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A B S T R A C T

Purpose: To evaluate the use of diffusion magnetic resonance imaging (MRI) tractography for neurosurgical
guidance of transcranial MRI-guided focused ultrasound (tcMRgFUS) thalamotomy for essential tremor (ET).
Materials and methods: Eight patients with medication-refractory ET were treated with tcMRgFUS targeting the
ventral intermediate nucleus (Vim) of the thalamus contralateral to their dominant hand. Diffusion and struc-
tural MRI data and clinical evaluations were acquired pre-treatment and post-treatment. To identify the optimal
target location, tractography was performed on pre-treatment diffusion MRI data between the treated thalamus
and the hand-knob region of the ipsilateral motor cortex, the entire ipsilateral motor cortex and the contralateral
dentate nucleus. The tractography-identified locations were compared to the lesion location delineated on 1 year
post-treatment T2-weighted MR image. Their overlap was correlated with the clinical outcomes measured by the
percentage change of the Clinical Rating Scale for Tremor scores acquired pre-treatment, as well as 1month,
3 months, 6 months and 1 year post-treatment.
Results: The probabilistic tractography was consistent from subject-to-subject and followed the expected
anatomy of the thalamocortical radiation and the dentatothalamic tract. Higher overlap between the tracto-
graphy-identified location and the tcMRgFUS treatment-induced lesion highly correlated with better treatment
outcome (r=−0.929, −0.75, −0.643, p=0.00675, 0.0663, 0.139 for the tractography between the treated
thalamus and the hand-knob region of the ipsilateral motor cortex, the entire ipsilateral motor cortex and the
contralateral dentate nucleus, respectively, at 1 year post-treatment). The correlation for the tractography be-
tween the treated thalamus and the hand-knob region of the ipsilateral motor cortex is the highest for all time
points (r=−0.719, −0.976, −0.707, −0.929, p= 0.0519, 0.000397, 0.0595, 0.00675 at 1month, 3months,
6 months and 1 year post-treatment, respectively).
Conclusion: Our data support the use of diffusion tractography as a complementary approach to current targeting
methods for tcMRgFUS thalamotomy.

1. Introduction

Essential tremor (ET) is one of the most common neurological dis-
eases, currently affecting an estimated seven million individuals in the
United States and millions more worldwide (Louis et al., 1998; Louis
and Ferreira, 2010; Louis and Ottman, 2014). ET patients suffer from
physical symptoms, such as rhythmic trembling of the hands, head,

voice, legs or trunk, that compromise daily living ability, as well as
psychosocial effects that compromise quality of life (Lorenz et al., 2006;
Woods et al., 2008; Lorenz et al., 2011). Tremor suppression can be
achieved by lesioning or stimulating a relay nucleus of the thalamus,
known as the ventral intermediate nucleus (Vim) (Zesiewicz et al.,
2005; Fang et al., 2016). One approach to lesion Vim is transcranial
magnetic resonance imaging (MRI)-guided focused ultrasound
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(tcMRgFUS). This technique applies a high-intensity focused ultrasound
beam to thermally ablate targeted tissue using MRI for guidance
(Ghanouni et al., 2015). A key benefit of the tcMRgFUS approach is that
it is minimally invasive without the need to open the skull. Thus far,
tcMRgFUS has successfully treated ET patients in several clinical trials
(Elias et al., 2013; Wintermark et al., 2014a; Wintermark et al., 2014b;
Elias et al., 2016; Schreglmann et al., 2017).

Accurate targeting of Vim is essential for safe, effective and durable
treatment with tcMRgFUS. Vim is a relatively small structure (ap-
proximately 4× 4×6mm3 (Nowinski et al., 2008; Sammartino et al.,
2016)) and has low intrinsic contrast relative to surrounding thalamic
nuclei on standard structural MRI (Tourdias et al., 2014; Saranathan
et al., 2015). Current methods to target Vim use a standard atlas
overlaid on the patients' structural MR images or stereotactic location
derived from population-based coordinates relative to the anterior
commissure-posterior commissure line (Ghanouni et al., 2015). These
methods have several limitations. First, they do not account for all of
the anatomical variability between subjects (Kincses et al., 2012).
Second, they lack specificity. For example, identification of the hand
representation within Vim, is of particular interest to more specifically
treat hand tremor symptoms. Improvements in patient-specific, image-
based targeting for tcMRgFUS could also help to minimize adjustments
of the target based on real-time patient feedback during the procedure,
which can result in prolonged treatment time and a risk of adverse
effects such as edema spreading into the nearby capsule.

