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Abstract: Diffusion tensor imaging (DTI) is an MRI-based technique that delineates white matter
tracts in the brain by tracking the diffusion of water in neural tissue. This methodology, known
as “tractography”, has been extensively applied in clinical neuroscience to explore nervous system
architecture and diseases. More recently, tractography has been used to assist with neurosurgical
targeting in functional neurosurgery. This review provides an overview of DTI principles,
and discusses current applications of tractography for improving and helping develop novel deep
brain stimulation (DBS) targets.
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1. Introduction

Deep brain stimulation (DBS) has been successfully used to treat different neuropsychiatric
disorders. As one of its mechanisms is to modulate circuit activity and fibre pathways in the vicinity of
the electrodes [1,2], the use of tractography during targeting has been advocated in some applications
of this technique. Despite the more frequent use of tractography, many neurosurgeons, neurologists
and psychiatrists still do not have a good understanding of its potential use during DBS targeting.

In this article, we provide a basic review of the principles behind diffusion tensor imaging and
tractography and describe some of the most common clinical applications of tractography-based DBS
targeting, namely tremor and depression.

2. Tractography

Diffusion tensor imaging (DTI) is an MRI-based technique that leverages the natural diffusion
of water molecules to map white-matter tracts in the brain [3]. Visualization and segmentation
of these tracts have implications in various aspects of clinical neuroscience, one of them being
neurosurgical targeting.

Diffusion is the random motion of water molecules, which is a result of their rapid movement and
frequent collisions with surrounding molecules and structures [4]. This random motion in suspended
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fluid with no chemical or mechanical gradient is known as Brownian motion. Assuming no adjacent
barriers exist, diffusion movements of water molecules along any axis have a Gaussian distribution.

In diffusion-weighted magnetic resonance imaging (dwMRI), the applied magnetic field is
non-uniform in either the x-, y-, or z-axes. This single-axis heterogenic “dephasing” field results
in varying motion of water molecules, depending on the strength of the field. After a brief time interval
(typically 10-100 ms), a non-uniform “rephasing” magnetic field is applied in the exact opposite pattern.
If water molecules have identical positions in the axis of the applied gradient at the time of rephasing
and dephasing, the ultimate MRI signal should be unvaried from start to finish. However, if water
molecules change position between these two time-points, the signal will be quantifiably attenuated.

dwMRI is typically acquired with three orthogonal three-dimensional gradients, one in each
of the x-, y-, and z-axes. This allows for estimating the apparent diffusion coefficient (ADC) of
water in the brain, which quantifies the flux of these molecules under equilibrium conditions [5,6].
This model does not, however, account for variations in the amount of diffusion of water in different
directions—a property known as diffusion anisotropy. Anisotropy is a result of tissue microstructure,
either normal or pathologic, limiting the motion of water in one or more directions. In particular,
highly organized tissue architecture, as well as certain types of tissue (e.g., axon membranes and
microtubules) result in water undergoing anisotropic diffusion.

Intuitively, this signal attenuation will be maximal when the applied gradient is aligned in the
same orientation as the primary direction of water diffusion. For example, fibres in the corpus
callosum—oriented mediolaterally—and those in the superior longitudinal fasciculus—oriented
anteroposterioriorly—will exhibit maximal signal attenuation at approximately perpendicular
gradients. In fibres oriented obliquely to the direction of the applied gradient, the amount of signal
attenuation will be proportional to the amount of water diffusion that is parallel to the gradient.

Measuring ADCs of water along at least six different gradients allows for mathematically
modelling its three-dimensional molecular diffusivity at any voxel in the acquired image. This model
is a symmetric 3 x 3 matrix composed of six distinct parameters, and is known as the diffusion
tensor. Through an operation known as eigendecomposition, the diffusion tensor can be rendered
as eigenvectors (el, €2, e3) representing the direction of diffusion, and eigenvalues (A1, A2, A3)
representing the magnitude of diffusion in each of those directions (Figure 1). Each eigenvector
corresponds to an eigenvalue (e.g., el corresponds to Al, etc.), and a strict ordering of the eigenvalues
(A1 > A2 > A3) is maintained. Accordingly, el—corresponding to the largest eigenvalue—is the
dominant orientation of diffusion of water in an anisotropic voxel, and is known as the “principal
eigenvector”. This representation of the diffusion tensor can be visualized as a scalene ellipsoid,
with the long axis being the dominant direction of water diffusion (i.e., the principal eigenvector),
and the short axis being the least traversed vector. Since the diffusion of water in the brain is predictably
limited by a small number of structures, the combination of diffusion tensors and their principal
eigenvectors across many voxels provides an estimation of neuronal white matter architecture. Notably,
this conclusion assumes that there is only a single, unidirectional, homogeneous bundle of axons in
each voxel, which can be problematic as will be discussed later. The precision of the diffusion tensor
model is improved by acquiring diffusion-weighted images in more directions. However, this also
increases the number of acquisition and processing iterations required.

