significant negative correla-
tion with the preoperative UPDRS-III motor
scores. Such results are consistent with the
observations from a previous study by Andica
and colleagues [43], suggesting that impaired
motor function is related to axonal degenera-
tion in PD patients.

Positional Relationship Between
the Clinically Effective DBS Electrodes
and the NSP Tracts

Another clinical finding in our study is that the
distance from the left VTA to the left NSP was
significantly shorter in the DBS-responder
group compared to the DBS-non-responder
group. The efferent from the STR to the SN,
known as the nigrostriatal pathway, seems to
play a critical role in movement disorders, as it
is severely affected by neurodegeneration in PD
patients [44]. A close association between the
distance of white matter tracts from the

stimulation site and the DBS effect has been
observed in patients with essential tremor [30]
and dystonia [29], and our findings suggest such
an implication in the treatment of STN-DBS for
Parkinson’s disease as well. The degeneration of
the nigrostriatal system is the neural basis for
PD [44]. A recent animal study indicated that
STN-DBS induced sustained neurorestorative
effects in the nigrostriatal system [45], suggest-
ing that the nigrostriatal system is involved in
the therapeutic mechanisms of DBS in PD. Our
findings indicate that the impact of DBS on the
nigrostriatal system, namely NSP, is strongly
associated with the treatment effect of motor
symptoms in PD, which may help to optimize
electrode placement and postoperative elec-
trode contact selection. A symptom-specific and
connectivity-based approach for target plan-
ning and postoperative parameter setting for
DBS may improve the treatment outcomes and
reduce adverse effects [46], and imaging of the
structural connectivity in postoperative patients
would facilitate longitude studies on the rela-
tionships among the DBS location, white matter
profile, and clinical effect.

It is important to assess the possible clinical
outcome of DBS before implantation, and thus
DTI before the operation is strongly recom-
mended. Nevertheless, PD is a progressive dis-
ease, and the structural connections may be
gradually altered months or years after DBS
implantation, which might be associated with a
decline in the DBS effect years later [13]. DTI
after the operation can provide information
that may elucidate the related mechanisms. In
this study, our primary focus was to map the
motor pathways near the STN in PD patients
with implanted DBS devices and examine the
relationship between the characteristics of the
reconstructed white matter tracts and motor
symptoms. We have confirmed that the post-
operative effect of DBS is related to the distance
from the left VTAs by STN-DBS to the ipsilateral
NSP. Postoperative DTI may help elucidate the
mechanisms related to alterations of the DBS
effect after implantation.
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Limitations and Future Directions

This study has several limitations. First, the
reconstruction of white matter tractography is
time-consuming and requires specialized anal-
ysis and skills that may limit its clinical appli-
cation. A more efficient and user-friendly data
processing pipeline is needed for clinicians to
evaluate the pathways influenced by DBS. Sec-
ond, high-field MRI at 3.0-T is superior for
optimal diffusion tensor imaging and white
matter fiber tractography due to its superior
signal-to-noise ratio. However, current manu-
facturer guidelines restrict scanning of patients
with implanted DBS to field strengths no greater
than 1.5-T. The potential risk of heating at the
implanted electrodes due to induced voltage in
the DBS device from the interactions with the
applied radiofrequency (RF) field could theo-
retically result in thermal lesions in the tissue
adjacent to the electrodes and cause serious
physical harm to the patients [47]. Thus, efforts
should be made towards SAR reduction in clin-
ical practice for safe imaging with 3.0-T MR
scanners in patients implanted with DBS. Third,
the small sample size, especially the small
number of non-responsive patients, undermi-
nes the statistical power of the present study,
and thus the related clinical findings need to be
replicated in a larger patient group in the future.

PD has been associated with progressive
neuronal degeneration in the SN as well as the
related white matter tracts. Our findings may
provide a technical reference for the longitudi-
nal postoperative tracking of patients with DBS
to elucidate the relationship between alter-
ations in white matter pathways and the long-
term effects of DBS. Although our primary focus
of this study was to map the motor pathways
near the STN in PD patients with an implanted
DBS device and to examine the relationship
between the characteristics of the reconstructed
white matter tracts and motor symptoms, trac-
tography based on DTI in postoperative patients
may also facilitate the study of the neural
mechanism for the non-motor aspects of PD.
Since non-motor symptoms such as affective
disorders and cognition decline are common in
advanced PD patients [48], and because STN-
DBS may influence the affective and cognitive

processes through the structural connections
with a variety of related cortical and subcortical
areas [5, 49, 50], future studies are recom-
mended to explore the relationship between
non-motor symptoms and tractography in the
patients with a DBS device based on DTI.

CONCLUSION

The safety of postoperative DTI with DBS-on
state and the feasibility of reconstruction of the
white matter tracts in the vicinity of the stim-
ulation site of STN-DBS are validated in the
present study. The asymmetry of the axonal
system in PD patients, namely the asymmetry
of the FA in SN and the connection probabilities
of NSP, is confirmed based on the postoperative
DTI images. Our findings also highlight the
association between the impact of DBS-on NSP
and the treatment effect of motor symptoms in
PD. White matter fiber tractography based on
DTI provides a promising tool to strengthen our
understanding of the pathophysiology of
Parkinson’s disease and the therapeutic mech-
anisms underlying DBS treatment. Tractogra-
phy imaging after DBS implantation may also
help guide individualized DBS parameter pro-
gramming postoperatively, and may facilitate
the study of non-motor symptoms in PD
patients with DBS.