By mapping the white matter pathways that conduct the electrical
signals governing hand movement, we hypothesize that diffusion MRI
tractography (Conturo et al., 1999; Mori et al., 1999; Behrens et al.,
2007; Morris et al., 2008; Descoteaux et al., 2009; Ye et al., 2016; Pujol
et al., 2015) can help identify a location in the thalamus that maximizes
the reduction of hand shaking, minimizes side effects, and shortens the
procedure time. Diffusion MRI tractography is a non-invasive technique
that reconstructs three-dimensional models of white matter fiber
pathways based on voxel-wise diffusion patterns (Basser et al., 1994;
Pierpaoli and Basser, 1996; Tuch et al., 2002; Behrens et al., 2003a;
Tournier et al., 2004; Wedeen et al., 2005; Jbabdi et al., 2012) mea-
sured by a diffusion-sensitized MRI acquisition (Stejskal and Tanner,
1965). Diffusion tractography algorithms can be divided into determi-
nistic (Conturo et al., 1999; Mori et al., 1999) and probabilistic
(Behrens et al., 2007; Morris et al., 2008; Descoteaux et al., 2009) ap-
proaches. Models of the voxel-wise diffusion pattern can be generally
divided into those that take into account intra-voxel crossing fibers
(Tuch et al., 2002; Behrens et al., 2003a; Tournier et al., 2004; Wedeen
et al., 2005; Jbabdi et al., 2012; Tian et al., 2016) and those that do not,
such as the traditional single fiber diffusion tensor model (Basser et al.,
1994; Pierpaoli and Basser, 1996).

Tractography has been applied previously to segment the nuclei of
the thalamus by mapping the structural connections between the tha-
lamus and distinct cortical areas (Behrens et al., 2003b; Pouratian et al.,
2011; Elias et al., 2012). This methodology was validated using archi-
tectonic atlases, functional MRI (Johansen-Berg et al., 2005) and elec-
troencephalography (Elias et al., 2012) and was shown to have high
within-subject and between-subject reproducibility (Behrens et al.,
2003b; Traynor et al., 2010). A subset of cortical areas is commonly
used to reconstruct white matter tracts that intersect with specific
thalamic regions of interest based on known thalamocortical structural
connections. For example, tracer studies have shown that Vim is the
primary location within the thalamus that connects with motor cortex
(Rouiller et al., 1999; Rouiller et al., 1994; Sakai et al., 2002;
Stepniewska et al., 2003; Schell and Strick, 1984; Wiesendanger and
Wiesendanger, 1985; Jones et al., 1979; Matelli et al., 1989; Darian-
Smith et al., 1990). Tractography studies have replicated this anatomy
by tracking between the thalamus and the primary motor cortex
(Kincses et al., 2012; Jakab et al., 2016) or between the red nucleus and
motor cortex (Yamada et al., 2010) to target Vim. Prior studies have
evaluated the efficacy of tractography-based Vim targeting on healthy

subjects by comparison to an atlas or inter-subject reproducibility
(Kincses et al., 2012; Jakab et al., 2016; Yamada et al., 2010). The
predominant application of tractography-based targeting is deep brain
stimulation (DBS) surgery (Sammartino et al., 2016; Kincses et al.,
2012; Pouratian et al., 2011; Elias et al., 2012; Barkhoudarian et al.,
2010; Sedrak et al., 2011; Klein et al., 2012; Akram et al., 2018) (review
papers: (Henderson, 2012; Torres et al., 2014; Calabrese, 2016)).

