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NEURO

RESEARCH—HUMAN—CLINICAL STUDIES

@‘ Tractography-Based Surgical Targeting for Thalamic

Deep Brain Stimulation: A Comparison of

. Probabilistic vs Deterministic Fiber Tracking of the

Dentato-Rubro-Thalamic Tract

BACKGROUND: The ventral intermediate (VIM) thalamic nucleus is the main target for the
surgical treatment of refractory tremor. Initial targeting traditionally relies on atlas-based
stereotactic targeting formulas, which only minimally account for individual anatomy. Al-
ternative approaches have been proposed, including direct targeting of the dentato-rubro-
thalamic tract (DRTT), which, in clinical settings, is generally reconstructed with deterministic
tracking. Whether more advanced probabilistic techniques are feasible on clinical-grade
magnetic resonance acquisitions and lead to enhanced reconstructions is poorly understood.
OBJECTIVE: To compare DRTT reconstructed with deterministic vs probabilistic tracking.
METHODS: This is a retrospective study of 19 patients with essential tremor who underwent deep
brain stimulation (DBS) with intraoperative neurophysiology and stimulation testing. We assessed the
proximity of the DRTT to the DBS lead and to the active contact chosen based on clinical response.
RESULTS: In the commissural plane, the deterministic DRTT was anterior (P < 10~ and lateral
(P < 10~%) to the DBS lead. By contrast, although the probabilistic DRTT was also anterior to the
lead (P < 10~%), there was no difference in the mediolateral dimension (P = .5). Moreover, the 3-
dimensional Euclidean distance from the active contact to the probabilistic DRTT was smaller vs
the distance to the deterministic DRTT (3.32 = 1.70 mm vs 501 = 2.12 mm; P < 10~%).
CONCLUSION: DRTT reconstructed with probabilistic fiber tracking was superior in
spatial proximity to the physiology-guided DBS lead and to the empirically chosen active
contact. These data inform strategies for surgical targeting of the VIM.

KEY WORDS: Deep brain stimulation, Dentato-rubro-thalamic tract, Deterministic tractography, Diffusion tensor
imaging tractography, Magnetic resonance imaging—guided focused ultrasound, Probabilistic tractography,
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or the surgical treatment of medically re-

fractory tremor (in the setting of essential

tremor [ET] or tremor-dominant Parkinson
disease),' the target is the ventral intermediate
(VIM) thalamic nucleus, which relays signals
between the motor cortex and the cerebellum
mediating motor control. The VIM is a relatively
small anatomic structure (4 x 4 x 6 mm?; ante-
roposterior [AP] x mediolateral [ML] x cranio-
caudal [CC]),> which cannot be readily visualized
on structural magnetic resonance imaging (MRI)
obtained at field strengths typically available in the
clinical setting.‘?”4 Therefore, the VIM has tradi-
tionally been targeted “indirectly” using atlas-based
stereotactic  targeting formulas that reference
neighboring anatomic structures (eg, commissural
line and third ventricle).” As indirect targeting
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YANG ET AL

provides only an approximation of the location of the VIM, the final
surgical target can be further refined with intraoperative micro-
electrode recordings (MERs) and neurological evaluations concurrent
with stimulation.

The goal of this study was to provide an alternative
tractography-based localization method for the VIM, which
may be particularly useful for interventions in which intra-
operative recordings or stimulation testing are not available (eg,
magnetic  resonance [MR]-guided focused ultrasound
[MRgFUS] or “asleep” deep brain stimulation [DBS]). Spe-
cifically, there has been much interest in the dentato-rubro-
thalamic tract (DRTT), reconstructed using diffusion tensor
imaging (DTI) tractography, as an anatomic biomarker of the
VIM. Although indirect targeting incorporates patient-specific
anatomic parameters (eg, third ventricular width and anterior
commissure [AC]—posterior commissure [PC] length), the
ability to visualize and target the DRTT from individual pa-
tient’s MRI provides an opportunity to directly account for
intersubject anatomic variability.