ACKNOWLEDGEMENTS

We would like to thank all the participants of
the study, and we are grateful to all the research
assistants who offered their help in this study.

Funding. This study was supported and
funded by the National Natural Science Foun-
dation of China (81971576 and 81801652) and
the Innovative Research Team of High-level
Local Universities in Shanghai, which directly
support our study on Parkinson’s disease. The
National Natural Science Foundation of China
(81971576) provided funding for the journal’s
Rapid Service Fee.

Neurol Ther (2022) 11:659–677 673



Authorship. All named authors meet the
International Committee of Medical Journal
Editors (ICMJE) criteria for authorship for this
article, take responsibility for the integrity of
the work as a whole, and have given their
approval for this version to be published.

Author Contributions. Yan Li: conceptual-
ization, methodology, formal analysis, investi-
gation, data curation, and writing-original draft.
Naying He: investigation, validation, funding
acquisition, and writing-review and editing.
Chencheng Zhang: conceptualization, valida-
tion, and writing-review and editing. Yu Liu:
data curation and investigation. Jun Li: writing-
review and editing. Bomin Sun: resources and
investigation. Yijie Lai: data curation and
investigation. Hongyang Li: data curation and
investigation. Chengyan Wang: validation and
writing-review and editing. Ewart Mark Haacke:
conceptualization, supervision, and writing-re-
view and editing. Fuhua Yan: resources, super-
vision, project administration, and funding
acquisition. Dianyou Li: resources, conceptual-
ization, supervision, and writing-review and
editing.

Disclosures. Yan Li, Naying He, Chencheng
Zhang, Yu Liu, Jun Li, Bomin Sun, Yijie Lai,
Hongyang Li, Chengyan Wang, Ewart Mark
Haacke, Fuhua Yan and Dianyou Li declare that
they have no known competing financial
interests or personal relationships that could
have appeared to influence the work reported in
this paper.

Compliance with Ethics Guidelines. This
study was approved by the Ruijin Hospital
Institutional Review Board (Approval Number:
2018017). All procedures in the present study
were in accordance with the Declaration of
Helsinki. Each patient was informed of the
procedures of the study and signed a consent
form. The data collected in this study were de-
identified. No identifiable protected health
information was extracted or accessed during
the study, which is compliant with the Health
Insurance Portability and Accountability Act
(HIPAA).

Data Availability. The datasets generated
during and/or analyzed during the current
study are available from the corresponding
author on reasonable request.

Open Access. This article is licensed under a
Creative Commons Attribution-NonCommer-
cial 4.0 International License, which permits
any non-commercial use, sharing, adaptation,
distribution and reproduction in any medium
or format, as long as you give appropriate credit
to the original author(s) and the source, provide
a link to the Creative Commons licence, and
indicate if changes were made. The images or
other third party material in this article are
included in the article’s Creative Commons
licence, unless indicated otherwise in a credit
line to the material. If material is not included
in the article’s Creative Commons licence and
your intended use is not permitted by statutory
regulation or exceeds the permitted use, you
will need to obtain permission directly from the
copyright holder. To view a copy of this licence,
visit http://creativecommons.org/licenses/by-
nc/4.0/.

REFERENCES

1. Shahidi GA, Rohani M, Parvaresh M, Haghi-Ash-
tiani B, Saeedi M, Rashedi R, et al. Outcome of
subthalamic nucleus deep brain stimulation on
long-term motor function of patients with
advanced Parkinson disease. Iran J Neurol. 2017;16:
107–11.

2. Tsai ST, Hung HY, Hsieh TC, Lin SH, Lin SZ, Chen
SY. Long-term outcome of young onset Parkinson’s
disease after subthalamic stimulation—a cross-sec-
tional study. Clin Neurol Neurosurg. 2013;115:
2082–7. https://doi.org/10.1016/j.clineuro.2013.07.
014.

3. Zibetti M, Merola A, Rizzi L, Ricchi V, Angrisano S,
Azzaro C, et al. Beyond nine years of continuous
subthalamic nucleus deep brain stimulation in
Parkinson’s disease. Mov Disord. 2011;26:2327–34.
https://doi.org/10.1002/mds.23903.

4. Vassal F, Dilly D, Boutet C, Bertholon F, Charier D,
Pommier B. White matter tracts involved by deep
brain stimulation of the subthalamic nucleus in
Parkinson’s disease: a connectivity study based on
preoperative diffusion tensor imaging tractography.

674 Neurol Ther (2022) 11:659–677

http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/10.1016/j.clineuro.2013.07.014
https://doi.org/10.1016/j.clineuro.2013.07.014
https://doi.org/10.1002/mds.23903


Br J Neurosurg. 2020;34:187–95. https://doi.org/10.
1080/02688697.2019.1701630.

5. Vanegas-Arroyave N, Lauro PM, Huang L, Hallett M,
Horovitz SG, Zaghloul KA, et al. Tractography pat-
terns of subthalamic nucleus deep brain stimula-
tion. Brain. 2016;139:1200–10. https://doi.org/10.
1093/brain/aww020.

6. Coenen VA, Allert N, Paus S, Kronenbürger M,
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