Here, we evaluate diffusion tractography as a neurosurgical gui-
dance tool specifically in the context of tcMRgFUS treatment. Our ret-
rospective study involves eight ET patients treated in a clinical trial at
Stanford University. We retrospectively identified a target location
using pre-treatment diffusion tractography data and compared the
tractography-identified location with the location where the lesion had
been induced. The overlap between the tractography-identified location
and the lesion was correlated with the clinical outcomes to evaluate the
utility of the tractography targeting procedure for future prospective
studies. We mapped three different tracts by performing the probabil-
istic tractography for identifying the Vim, i.e. between the treated
thalamus and the hand-knob region (Yousry et al., 1997) of the ipsi-
lateral motor cortex, the entire ipsilateral motor cortex and the con-
tralateral dentate nucleus. Our study is also distinguished from prior
literature by correlating with clinical outcomes measured at time points
that extend to one full year from the time of treatment and accounting
for the uncertainty of the probabilistic tractography results to identify
the targeted region.

2. Materials and methods

2.1. Study population and procedure

The study was conducted with institutional review board approval
of Stanford University. Prospective, informed consent was provided by
the patients enrolled in the study. Eight patients with bilateral medi-
cation-refractory ET were treated with tcMRgFUS thalamotomy tar-
geting Vim contralateral to their dominant hand at Stanford University
(details of the inclusion and exclusion criteria described in (Federau
et al., 2017)). Lesioning was performed using a clinical 3 Tesla MRI
system (Discovery MR750, GE Healthcare, Milwaukee, Wisconsin) and
a clinical system for focused ultrasound surgery (ExAblate Neuro 4000,
InSightec, Haifa, Israel). Diffusion MRI data were not used for targeting
in these treatments, rather traditional indirect targeting was performed.
Specifically, the Vim location was initialized by referring to the anterior
commissure-posterior commissure line, and further adjusted and con-
firmed using intra-procedural feedback from awake patients such that
the hand tremor was maximally suppressed and unwanted side effects
minimized (Ghanouni et al., 2015; Elias et al., 2016).

2.2. Clinical outcome assessment

All patients were clinically evaluated by the same neurologist based
on recorded patient videos and drawings/hand writings from pre-
treatment, as well as 1month, 3months, 6 months and 1 year post-
treatment. The 1 year score for patient P3 was not available. The effi-
cacy of tremor suppression was measured using the Clinical Rating
Scale for Tremor (CRST) (Fahn et al., 1993), which consists of three
components: Part A (tremor severity), Part B (specific motor task per-
formance) and Part C (functional disability resulting from tremor). A
hand-specific sub-score of a combined A+B score for the treated hand
(ranging from 0 to 32) was used to compare to the tractography results.
Higher scores indicate worse tremor.

2.3. MRI protocol

MRI scans were performed on a clinical 3 Tesla MRI system
(Discovery MR750, GE Healthcare, Milwaukee, Wisconsin) equipped
with an 8-channel radio frequency receive coil. Data acquisition
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included whole-brain diffusion and structural MRI data. Diffusion-
weighted MRI data were acquired pre-treatment using a two-dimen-
sional (2D) single-refocused diffusion-weighted spin-echo echo-planar
imaging (DW-SE-EPI) sequence. T2-weighted and T1-weighted MRI data
were acquired 1 year post-treatment using a three-dimensional (3D) fast
spin echo (FSE) sequence and a 3D magnetization-prepared rapid gra-
dient-echo (MPRAGE) respectively. Data acquisition parameters are
shown in Table 1.

2.4. Regions of interest

Regions-of-interest (ROIs) for diffusion tractography were obtained
from the automated volumetric segmentation of the FreeSurfer software
(Dale et al., 1999; Fischl et al., 1999) (https://surfer.nmr.mgh.harvard.
edu/) and manual delineation. Cortical surface reconstruction and vo-
lumetric segmentation was performed on the 1 year post-treatment T1-
weighted data using FreeSurfer. Binary masks of the sub-cortical white
matter of the precentral gyrus (Fig. 1a) and the corpus callosum were
extracted from FreeSurfer's white matter parcellation (i.e.
wmparc.mgz).