According to the classical definition, the DRTT has a decus-
sating pathway (d-DRTT), which emanates from the dentate
nucleus (DN), passes through the superior cerebellar peduncle to
the contralateral red nucleus (RN)/posterior subthalamic area
(PSA), and terminates in the VIM, where it synapses with neurons
ascending to the motor cortex (primary motor cortex [M1],
premotor cortex, and supplementary motor cortex). These ana-
tomic pathways were first defined in nonhuman primates®” and
later in humans on postmortem microdissection and tractography
studies.”® ' In addition to the d-DRTT, a nondecussating
pathway of the DRTT (nd-DRTT) projecting to the ipsilateral
RN/PSA and VIM has also been reported in humans.'

There is a multiplicity of published algorithms for DRTT
tractography that vary in 2 key aspects. First, different user-defined
parameters have been used, particularly for the regions of interest
(ROIs) used as seed regions for tractography. These ROIs generally
represent a subset of the key structures along the path of the DRTT
(as discussed above).'? Alternatively, Sammartino et al'? defined a
ROI in relation to the neighboring corticospinal tract (CST) and
medial lemniscus (MLm). Second, most clinical studies examining
DRTT for VIM targeting have applied deterministic fiber-tracking
algorithms because of its tractable computational load and inte-
gration on commercially available surgical targeting platform.
However, deterministic techniques are insensitive to crossing fibers
within individual voxels and fail to consistently reconstruct the
decussating fibers of the DRTT,'*'* hindering interpretation of
findings when the location of the DRTT is not congruent with the
putative location of the VIM localized in the context of DBS or
MRgFUS.!>!¢ By contrast, probabilistic tracking algorithms are
based on higher-order diffusion models, providing better resolution
of complex fiber arrangements.

Accurate localization of the VIM is crucial to achieve optimal
clinical outcomes in tremor surgery. However, there is a dearth of
research comparing the DRTT reconstructed with deterministic
vs probabilistic tracking and so whether probabilistic tracking of
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the DRTT is of any additional clinical value in the context of
tremor surgery is poorly understood. In this study, we propose a
new protocol for reconstruction of the DRTT with probabilistic
tractography (probDRTT). The results were compared with tracts
obtained with a widely used deterministic method (detDRTT) !
7719 using the location of DBS leads implanted with intra-
operative MER and stimulation testing and the empirically chosen
active contacts as comparison references.

METHODS

Patient Cohort

We studied 19 patients who underwent DBS surgery for ET (August
2018-February 2019). This cohort was derived from 26 consecutive
patients, after exclusion of 7 patients because of unavailability of im-
aging data (N = 1), poor imaging quality precluding preprocessing (N =
4), or use of different DTI scanning parameters (N = 2). Thirteen
patients underwent bilateral implants, and 6 patients underwent
unilateral implants (R hemisphere in 2), allowing investigation of 32
DBS leads. Surgical procedure has been previously described in detail.>°
In brief, patients underwent stereotactic placement of DBS leads with
the Leksell frame (Elekta, Stockholm, Sweden). MERs were initially
obtained along a single tract (center). If units with hand and/or distal
upper extremity kinesthetic receptive fields were not identified, addi-
tional tracts were sequentially studied. In the current cohort, additional
tracts were studied in 3 hemispheres (posterior tract in 2 hemispheres
and medial tract in 1). After macrostimulation testing to confirm a
satisfactory therapeutic range of stimulation voltages, the DBS lead was
implanted such that the most distal contact was at the most distal level at
which kinesthetic units were recorded. We note that this study is an
extension of previous work that focused on deterministic DRTT.'” The
study protocol was approved by our local Institutional Review Board.
All patients provided written informed consent before treatment and
imaging acquisition. The Strengthening the Reporting of Observational
Studies in Epidemiology (STROBE) guidelines were used in reporting
our findings.

MR Acquisitions

Preoperative MRI was acquired at 3T using a 19-channel head coil
(Discovery MR750w, GE Healthcare). Imaging data for tractography were
acquired with DTT (b-value = 0 s/ 'mm?, 33 gradient directions with b-value =
2000 s/mm?, repetition time [TR]/echo time [TE] = 14/0.113, field of view
26 cm, slice thickness = 3 mm, 128 x 128 acquisition matrix, in-plane
resolution 1 x 1 mm). Postoperative MRI was acquired at 1.5 T using a 12-
channel coil (Optima 450w, GE Healthcare). Locations of the lead/active
contact were obtained from T'1-weighted spoiled gradient recalled echo (TR/
TE = 6.3/1.46 ms, flip angle = 20°, slice thickness = 2 mm, 320 x 256

acquisition matrix, in-plane resolution of 0.43 x 0.43 mm).