One of the most useful features of DTI is its quantitative nature. Using only a few summary
values, the white matter architecture of individuals or groups of individuals can be compared in
selected brain regions (e.g., before and after a surgical procedure). The most commonly used values
in clinical studies are the mean diffusivity (MD), and fractional anisotropy (FA). MD is the mean of
the eigenvalues, and represents the average size of the diffusion tensor, independent of anisotropy
or orientation. FA summarizes the degree of anisotropy in a particular voxel, and is a measure of
the tensor shape, independent of size or orientation. Changes in these values may suggest neuronal
pathology, such as cell death. Importantly, these are simplified, summary metrics, and assume many
caveats that are not reflective of real changes in tissue micro-architecture; they should therefore be
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interpreted cautiously. In other words, quantitative DTI metrics should only be used as a potential
indicator of changes in tissue microstructure, and not as a direct measure of it.
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Figure 1. Example of ellipsoidal diffusion tensors depending on the behaviour of water molecules in
different tissue microstructures.

The spatial resolution of diffusion-weighted images is typically 2 mm, meaning that a typical
voxel contains ~10° axons [7]. DTI-based tractograpy is therefore not intended to map individual axons,
but rather to provide an estimation of the trajectory of white matter tracts. A significant limitation of
DTI fibre tracking is the inability to accurately delineate heterogeneous tracts within a single voxel.
Kissing, crossing, converging, or diverging tracts have differing fibre orientations, each of which
contributes to the voxel’s computed diffusion tensor [8,9]. The unrealistic assumption of a single
homogeneous, unidirectional fibre population per voxel employed in DTI can considerably limit the
accuracy of fibre tracking, considering that up to one third of white-matter voxels in the brain are
estimated to contain multiple fibre orientations [10]. Furthermore, the relatively low spatial resolution
of dWMRI can further impair the geometric accuracy of fibre tracts and the ability to distinguish
between multiple, closely associated bundles. Newer, multi-fibre approaches have demonstrated
greater sensitivity in fibre tractography using dwMRI, and include: high angular resolution diffusion
imaging (HARDI) [11], Q-Ball imaging (QBI) [12], hybrid diffusion imaging (HYDI) [13], diffusion
spectrum imaging (DSI) [14], spherical deconvolutional models [15], composite hindered and restricted
model of diffusion (CHARMED) [16], persistent angular structure (PAS) [17], and diffusion orientation
transformation (DOT) [18]. Most of these approaches are more demanding on computational resources
and acquisition requirements, and many are still being refined for clinical uptake [19]. Accordingly,
DTI tractography remains a widely used modality for surgical planning, and validation studies have
found a reasonable degree of correspondence between DTI-based white matter tracts and histologically
identified axon bundles [20,21].

Broadly, two main approaches to tractography are commonly employed in clinical and research
settings: deterministic and probabilistic.