Binary masks of the thalamus (Fig. 1a) and sub-cortical white matter
of the hand-knob region of the motor cortex (Fig. 1a) were manually
drawn by a neuroradiologist (M.W.). Binary masks of the dentate nu-
cleus, red nucleus and the superior cerebellar peduncle (Fig. 1a) were
manually drawn by a neuroradiologist (C.T.). The manual delineation
was based on the non-diffusion weighted (b=0) image and the frac-
tional anisotropy map from the pre-treatment diffusion MR data.

The tcMRgFUS treatment-induced lesion was delineated by a neu-
roradiologist (M.W.) on the T2-weighted images 1 year post-treatment
to encompass the Zones 1 and 2 (Wintermark et al., 2014a) (Fig. 1b).

2.5. Diffusion tractography

Pre-treatment diffusion images were corrected for eddy current
distortions and bulk motion and co-registered using the “eddy” function
(cubic eddy current model, 24 iterations, other parameters as default)
from the FMRIB Software Library (Jenkinson et al., 2012) (FSL, http://
fsl.fmrib.ox.ac.uk/fsl/fslwiki/). The diffusion tensor model was fitted
on pre-processed diffusion data using FSL's “dtifit” function to derive
the fractional anisotropy map for delineating ROIs. The “ball and stick”
model was fitted using FSL's “bedpostx” function (three sticks, other
parameters as default) to estimate voxel-wise crossing fiber orientation
distributions for probabilistic tractography.

Probabilistic tractography was performed using FSL's “probtrackx2”
functions in three different ways:

(1) thalamus to hand-knob: the treated thalamus as the “seed”, the
ipsilateral hand-knob region of the motor cortex as the “target”;
(2) thalamus to motor: the treated thalamus as the “seed”, the sub-
cortical white matter of the ipsilateral precentral gyrus as the
“target”;
(3) thalamus to dentate: the treated thalamus as the “seed”, the
contralateral dentate nucleus as the “target”, the ipsilateral red
nucleus and the contralateral superior cerebellar peduncle as way-
points.

The corpus callosum was used as the exclusion mask for all three

Table 1
MRI data acquisition sequences and parameters. DW-SE-EPI= diffusion-weighted spin-echo echo-planar imaging; FSE= fast spin echo; MPRAGE=magnetization-
prepared rapid gradient-echo; TE= echo time; TR= repetition time; TI= inversion time; TS= shot interval time; ASSET= array coil spatial sensitivity encoding;
ARC= autocalibrating reconstruction for Cartesian imaging.

Sequence

Diffusion-weighted T2-weighted T1-weighted

2D single-refocused DW-SE-EPI 3D FSE MPRAGE

TE/TR (ms) 81.6/8500 83.5/2500 3.73/8.3/1100 (TI)/3000 (TS)
Flip angle (°) 90 90 9
Field-of-view (mm2) 240×240 240×240 180×180
Matrix size 128×128 320×320 180×180
In-plane res. (mm2) 1.875× 1.875 0.75× 0.75 1×1
Slice thickness (mm) 2 1 1
Slice spacing (mm) 0 0.5 0.5
Number of slice 69 axial 180 sagittal 220 coronal
Parallel imaging ASSET factor= 2 ARC factor= 2 ARC factor= 2
Acq. time (min) 10 7 3.5
Diffusion encoding 6×b=0

60 directions× b=2500 s/mm2

Fig. 1. Example of binary masks (red) of regions-of-interests (ROIs) used to
perform diffusion tractography (a) and tcMRgFUS treatment induced lesion (b)
from a representative patient (P2). The tractography ROIs were overlaid on the
axial slice of b=0 image from the pre-treatment diffusion data. The lesion ROI
was overlaid on the axial slice of post-treatment T2-weighted image. (For in-
terpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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methods. For patient P1, tractography was further performed for the
untreated thalamus.