Fiber-Tracking Technique

DetDRTT was obtained following published methodology, 13 im-
plemented on DynaSuite Neuro (InVivo Corp, Pewaukee). In brief, a
seed region for the DRTT was defined in the bicommissural plane for the
CST and MLm, whereby a circular ROI (3-mm radius) was placed such
that its center was equidistant from the borders of the CST and MLm.

neurosurgery-online.com

© Congress of Neurological Surgeons 2022. Unauthorized reproduction of this article is prohibited.



PROBABILISTIC TRACTOGRAPHY FOR VIM TARGETING

Inclusion ROls

Dentate nucleus

o A,

-

Exclusion ROls

Internal capsule

Motor cortex

Brain stem

Thalamus

Corpus callosum

FIGURE 1. ROIL for probabilistic tractography of the DRTT. A, Seed ROI (thalamus) and target ROIs
(dentate nucleus and primary motor cortex). B, Exclusion ROIs (internal capsule in the bicommissural plane,
ventral brainstem, and corpus callosum). Blue indicates ROIs in the right hemisphere; red indicates ROL in the
left; pink indicates exclusion ROL. DRTT, dentato-rubro-thalamic tract; ROILs, regions of interest.

For probDRTT, DTI data sets were denoised (principal components
analysis®") and corrected for eddy currents and motion artifacts with the
eddy?? tool in the Functional Magnetic Resonance Imaging of the Brain
software library.?> The T1-weighted structural images were bias corrected
using the N4 bias correction tool in advanced normalization tools (ANTs),
24 and skull stripping was achieved using the multiatlas region segmentation
utilizing ensembles of registration algorithms and parameters”> (MUSE)
methodology. T1 images were coregistered with DTI images using a 6-
DOF rigid transformation on ANT. This was followed by a nonlinear
registration of the DTI images to the coregistered T1 images using the
symmetric image normalization method on ANT which was constrained to
the AP direction to correct echo planar imaging distortions.

Constrained spherical deconvolution was performed to estimate the fiber
orientation distribution in each voxel using the MRurix3%° package. Prob-
abilistic tractography was then performed using the second-order integration
over fiber orientation distributions (iFOD2) algorithm.?” The seed region
was the thalamus, which was automatically segmented using FreeSurfer®® in
the T1 images (Figure 1A). The target regions were the hand area of M1 and
bilateral DN, which were manually delineated on the fractional anisotropy
and BO images, respectively. Exclusion ROIs were also manually defined to
prevent merging with the CST or MLm and consisted of the internal capsule
in the bicommissural plane, the corpus callosum, and the ventral portion of
the brainstem (Figure 1B). Seeds were then placed randomly across voxels of

NEURO

the thalamus (N = 500), and only streamlines connecting the hand area and
bilateral DNs were retained. Tracking was performed with the following
parameters: 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 an example patient.

Clinical Assessments

DBS programming was conducted empirically based on the patient’s
clinical response (both tremor reduction and adverse stimulation effects) by
neurologists with subspecialty expertise in movement disorders. The cathode
was treated as the active contact for monopolar and bipolar stimulation
configurations. For interleaved or muldpolar configurations, the point in
between the 2 cathodes was treated as the active contact. Tremor mea-
surements using the Clinical Rating Scale for Tremor® (CRST) ques-
tionnaire (treated hand score; range 0-32 points for dominant hand and 28
for nondominant hand, with higher scores indicating greater disability) from
before and after DBS were available in a subset of patients (N = 12).