Deterministic tractography computes white matter tracts based on: (1) user-specified seed
point(s), (2) the principal eigenvector of diffusion, as determined by the tensor at each voxel,
and (3) user-specified thresholds that restrict the tract’s trajectory. Seed points are particular voxels
of interest selected by the user through which the desired tract is believed to pass. Users can
specify one or more seeds that are known to be anatomically connected to the tract of interest
(i.e., a “start point”, and often “mid points” and “end points”). A bidirectional streamline will then
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be formed, starting at the first seed point, following the local principal eigenvector field to the next
adjacent voxels. In an interactive manner, the local principal eigenvectors of diffusion are used to
elongate the streamline, up until a point where the diffusion tensor in the voxel is considered too
different from the tract to be a part of it. This terminal point is based on user-specified, heuristically
determined thresholds, most typically the curvature angle of the tract and the local FA. A sharp
curve or bend in the principal eigenvector likely suggests the presence of a different white matter
tract. The exact curvature threshold is pre-determined (e.g., between 30°~70°). In general, a “low” FA
suggests the termination of a white matter tract; the threshold is once again pre-determined (e.g., >0.2).
A commonly used strategy is to initially set relatively restrictive thresholds and gradually ease them
as necessary, using real-time feedback to empirically identify the optimal settings. The ultimate
tractographic parameters used should, however, be logged to ensure downstream reproducibility
and valid comparisons. Importantly, common clinically approved and commercially available DTI
software, typically integrated into surgical navigation suites, employ deterministic approaches.
The most commonly used tractography algorithm in these products is fiber assignment by continuous
tracking (FACT). Examples of such software includes Medtronic’s StealthViz® and StealthDTI®
(Medtronic, MN, USA) modules, and NordicNeuroLab’s nordicBrainEx (Bergen, Norway) [22].

Although the deterministic tractography consists of a relatively simpler approach, estimating the
orientation at every voxel is rarely entirely accurate. Each voxel has a range of potential orientations,
and a deterministic approach considers the mean of these to be the “true” orientation. There is a
standard error associated with this mean, and these errors are propagated throughout the tract. As a
result, considerable uncertainty in white matter trajectory can exist.

Rather than relying solely on the orientation of the principal eigenvector, probabilistic approaches
consider the entire distribution of possible orientations in all voxels emerging from the specified seed
point. The mean of this distribution is the orientation used in deterministic tracography. The width of
the distribution is proportional to the associated uncertainty. Accordingly, numerous tracts—in the
order of 10,000—are mapped from the seed point. The number of tracts crossing each voxel is then
computed, a probability map is derived, and voxels with the most number of tracts passing through
them are included in the elongating streamline.

Probabilistic tractography provides more sophisticated and robust results, but is also more
computationally demanding, harder to perform, and less intuitive to interpret than its deterministic
counterpart. Figure 2 shows a schematic of deterministic and probabilistic approaches, and how
they differ.

Although probabilistic tractography is lauded for taking into account the uncertainty associated
with diffusion imaging data; it has been criticized for its susceptibility to minor changes in data noise.
Global tractography was developed as an alternative to deterministic and probabilistic algorithms,
with the intention of further improving the robustness of fibre tracking using diffusion imaging [23].
This approach aims to construct the fibre configuration that best explains the dwMRI data. Building
on the assumption that axons tend to run in gently bending organized fascicles, global tractography
delineates the local fibre orientation of an ambiguous voxel by examining the estimated orientations
in the voxel’s spatial neighbourhood. Although global tractography is more resilient to changes
in acquisition noise than the aforementioned streamline methods, it is computationally demanding
and requires fairly specific microstructural models and rigid parameters that are not always readily
adaptable to available data [24]. Nevertheless, advancements are being made in this technique to help
augment the reliability and utility of dWMRI tractography [24,25].

An important criticism of DTI fibre tracking is that the existence of numerous distinct approaches
to data processing and analysis can lead to considerable variability in results [25,26]. The absence of
standardization and difficulties with reproducibility reduces the clinical utility of DTI tractography.
It is imperative to emphasize that DTI fibre tracking should be scrutinized and treated with reasonable
skepticism, serving only as one of many layers of evidence in surgical decision-making.
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Figure 2. Visual representation of the differences between deterministic (A) and probabilistic;
(B) approaches to tractography. Probabilistic approaches are considerably more extensive and
computationally demanding, as they track all orientations in all voxels adjacent to the seed point (green).

3. Tractography and DBS

The general notion that tractography may help to increase accuracy when treating patients.
Mapping tracts that may be important for the efficacy and side effects of DBS has been recently
explored in a number of applications. In addition to major tracts, fibre bundles that cannot be viewed
with traditional magnetic resonance imaging, such as the dentato-rubro-thalamic tract (DRT), can be
identified as optimal DBS targets. In this section we will consider two conditions for which tractography
has been proposed to improve clinical outcomes—tremor and treatment refractory depression (TRD).

