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Abstract

Background: The ventral intermediate (VIM) nucleus of the thalamus is the main target for
lesioning using magnetic resonance imaging (MRI) guided focused ultrasound (MRgFUS) or
deep brain stimulation (DBS). Targeting of VIM still depends on standard stereotactic
coordinates, which do not account for inter-individual variability. Several approaches have been
proposed including visualization of dentato-rubro-thalamic tract (DRTT) using diffusion tensor

imaging tractography.

Objective: To compare probabilistic tracking of DRTT with deterministic tracking of DRTT and
stereotactic coordinates to identify the most appropriate approach to target VIM.
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Methods: In this retrospective study, we assessed the VIM targeted using stereotactic
coordinates, deterministic and probabilistic tracking of DRTT in 19 patients with essential
tremor who underwent DBS with VIM targeted using microelectrode recordings. We
subsequently determined the positions of VIM derived from these three approaches and
compared with that of DBS lead position using paired sample t-tests.

Results: The probabilistic tracking of DRTT was significantly anterior to the lead (1.45 + 1.61
mm (P< 0.0001)), but not in the medial/lateral position (-0.29+2.42 mm (P=0.50)). Deterministic
tracking of DRTT was significantly lateral (2.16 + 1.94 mm (P< 0.0001)) and anterior to the lead
(1.66 £ 2.1 mm (P< 0.0001)). The stereotactic coordinates were significantly lateral (2.41 + 1.41
mm (P< 0.0001)) and anterior (1.23 = 0.89 mm (P< 0.0001)) to the lead.

Conclusion: Probabilistic tracking of DRTT was found to be superior in targeting VIM

compared to deterministic tracking and stereotactic coordinates.

Keywords: deep brain stimulation, dentato-rubro-thalamic tract, deterministic tractography,
diffuson tensor imaging tractography, magnetic resonance imaging guided focused ultrasound,

probabiligtic tractography, ventral intermediate nucleus
1. Introduction

The goal of this paper is to provide a tractography-based localization of ventral intermediate
(VIM) nucleus of the thalamus, which is crucial for magnetic resonance imaging (MRI) guided
focused ultrasound (MRgFUS) or deep brain stimulation (DBYS) in the treatment of medically
refractory essential tremor (ET) and tremor-dominant Parkinson’s disease.* VIM is primarily
involved in sending and receiving electric impulses to and from the motor cortex and the
cerebellum to control movement?, and hence targeted for lesioning using MRgFUS or DBS to
aleviate tremor. VIM is a relatively small anatomic structure (4mmx4mmx6mm) which cannot
be readily identified on structural MRI. Therefore, VIM targeting is often performed indirectly

using stereotactic coordinates referencing the mid-commissural line and third ventricle.
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However, there are no universally agreed upon stereotactic coordinates, with different targeting
formulas used across centers. * Generally, VIM is targeted approximately 14-15 mm lateral to the
midline (or 11 mm lateral from the wall of the third ventricle), and 25% of length of the anterior
commissure (AC)—posterior commissure (PC) line anterior to the PC, at the level of the
commissural plane.*® Although this method provides an approximation of VIM location, final
implant positions are determined with intraoperative microelectrode recordings (MER) and
neurologic testing with stimulation to verify the target region and identify its borders. However,
MER is time consuming and cannot be readily applied in the setting of asleep DBS and
incisionless procedures such as MRgFUS"®,

In recent years, visualization of the dentato-rubro-thalamic tract (DRTT) using diffusion tensor
imaging (DTI) tractography has been used for identifying VIM for DBS and MRgFUS.***
According to the classical definition, DRTT has a decussating pathway (d-DRTT), which
emanates from the dentate nucleus (DN), passing through the superior cerebellar peduncle
(SCP), crossing the midline to the contralateral red nucleus (RN) and VIM, where it synapses
with neurons ascending to the motor cortex. These anatomical courses were defined firgt in
monkeys?*® and later in humans using post-mortem and DTI tractography studies.***° In
addition to the d-DRTT, a non-decussating pathway of DRTT (nd-DRTT) connecting to the
ipsilateral RN and the thalamus has also been reported using microdissection and DTI studiesin
humans.'” Although the anatomy of DRTT has been reported through RN, the course of DRTT

through the subthalamic area has also been reported in humans.**%

A variety of ways of tracking the DRTT have been reported. Several approaches use regions of
interest (ROIs), including DN, RN or posterior subthalamic area (PSA), and the motor cortex or
precentral gyrus. *?% Alternately, Sammartino et a tracked the pyramidal tract (PT) and
medial lemniscus (MLm) to locate a seed region to track the DRTT.?® Most studies examining
DRTT for VIM planning applied deterministic fiber tracking algorithms because of its ease of
analysis and seamless integration with the stereotactic targeting software for DBS surgery or
MRgFUS.>#?"# However, deterministic DRTT (detDRTT) is inaccurate in crossing fiber
regions or in obtaining decussating pathways>®. Probabilistic tracking using higher-order
diffuson models can overcome crossing fiber issues, and has been reported to be superior in
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identifying DRTT.* However, there is a dearth of research examining the VIM positions derived
from probDRTT.