The classification option of “probtrackx2” was used to determine
the number of streamlines from each thalamic voxel that reach the
targeting region (5000 streamlines were initialized from each thalamic
voxel). The streamline count is a measure of the probability that a re-
constructed pathway can be found between a given thalamic voxel and
the targeting region. For each patient, the streamline count in each
thalamic voxel was normalized by the total number of streamlines be-
tween the entire thalamus and the targeting region (called “waytotal”
number) for group analysis.

For volume rendering of tractography results (Figs. 3, 5), a
threshold of 1% was used to binarize the probabilistic tractography. For
visualization of the normalized streamline count (Figs. 4, 5), a window
of [0, 0.3%], [0, 0.2%] and [0, 1%] was used for the thalamus to hand-
knob, thalamus to motor and thalamus to dentate tracts respectively.
The windows and thresholds were used for visualization purpose only.
No windows or thresholds were used for any of the statistical analyses.

2.6. Image co-registration

Image co-registration was performed using the NiftyReg software
(https://cmiclab.cs.ucl.ac.uk/mmodat/niftyreg) (Modat et al., 2010;
Modat et al., 2014). The pre-treatment diffusion image was co-regis-
tered to the post-treatment T2-weighted image in a two-step fashion.
Specifically, the pre-treatment diffusion image (b=0) was first linearly
registered to the post-treatment T2-weighted image using NiftyReg's
“reg_aladin” function (default parameters). The transformed diffusion
image was then non-linearly registered to the post-treatment T2-
weighted image using NiftyReg's “reg_f3d” function (default para-
meters). The affine and non-linear transformations were inversed and
integrated into a single transformation using NiftyReg's “reg_transform”
function to transform the binary mask of the lesion ROI delineated on
the post-treatment T2-weighted image to the pre-treatment diffusion
image using nearest-neighbor interpolation. The non-linear co-regis-
tration method was utilized to account for the susceptibility artifact
induced distortion present in the diffusion images.

The pre-treatment diffusion image was co-registered to the post-
treatment T1-weighted images by concatenating the transformation
between the pre-treatment diffusion image and the post-treatment T2-
weighted image, and the transformation between the post-treatment T2-
weighted image and the post-treatment T1-weighted image (obtained in
the aforementioned two-step fashion using NiftyReg) using NiftyReg's
“reg_transform” function. The concatenated transformation was used to

transform the binary masks of FreeSurfer's automated segmentation
results (i.e. sub-cortical white matter of pre-central gyrus and the
corpus callosum) to the pre-treatment diffusion image using nearest-
neighbor interpolation.

The registration results were visually confirmed for quality control.
In addition, the cross-correlation between the pre-treatment diffusion
image (b= 0) and the co-registered T2-weighted (0.9872 ± 0.0012)
and T1-weighted images (0.9406 ± 0.0093) computed using the
“MeasureImageSimilarity” function from the Advanced Normalization
Tools (ANTs, http://stnava.github.io/ANTs) (Avants et al., 2011) was
used to quantify the image similarity and ensure the quality of image
co-registration.

2.7. Statistical analysis

Non-parametric Wilcoxon signed-rank test was performed for two
related samples to evaluate differences between values at baseline and
at each of the four assessments after treatment, as well as differences in
scores over time. The total probabilistic streamline count within the
lesion was used as a measure of overlap between the tractography-
identified location and the tcMRgFUS treatment-induced lesion. The
streamline count was correlated with the percentage change of CRST
A+B hand sub-score at 1month, 3months, 6 months and 1 year post-
treatment compared to pre-treatment score. The Pearson product-mo-
ment correlation coefficient, p-value, and 95% bootstrap confidence
interval of the correlation coefficient (5000 bootstrap samples) were
calculated to quantify the linear correlation. Statistical analysis was
performed using MATLAB software (MathWorks, Natick,
Massachusetts).