3.1. Tremor and Movement Disorders

Essential tremor is the most prevalent movement disorder in adults. It presents as a bilateral
postural or kinetic tremor that can severely diminish quality of life. DBS is a safe modality for
the treatment of refractory essential tremor (ET) and other forms of tremors. Neurosurgeons have
found success stereotactically implanting DBS leads in the ventral intermediate nucleus (Vim) of the
thalamus [27,28] and adjacent regions, such as the posterior subthalamic area (PSA) [29-32].

The DRT is a compact fibre bundle that plays an important role in the coordination of somatomotor
function [33]. The tract mainly originates in the dentate cerebellar nucleus, ascends through the
upper pons, decussates, and travels through the red nucleus prior to innervating the ventralis oralis
posterior nucleus and the Vim [33]. Bearing in mind the proximity of the DBS electrodes to the
DRT in patients successfully treated for tremor [34], tractography data has led to the hypothesis that
modulation of this tract could be important for the effects of stimulation (Figure 3) [33]. This possibility
has been tested in open label clinical trials using tractography for targeting [33,35] and in a series
of patients considered as being non-responders who benefited from DBS when electrodes were
re-implanted near the DRT [36]. At present, a double-blind randomized clinical trial comparing the
efficacy of traditional Vim and DRT DBS is under way [37].

In the last few years, tractography and DTI studies have also been conducted in patients with
Parkinson’s disease treated or referred for DBS. One of the postulated mechanisms for the effects of
subthalamic (§5TN) stimulation is the modulation of the hyperdirect pathway between the nucleus
and cortical regions [38]. A recent study compared tractography-defined hyperdirect pathways using
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a tensor-based deterministic approach and an advanced probabilistic method based on constrained
spherical deconvolution [39]. Though both identified connections between the ipsilateral motor cortex
and the STN, a > 1.4 mm difference was found between methods when the target centre of mass was
considered. While probabilistic tractography was associated with fairly continuous reconstructed
connections terminating in the dorsolateral STN, these were sparser and presented variable subsets
when the tensor-based method was used [39].

Figure 3. Diffusion tensor imaging fibre tracking-based targeting of the dentato-rubro-thalamic tract
(DRT). Superimposition with a postoperative helical computed tomography (artefact from deep brain
stimulation electrodes, DBS). (A) Coronal; (B) axial; (C) sagittal views; (D) 3D; (E,F) Trajectory views of
left electrode path. Reprinted from reference [33] with permission of Springer.

Connectivity patterns between cortical and STN cluster regions associated with improvement
in clinical symptoms were also studied with high angular resolution diffusion and probabilistic
tractography [40]. Good tremor improvement was associated with cortical connectivity between
the primary motor cortex and an STN cluster corresponding to the posterior, superior and lateral
portion of the nucleus. Improvement in bradykinesia corresponded to clusters near the superior STN
border in a medial-posterior location with connectivity being observed with the supplementary motor
area [40]. The rigidity cluster extended from the region described for bradykinesia to the STN-zona
incerta border. Predictive connectivity was observed with the prefrontal cortex [40]. In a different
study, clinical response correlated with connectivity between the DBS electrode and a network of brain
regions, including structural connectivity to supplementary motor areas and functional anti-correlation
to the primary motor cortex [41]. These results suggest that connectivity may become an important
tool for DBS targeting in the future. In addition to the STN, tractography has also been used to define
fibre pathways near the pedunculopontine nucleus [42,43]. To date, however, no study has used this
modality to actually target regional structures.
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3.2. Treatment Resistant Depression

The success and safety of DBS in ameliorating movement disorders has led to its investigation as a
putative treatment for psychiatric conditions, including treatment of refractory depression. Initial open
label clinical trials in which DBS was delivered to targets such as the subgenual cingulate gyrus (SCG),
ventral capulse/ventral striatum (VC/VS) and others have shown promising results [44-47]. However,
these have not been confirmed in blinded assessments comparing active vs. sham stimulation [48,49].
Several possibilities have been raised to account for these discrepancies, and multiple novel strategies
have been proposed to improve clinical outcome. One of those is to refine targeting strategies. As some
DBS targets are located in regions predominantly composed of white matter fibres, investigators have
studied whether tractography could be employed to refine electrode placement.