Accurate initial targeting of VIM is important for favorable patient outcome and efficacy of the
DBS and MRgFUS procedures. VIM targeting using stereotactic coordinates is prone to
anatomical variability in third ventricular widths and AC-PC lengths, leading to targeting error®.,
Although VIM targeting based on tractography of DRTT can accommodate these anatomical
variations, precision of detDRTT does not always precisdy coincide with DBS or MRgFUS
targeting locations™® and also fails to consistently create d-DRTT and/or nd-DRTT??, In this
study, we propose a new protocol for VIM targeting utilizing probabilistic tractography, which
can consistently reconstruct d-DRTT and nd-DRTT. Thisis compared to VIM targeting based on
stereotactic coordinates, as well as deterministic tractography using the Sammartino method.?
This is evaluated in a retrospective study in patients with ET, who underwent standard awake
DBS using intraoperative MER, which is the gold-standard for VIM localization to implant DBS
leads.

2. Methods
2.1. Patient cohort

We studied 19 patients who underwent DBS surgery for ET (M:F=10:9), mean age
(xSD)=66.05 (x12.07) years. 13 patients had bilateral implants and 6 patients had unilateral
implants (2 right hemisphere and 4 left hemisphere), allowing investigation of 32 DBS leads.
Patient selection, DBS surgery procedure, and ethical approval have already been described in
detail.® Briefly, patients underwent stereotactic placement of DBS leads with a Leksell frame
(Elekta, Stockholm, Sweden) and VIM was targeted indirectly in the commissural plane as
follows. medial-lateral (ML) coordinates;, 14 mm lateral to the midline or 11 mm from the lateral
wall of third ventricle, anterior-posterior (AP) coordinates; 25% of AC-PC distance from the PC.
Yang et a, previously evaluated proximity of the detDRTT to DBS stimulation parametersin a
cohort of 26 patients with ET°. For this study, 7 patients were excluded due to unavailability of
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whole brain T1-weighted image (n=1), incomplete DTI/FreeSurfer processing (n=4) and use
of different DTI scanning parameters (n=2), leading to 19 patients with ET.

2.2. MRI acquisition

Magnetic Resonance Imaging (MRI) scans were acquired on a 3T GE Discovery MR750w
scanner using a 19-channel head coil (GE Healthcare, Waukesha Wisconsin, USA). The
following sequences were acquired: 1) T1 SPGR structural MRI scan with TR/TE=6.3/1.46 ms,
flip angle=20°, dlice thickness=2 mm, reconstructed every 1 mm, 320x256 acquisition matrix,
and in-plane resolution of 0.43x0.43 mm, and 2) DTI data with 1 b=0 Ymm? 33 gradient
directions with b-value=2000 smm? TR/TE=1450.113 s, field of view 26 cm, 128x128

acquisition matrix, slice thickness=3 mm, and in-plane resolution of 1x1 mm.
2.3. Fiber Tracking Technique
2.3.1. Deterministic fiber tracking of DRTT

DetDRTT was performed using the method of Sammartino et al®®, which uses PT and MLm as
internal landmarks. Anatomically, PT and MLm represent, respectively, the lateral and the
posterior ventral boundaries of the VIM of thalamus. A thalamic ROI with its center equidistant
(3 mm) from the borders of the PT and MLm was placed at the AC-PC leve to reconstruct the
DRTT. DynaSuite Neuro (InVivo Corp., Pewaukee, Wisconsin, USA) was used for tractography
with previously described parameters.

2.3.2. Probabilistic Fiber Tractography of DRTT

DTI datasets were denoised® and corrected for eddy currents and motion with eddy™ in FSL>.