3. Results

3.1. Clinical outcome

The tremor in the treated hand was suppressed after the treatment
as measured by the CRST A+B score (Fig. 2). The CRST A+B score of
all patients decreased significantly immediately following the treat-
ment, from 18.88 ± 2.36 pre-treatment to 10.13 ± 2.53 one month
post-treatment (−45.90% ± 14.40% reduction, p=0.0078). From
1month to 3months, the CRST A+B score further decreased for P2,
P3, P4, P6 and P7, while plateaued or slightly increased for P1, P5 and
P8. For all patients, the CRST A+B score increased from 3months to
6months (from 9.13 ± 0.92 to 11.00 ± 3.74, 28.67% ± 40.48% in-
crease, p= 0.0312). At 1 year post-treatment, the CRST A+B score of

Fig. 2. Clinical outcomes of hand tremor suppression measured by the Clinical Rating Scale for Tremor (CRST) A+B sub-score for the treated hand at 1month,
3 months, 6months and 1 year (a) and the percentage change compared to the pre-treatment score (b). The colored lines display scores for individual patients. The
black dashed lines and the black solid error bar display the group mean scores and the standard deviations (mean ± standard deviation) of the scores, respectively,
at each time point. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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all patients decreased from pre-treatment, from 18.88 ± 2.36 pre-
treatment to 11.00 ± 4.76 one year post-treatment
(−41.74% ± 25.45% reduction, p=0.0078).

3.2. Diffusion MR tractography

Fig. 3 displays the thresholded and volume rendered tractography
results (red volume) between the treated thalamus (blue volume) and
the three targeting regions (green volume). The tractography is visually
consistent from patient-to-patient and follows the expected anatomy of
the thalamocortical radiation (Fig. 3 first and second rows) and the
dentatothalamic tract (Fig. 3 third row). Patient P1 exhibits only a few
streamlines between the thalamus and the hand-knob region (8
streamlines compared to 20,379–1,385,041 streamlines for P2–P8).

Fig. 4 displays the normalized probabilistic streamline count map
(red-yellow area) within the treated thalamus (blue area) overlaid on
axial slices from pre-treatment diffusion (b=0) images through the
center of the lesion. The location of thalamic voxels with high prob-
abilistic streamline counts (yellow locations) is visually similar from
patient-to-patient. For patients P1, the extremely low number of
streamlines reconstructed between the thalamus and the hand-knob
region causes the locations with high probabilistic streamline counts in
the thalamus to be sparse.

The high-probability area identified by the tractography between
the thalamus and the hand-knob region (Fig. 4 first row) is a sub-por-
tion of the high-probability area identified by the tractography between
the thalamus and the entire motor cortex (Fig. 4 second row). The lo-
cations identified by the thalamocortical radiation (Fig. 4 first and
second rows) and the dentatothalamic tract (Fig. 4 third row) are dif-
ferent but overlap.

The green contours in Fig. 4 outline the lesion locations delineated
and transformed from the post-treatment structural images. There is
considerable overlap between the tractography-identified locations and
the tcMRgFUS treatment-induced lesions with the exceptions such as
patient P5.

Fig. 5 displays additional tractography results for the untreated
thalamus of patient P1. The tractography follows the expected anatomy
of the thalamocortical radiation (Fig. 5 first and second columns) and
the dentatothalamic tract (Fig. 5 third column). The number of
streamlines between the thalamus and the hand-knob region in the
untreated hemisphere is significant higher than in the treated

hemisphere (8019 vs. 8 streamlines for P1).

3.3. Correlation between tractography and CRST scores

Fig. 6 shows scatter plots (with correlation coefficient, p-value,
confidence interval of the correlation coefficient) for the probabilistic
streamline count within the tcMRgFUS treatment-induced lesion versus
the percentage change of CRST A+B score for the treated hand at
1month (Fig. 6a, e, i), 3 months (Fig. 6b, f, j), 6 months (Fig. 6c, g, k)
and 1 year (Fig. 6d, g, l) post-treatment. These plots demonstrate strong
correlation between patients with higher probabilistic streamline
counts within the tcMRgFUS treatment-induced lesion (i.e. larger
overlap) and better treatment outcomes (i.e. larger percentage change
of CRST score). The correlation coefficients are r=−0.929, −0.75,
−0.643, p=0.00675, 0.0663, 0.139 for the tractography between the
treated thalamus and the hand-knob region of the ipsilateral motor
cortex, the entire ipsilateral motor cortex and the contralateral dentate
nucleus, respectively, at 1 year post-treatment. The correlation for the
tractography between the treated thalamus and the hand-knob region
of the ipsilateral motor cortex is the highest for all time points
(r=−0.719, −0.976, −0.707, −0.929, p= 0.0519, 0.000397,
0.0595, 0.00675 at 1month, 3months, 6 months and 1 year post-
treatment, respectively).