Calculation of Centroids of Implants and Tracts
T1 images were manually AC-PC aligned using ITK-Snap.>° The
track-density images of the DRTT were then registered to the AC-PC—

aligned T'1 images using the inverse of the rigid transformation described
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FIGURE 2. Example DRTT reconstructed in an individual patient. DRTT,
dentato-rubro-thalamic tract.

above.?! At each axial slice, the centroids of the DRTT were obtained
by computing the center of gravity, using the number of fibers from
the trace density images (TDI) as weights for each voxel (fslstats tool
in FMRIB Software Library). The centroids of the DBS lead in the
bicommissural plane and at the level of active contact were also
computed (see Methods and Table, Supplemental Digital Content,
htep://links.lww.com/NEU/B50, for details on how the axial slice of
the active contact was determined). In the bicommissural plane, the
coordinates of the tracts and DBS leads were compared separately in
the AP or ML dimension. The 3-dimensional Euclidean distances
between the active contact and the tract centroids were calculated at
cach axial slice. To compare proximity of active contacts to the
detDRTT tract vs the probDRTT tract, we used the minimum of
these Euclidean distances. A P value of 0.05 was considered statis-
tically significant. All statistical analysis was performed with SPSS
(IBM, Armonk).

RESULTS

A total of 19 patents with ET who underwent thalamic DBS (32
leads) were included in this study (Table 1). After implant (3.1 + 2.4
[mean + standard deviation] months), treated hand scores of the CRST
improved by 66% (paired sample #test, P< 10~>). None of the treated
hands had worse tremor postoperatively. In the remaining 7 patients
(11 leads) in whom CRST data were not available, none of the patients
were noted to be nonresponders on clinical examination.

Of the total 32 implanted hemispheres, probabilistic tractography
successfully reconstructed the nd-DRTT and d-DRTT in all
hemispheres. By contrast, although the nd-DRTT was visualized in
all hemispheres with deterministic tractography, the d-DRTT was
reconstructed only in 11 of the 32 hemispheres (31%).

In the bicommissural plane, leads were located 12.05 + 1.35 mm
lateral to the midline and 5.19 + 0.91 mm anterior to PC (Table 2,
Figure 3). The probDRTT was located at 11.76 + 2.04 mm and
6.64 £ 1.64 mm, respectively. Although the probDRTT was anterior
to the lead by 1.45 + 1.61 mm (paired sample #test, P< 10~%), there
was no difference in the ML coordinates (—0.29 + 2.42 mm; P=.5).
The detDRTT was located at 14.22 + 2.27 mm and 6.85 + 2.21
mm, respectively, which was both lateral (2.16 + 1.94 mm; P< 109
and anterior (1.66 + 2.1 mm; P < 10 to the lead.

422 | VOLUME 90 | NUMBER 4 | APRIL 2022

TABLE 1. Demographic and Clinical Characteristics

Characteristics

No. of DBS patients 19
Age (mean + SD) 66.05 + 12.07
Sex (M:F) 10:9
DBS implants (hemispheres)
Bilateral 13
Right implant 2
Left implant 4

CRST score in the dominant hand (N = 12
hemispheres)

Pre-CRST score in the dominant hand (mean + SD) 122+ 74

Post-CRST score in the dominant hand (mean + SD) 4.0+ 3.0
CRST score in the nondominant hand (N = 9)

Pre-CRST score in the nondominant hand (mean + 10.7 + 5.8

SD)

Post-CRST score in the nondominant hand (mean + 40+ 38

SD)

CRST, Clinical Rating Scale for Tremor; DBS, deep brain stimulation; SD, standard
deviation.

The empirically chosen active contacts (6.5 + 1.7 months
after surgery) were above the bicommissural plane in all
hemispheres (4.95 + 1.81 mm; Methods and Table, Sup-
plemental Digital Content, http://links.lww.com/NEU/
B50). The 3-dimensional Euclidean distance from the ac-
tive contact to the probDRTT was 3.32 + 1.70 mm, which was
smaller téhan the distance to the detDRTT (5.01 # 2.12 mm;
P<1077).