The T1l-weighted structural images were bias-corrected using N4BiasCorrection tool from
Advanced Normalization Tools (ANTs)® and skull stripping was achieved using multi-atlas
region segmentation utilizing ensembles of registration algorithms and parameters (MUSE)®.
DTI wereresliced to 2x2x2 mm and T1 images were coregistered to the DTI datawith ANTs.*
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Constrained spherical deconvolution was performed to estimate the fiber orientation distribution
(FOD) in each voxel using the MRtrix3 package.®” Then probabilistic tractography was
performed using the second-order Integration over Fiber Orientation Distributions (iFOD2)
agorithm.® The seed region for the reconstruction of DRTT was the thalamus and the target
ROIs were hand motor region and bilateral DN. DN and hand motor region were hand-drawn on
the b0 and fractional anisotropy (FA) images respectively; left and right thalamus were
automatically segmented using FreeSurfer®® on T1 weighted images, as shown in Fig. 1(a).
Exclusion ROIs included internal capsule at the level of AC-PC, ventral part of the brainstem to
prevent the tracking algorithm from merging with the PT or MLm, and corpus callosum (Figure
1(b)). 500 seeds were placed at random in each voxel of the thalamus, keeping streamlines
connecting target ROIs. Tracking parameters were a minimum fiber length=20 mm, maximum
fiber length=250 mm, step size=0.5 mm, and angle threshold=45°. Figure 2 shows the
probDRTT in one patient.

Figure 1: Delineation of the (a) inclusion regions of interests (dentate nucleus, motor cortex and
thalamus) and (b) exclusion ROIs (internal capsule at the level of AC-PC) for the reconstruction
of dentato-rubro-thalamic tract. Blue color indicates the ROIs on the right side of the brain, red
color indicates the ROIs on the left side of the brain, and pink color indicates the exclusion
masks.
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Figure 2. Representation of dentato-rubro-thalamic tract in one patient with essential tremor
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2.4. Calculation of centroids

The T1 images of the patients were manually AC-PC aligned in ITK-Snap software®, and
rigidly registered to the FA maps using ANTs. The track-density image (TDI) of the DRTT was
obtained* and transformed to AC-PC aligned T1 space and inspected within the axia slice
containing the AC-PC line. The center of gravity (centroid) within this plane was calculated by
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using the TDI values as weights and transformed to medial/lateral (ML) and anterior/posterior
(AP) coordinates by subtracting the real-world coordinates of the PC.

2.5. Clinical assessments

Tremor was assessed in a subset of patients (n=10) before and after the DBS surgery using the
Clinical Rating Scale for Tremor (CRST) score (ranging from 0-160 points, higher scores
indicating greater disability).*

2.6. Comparison between different methods of VIM localization

Paired sample t-tests were performed between AP and ML positions of lead center to the centers
of stereotactic coordinates, Sammartino-based detDRTT and probDRTT. A P value of 0.05 was
considered statistically significant. All analysis was performed in SPSS version 21.

3. Resaults
The demographics and clinical characteristics of the patients are shown in Table 1.

Table 1. Demographic and clinical characteristics of the patients.

Demographic and clinical characteristics

Number of DBS patients 19
Age (Mean + SD) 66.05 + 12.07
Gender (M:F) 10:9
DBS implants (n)
Bilateral 13
Right implant
Left implant 4

CRST score in dominant hand (n=10)*
Pre-CRST scorein dominant hand (Mean+ SD)  12.70+ 8.01
Post-CRST score in dominant hand (Mean £ SD) 3.30+ 3.36

CRST score in non-dominant hand (n=9)**
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Pre-CRST score in dominant hand (Mean £ SD)  10.66 + 5.78
Post-CRST score in dominant hand (Mean £ SD)  4.00 + 3.80

- *After surgery, tremor scores improved (P=0.001); ** After surgery, tremor scores improved (P=0.001)

Of 32 hemispheres studied, nd-DRTT and d-DRTT traversing to ipsilateral motor cortical output
fibers were demonstrated in all hemispheres using probDRT. Using Sammartino-based
detDRTT, although nd-DRTT was reconstructed in all hemispheres, d-DRTT was reconstructed
only in 11 hemispheres (31%).

At the level of the intercommissural line, leads were located 12.05 + 1.35 mm lateral to the
midline and 5.19 + 0.91 mm anterior to the PC. The probDRTT was located 11.76 £ 2.04 mm
lateral to the midline and 6.64 + 1.64 mm anterior to the PC. The detDRTT was located 14.22 +
2.27 mm lateral to the midline and 6.85 + 2.21 mm anterior to the PC. The stereotactic
coordinates were located 14.46 £ 0.59 mm lateral to the midline and 6.42 + 0.44 mm anterior to
the PC (Table 2).