4. Discussion

This study retrospectively evaluates the utility of diffusion tracto-
graphy for neurosurgical targeting of tcMRgFUS thalamotomy for ET.
We build on prior literature that primarily focused on diffusion trac-
tography-based targeting for DBS and extend this line of research to
tcMRgFUS. For eight patients, we identified Vim within the treated
thalamus by mapping its structural connection to the hand re-
presentation of the ipsilateral primary motor cortex, the entire ipsi-
lateral primary motor cortex and the contralateral dentate nucleus
using diffusion tractography from pre-treatment data. The overlap be-
tween the tractography-identified location and the tcMRgFUS treat-
ment-induced lesion was correlated with clinical outcomes. A strong
correlation was found for improved treatment outcomes with increased
overlap of the induced lesion and tractography-identified location.

Diffusion MRI tractography offers complementary but intrinsically
different information than can be obtained with other types of MRI. It

Fig. 3. Thresholded (1% threshold) and volume rendered probabilistic tractography results (red) with the treated thalamus (blue) and targeting regions (green). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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maps the white matter pathways important for tremor control within
thalamus. Using the hand-knob region of the motor cortex as the target,
the tractography is hypothesized to even provide the hand re-
presentation within the Vim, which cannot be identified from standard
structural MR images, for improved specificity. The location identified
by the tract between the thalamus and the hand-knob region of the
motor cortex does predict the clinical outcome better than the location
identified by the tract between the thalamus and the entire motor
cortex (compare Fig. 6 first and second rows). The hand representation
within the Vim is of significant interest as the goal of treatment is relief

of hand tremor.
Tractography-based targeting results depend on the quality of dif-

fusion MRI data (resolution, b-value, number of diffusion directions,
signal-to-noise ratio etc.) and choice of tractography method
(Sotiropoulos et al., 2013). Our data acquisition was representative of
optimal clinical protocols (2 mm isotropic resolution, 2500 s/mm2 b-
value, 60 directions) for tractography study given a practical scan time
of 10 minutes. Similar to most prior studies on tractography-based
thalamic segmentation (Pouratian et al., 2011; Elias et al., 2012; Jakab
et al., 2016; Klein et al., 2012; Johansen-Berg et al., 2008; Hyam et al.,

Fig. 4. Maps of normalized probabilistic streamline count (red-yellow) for voxels within the thalamus (blue) overlaid on axial slices from a pre-treatment diffusion b0
image. The green contours display the outline of the tcMRgFUS treatment-induced lesion transformed from post-treatment structural MR images. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. Tractography results for the untreated thalamus of P1.
First row displays the thresholded (1% threshold) and volume
rendered probabilistic tractography results (red) with the
treated thalamus (blue) and targeting regions (green). Second
row displays the map of normalized probabilistic streamline
count (red-yellow) of voxels within the thalamus (blue)
overlaid on axial slices from pre-treatment diffusion b0 image.
(For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this ar-
ticle.)
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2012), we also used probabilistic tractography and a crossing fiber
model in our retrospective study. Probabilistic tractography has the
benefit of taking into account noise and uncertainty in the raw data
measurements. Deterministic tractography with the diffusion tensor
model has also been used (Sammartino et al., 2016; Yamada et al.,
2010; Barkhoudarian et al., 2010; Sedrak et al., 2011) and is especially
useful in easier integration with stereotactic targeting software on the
MRI scanner for prospective study (Sammartino et al., 2016).