DISCUSSION

We compared the locations of the DRTT reconstructed with
probabilistic vs deterministic tracking in the context of tremor
surgery. In 19 patients with ET who underwent DBS implant (34
hemispheres) with intraoperative neurophysiology and stimula-
tion testing, we used as a comparison reference the location of the
active contacts, chosen based on clinical response by subspecialist
neurologists. Our main finding was that the probDRTT (3.32 +
1.70 mm) was closer to the active contact compared with the

detDRTT (5.01 + 2.12 mm). Notably, the distance from the

TABLE 2. DBS Lead and DRTT Coordinates in the Bicommissural
Plane

Lateral distance from AC-PC Anterior distance from

line (mm) PC (mm)
DBS leads 12.05 = 1.35 5.19 £ 0.91
ProbDRTT 11.76 + 2.04 6.64 + 1.64
DetDRTT 1422 + 2.27 6.85 + 2.21

AP-PC, anterior commissure—posterior commissure; DBS, deep brain stimulation;
DRTT, dentato-rubro-thalamic tract; PC, posterior commissure; SD, standard deviation.
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FIGURE 3. Coordinates of the centroids of DBS leads, detDRTT, and probDRTT in the bicommissural plane. A, AP
coordinates as absolute distance (mm) from the PC. B, AP coordinates as percentage of AC-PC length. AP, anteroposterior; AC,
anterior commissure; DBS, deep brain stimulation; detDRTT, deterministic dentato-rubro-thalamic tract; PC, posterior
commissure; probDRTT, probabilistic tractography deterministic dentato-rubro-thalamic tract.
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active contact to the probDRTT is congruent with the radius of
stimulation spread (=2.5-4 mm) based on computational mod-
eling and experimental data.*>* To the best of our knowledge,
this is the first study to provide evidence that probabilistic
tractography results in superior reconstruction of the DRTT when
compared with deterministic tractography.

From a practical standpoint, deterministic tractography offers
distinct advantages over probabilistic techniques, which include
integration into commercially available, Food and Drug
Administration-approved surgical targeting software, ease of
implementation, and reduced computational load (on the order of
minutes vs hours). However, the DRTT is a complex cer-
ebellothalamic tract with decussating and nondecussating path-
ways, and deterministic tractography is limited for resolving
complex intravoxel fiber arrangements. Our data, along with the
limited number of previous comparative studies, 13,14 demonstrate
that deterministic methods are successful in reconstructing the
DRTT only in a minority of cases (17%-62%) vs in 100% of cases
with probabilistic techniques.

A growing body of literature has provided clinical validation
of the DRTT visualized with either deterministic or proba-
bilistic methods.”> Building on these studies, our data suggest
that direct targeting of the probDRTT may yield a greater
clinical benefit vs targeting the detDRTT. However,
tractography-based targeting engenders ambiguity in terms of
where along the tract in three-dimensional space the optimal
target may be. Established targeting methods (ie, atlas-based
formulas) offer a straightforward approach by constraining
targets to within the bicommissural plane. Hence, DBS leads
are implanted with an anterolateral to posteromedial angle of
approach, whereby the available contacts span the cranio-
caudal extent of the VIM above the bicommissural plane. We
speculate that simply targeting the probDRTT in the bi-
commissural plane may be oversimplistic. Future studies
should investigate placement of leads that takes into account
the complex 3-dimensional course of the DRTT, eg, as it
traverses horizontally from the VIM toward the motor cortex
(as shown in Figure 2).

Limitations

There are some limitations to our study. Although we observed
that the distance from active contact to probDRTT was smaller
than the distance to detDRTT, a correlation with the degree of
tremor reduction (eg, with the CRST) was prohibited because
these data were only available in a subset of patients. Moreover, we
emphasize that because DBS leads were implanted in most
hemispheres after physiological mapping along a single tract, it is
impossible to ascertain whether the empirically chosen location of
the active contact represents the globally optimal target (ie,
sampling error). However, such a granular physiological mapping
during DBS surgery is fundamentally limited, given the con-
straints of current state-of-the-art surgical approaches and ethical
concerns in patient care.

424 | VOLUME 90 | NUMBER 4 | APRIL 2022

CONCLUSION

The probabilistic DRTT was spatially more congruent with the
location of physiology-guided DBS leads and the location of the
clinically optimal active contacts, providing both physiological
and clinical support that probabilistic tracking leads to superior
reconstruction of the DRTT when compared with deterministic
tracking.
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