Table 2. Deep Brain Stimulation Lead and Dentato-rubro-thalamic Tract Coordinates

Lateral distance from AC-PC Anteior distance from AC-PC

(mm) (mm)
DBSleads 12.05+1.35 519+ 0.91
ProbDRTT 11.76 £ 2.04 6.64+1.64
Sammartino-based detDRTT 14.22 £ 2.27 6.85+ 221
Stereotactic coordinates 14.46 + 0.59 6.42 £ 0.44

Hence, the probDRTT was significantly anterior to the lead by 1.45 + 1.61 mm (P<0.0001), but
not significant in the ML position -0.29 + 2.42 mm (P= 0.50). The detDRTT was significantly
lateral and anterior to the lead, with adistance of 2.16 £ 1.94 mm (P<0.0001) and 1.66 £ 2.1 mm
(P<0.0001) respectively. The stereotactic coordinates were also significantly lateral and anterior
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to the lead, with a distance of 2.41 £+ 1.41 mm (P<0.0001) and 1.23 + 0.89 mm (P<0.0001)
respectively. Figure 3 depicts the coordinates of the centers of DBS lead, probDRTT,

Sammartino-based detDRTT, and stereotactic coordinates in the commissural plane.

Figure 3. Coordinates of the centers of DBS lead, probDRTT, Sammartino-based detDRTT, and

stereotactic coordinates in the commissural plane.

DBS lead
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VIM-Stereotactic

4. Discussion

Precise targeting of the VIM is important for favorable patient outcome and efficacy of DBS and
MRgFUS procedures. In this study, we demonstrated better VIM localization using probabilistic
tracking compared to deterministic tracking, and stereotactic coordinates based on ther
comparison with DBS lead positions using MER. VIM targeted using probDRTT was anterior to
the DBS leads with no medial or lateral bias, while stereotactic coordinates and detDRTT were
significantly anterior and lateral to the DBS leads.

Tractography has been widely used for VIM targeting by neurosurgeons for preoperative
planning.* Currently, the only method available in commercial neurosurgical planning software
is deterministic tractography. While DRTT is a complex cerebello-thalamic tract with

decussating and non-decussating pathways,**'’ deterministic tractography is insensitive in
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detecting crossing, kissing or other complex fiber arrangements,**with a low success rate in
reconstructing DRTT consistently across patients.>?** Few studies have compared deterministic
and probabilistic tractography, with detDRTT being less sensitive in DRTT identification.
Schlaier et al., reported that deterministic tractography was less sensitive compared to
probabilistic tractography for identifying d-DRTT>. Sammartino et al. successfully reconstructed
d-DRTT and nd-DRTT using probabilistic tractography. Although deterministic tractography
produced nd-DRTT, d-DRTT was identified only in 62% of cases studied.” When using the
Sammartino method for detDRTT we observed that nd-DRTT was consistently reconstructed but
not d-DRTT. On the other hand, probabilistic tractography successfully generated non-
decussating and decussating DRTT. Thus, we demonstrate that probabilistic tractography is
successful in identifying the decussating and non-decussating pathways of the DRTT unlike

deterministic tracking.

Further, we studied the VIM locations generated using stereotactic coordinates, detDRTT and
probDRTT in the commissural plane. Yang et a.> who used Sammartino-based detDRTT in 26
patients with DBS observed that DRTT was anterior to the lead by 1.5 and lateral by 2.1 mm,
which is congstent with present study in a subset of 19 patients with DBS, where Sammartino-
based detDRTT was 1.6 mm anterior and 2.1 lateral to the lead. In the original study by
Sammartino et al.,?® DRTT was 1.8 mm anterior and 1 mm lateral to the leads in 18 patients with
ET. Another study by the same group using probabilistic tractography in a cohort of patients with
focused ultrasound, found VIM location determined by probDRTT to be 0.9 mm anterior to the
lesion®. In our study, probDRTT was significantly anterior to the lead by 1.4 mm with no
medio-lateral bias. Finaly, the VIM stereotactic coordinates were significantly anterior and
lateral to the lead. Our results suggest that centroids of probDRTT as the initial target are
superior to using the stereotactic coordinates or detDRTT in targeting VIM. However, the results
should be interpreted cautiously because of the anterior displacement of probDRTT. It isunclear
whether thisisrooted in individual variability or areflection of true difference. In future, studies

in alarger sample size would be necessary to tease this apart.

There are some limitations to our study. Sample size of this study is small, and in future the
probDRTT results will need to be validated in a larger cohort of patients for VIM targeting. Until
now, only detDRTT have been integrated into surgical planning platforms, and probDRTT is not
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approved for clinical practice. Despite these limitations, we believe that our findings support
further investigation of the use of probDRTT to consistently produce the DRTT for the
localization of VIM for DBS and MRgFUS.

5. Conclusons

We observed that VIM targeted using stereotactic coordinates and Sammartino-based detDRTT
were anterior and lateral to the lead. ProbDRTT was anterior to the lead but did not have any
bias in the medial-lateral direction. Our results suggest that probDRTT is superior to stereotactic
coordinates and detDRTT in targeting the VIM for DBS or MRgFUS procedures.

Sour ces of Funding: This research was supported by National Institutes of Health (NIH) grant
RO1NS096606 (PI: Ragini Verma)
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