Tractography-based targeting can be applied in different ways from
the implementation in the current study. In one study (Calabrese et al.,
2015), high quality postmortem diffusion tractography was used to
target Vim and then the detected Vim location was co-registered to the
patients' in vivo MR images. Another type of methodologies is to use
indirect targeting relative to the location of the tractography re-
constructed white matter pathways that run in close proximity but do
not intersect the target (Sammartino et al., 2016; Anthofer et al., 2014).
Some prior studies have also used tractography to trace from a thalamic
target (defined by an atlas or manual delineation, or DBS electrode
locations) in an attempt to reconstruct all affected fiber pathways and
cortical areas (Barkhoudarian et al., 2010; Sedrak et al., 2011; Klein
et al., 2012; Hyam et al., 2012).

In our study, patient P1 exhibits very few streamlines between the
thalamus and the hand-knob region in the treated hemisphere.
Nonetheless, the tractography results between the thalamus and the
hand-knob region in the untreated hemisphere (Fig. 5 first column), and
between the thalamus and the motor cortex and the dentate nucleus in
both hemispheres are normal, which argues against the possibility of
erroneous data acquisition and processing. Interestingly, some of the
tremor symptoms of P1 reappeared at 1 year post-treatment, which
suggests tractography may have value in predicting which patients will
achieve long term benefits from the tcMRgFUS treatment.

An important consideration in our study design was the delineation

of the lesion location. For lesion delineation, we aimed to use structural
MR images from the imaging time point closest to the treatment date
but sufficiently post-treatment such that edema had faded. This corre-
sponded to the 1 year post-treatment.

For our study design we also had to consider the optimal way to use
probabilistic tractography results to identify a targeted region. Prior
studies have frequently used the voxel with the highest streamline
count (Kincses et al., 2012; Pouratian et al., 2011; Jakab et al., 2016;
Hyam et al., 2012). Unfortunately, if there are several voxels with
streamline counts near the maximum, it is difficult to robustly identify a
voxel that represents the focal point of the desired target. Another
common approach is to identify a region based on a streamline count
threshold (Jakab et al., 2016). One difficulty with this approach is that
the choice of threshold is arbitrary and varies significantly across prior
studies (e.g. 1% (Klein et al., 2012), 10% (Kincses et al., 2012), or
adaptively (Jakab et al., 2016)). Our approach did not rely on identi-
fying the location with the highest streamline count nor an arbitrarily
defined threshold. To calculate the overlap between the tractography-
identified location and the lesion, we sum the probabilistic streamline
count (i.e. the probability of reconstructing streamlines between a
thalamic voxel and the hand-knob region) across all voxels within the
lesion. This is in contrast to prior studies that thresholded and binarized
the probabilistic map and then counted the number of intersected
voxels within the lesion (Kincses et al., 2012; Jakab et al., 2016; Klein
et al., 2012).

One limitation of the current study is that the clinical outcomes
depend not only on the targeting accuracy but also on the success of the
tissue ablation. Some measure of maximal temperature achieved during
the procedure may help to account for tissue ablation differences but
these measurements are currently challenging to achieve with accuracy
across multiple MRI slices. Another limitation is the small number of
enrolled patients in this clinical trial. Still, retrospective studies such as

Fig. 6. Scatter plots and fitted lines (with Pearson's correlation coefficient r, p-value p and 95% bootstrap confidence interval ci of r) for the probabilistic streamline
count within the tcMRgFUS treatment-induced lesion versus the percentage change relative to pre-treatment of CRST A+B score for the treated hand at 1month (a,
e, i), 3 months (b, f, j), 6 months (c, g, k) and 1 year (d, h, l) post-treatment.
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this one are a powerful way to evaluate the methodology. Further
retrospective studies of tractography-based targeting for tcMRgFUS
with larger patient populations could help to determine unified
guidelines for the choice of seeds and targets and data quality standards
for optimal clinical application.

5. Conclusion

In conclusion, our data supports the use of diffusion tractography to
improve the specificity and outcomes of tcMRgFUS targeting for
treatment of ET. The diffusion data could be acquired alongside, and
used in combination with, the existing pre-treatment imaging that is
used to estimate the location of Vim.
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