A set of studies using tractography-based DBS in TRD was conducted by investigators bilaterally
targeting the supero-lateral branch of the medial forebrain bundle (sIMFB) (Figure 4) [50]. The rationale
for the procedure was based on imaging studies conducted in Parkinson’s disease patients undergoing
surgical treatment [51]. DBS delivered through electrodes implanted medially in the subthalamic region
may induce dysphoria and mania [52,53]. A potential anatomical substrate involved in these responses
has been attributed to inadvertent stimulation of the medial forebrain bundle (MFB) [51,54,55]. In a
tractography study, the authors have shown a tract departing the midbrain that bifurcated into
inferomedial and superolateral branches [54,55]. The superolateral branch spreads out laterally,
undercutting the thalamus to ascend to the inferior portion of the anterior limb of the internal capsule,
where it intermingles with the anterior thalamic radiation [54,55]. Guided by tractography, a trial
was conducted in seven patients with TRD bilaterally implanted with electrodes in the region of
the medial forebrain bundle [50]. Remarkably, six patients experienced robust and rapid clinical
improvement within hours or days after stimulation onset, four of whom were classified as remitters at
the last observation period (12-33 weeks post-surgery) [50]. In addition to short-term results, positive
outcomes have been demonstrated at the last clinical follow-up, up to four years after surgery [56].

Figure 4. Medial forebrain bundle. Diffusion tensor imaging-based patient individual planning of
bilateral supero-lateral medial forebrain bundle (sIMFB) deep brain stimulation. Three-dimensional
rendering as seen from posterior and superior left includes final DBS electrode positions (white rods).
VTA, ventral tegmental area. Reprinted from Schlaepfer et al. [50]; with permission from Elsevier.

Riva-Posse and colleagues used whole brain activation volume probabilistic tractography to
study tracts travelling through the subgenual region [57]. In that series, six out of 16 patients had at
least 50% decrease in depression scores (i.e., responders) at six months, while ten were considered
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to be non-responders. After changing stimulation parameters, two of these six patients responded
to treatment [57]. When analysing tractography data, the authors noticed that electrode contacts
in responders were modulating a blueprint of fibre tracts, including the forceps minor, cingulum
bundle and projections to subcortical nuclei [57] (Figure 5). In non-responders, these fibres did not
seem to be modulated. In one non-responder who benefitted from a change in stimulation settings,
the investigators activated a contact within the blueprint [57].

MCC Cinvgulum B.

vSt/nAc/Th

#sccos

Uncinate F

Figure 5. Subgenual cingulum. Optimal subcallosal cingulate deep brain stimulation fibre bundle
target template. Red: forceps minor. Blue: uncinate fasciculus. Yellow: cingulate bundle. ACC, anterior
cingulate cortex; Amg, amygdala; Cingulum B., cingulum bundle; Forceps M., forceps minor; MCC,
middle cingulate cortex; mF10, medial frontal (Brodmann area 10); nAc, nucleus accumbens; SCC25,
subcallosal cingulate cortex (Brodmann area 25); Th, thalamus; Uncinate F,, uncinate fasciculus; vSt,
ventral striatum. Reprinted from Riva-Posse et al. [57] with permission from Elsevier.

Following this initial work, Riva-Posse et al. have studied a cohort of 11 TRD patients using
deterministic tractography to preplan electrode implantation [58]. The choice of stimulation contacts
was based on post-operative probabilistic tractography [58]. After one year, nine of the eleven
patients were considered to be responders, six of whom achieved remission [58]. This study
provides further support to the notion that tractography-guided DBS may be important for a good
postoperative outcome.

In an additional report aimed to replicate and extend our understanding of MFB-targeted DBS,
four patients were followed for 52 weeks after tractography-based implantation [59]. Electrodes were
activated after four weeks of single-blinded sham-stimulation. Despite the small sample size, the study
reported that three of the four patients rapidly became euthymic within seven days of modulating the
MEFB [59].

Overall, the short-term and sustained antidepressant response produced by MFB stimulation in
TRD is noteworthy. Although conclusions from these studies should be considered with caution due
to the small sample size and lack of control groups, they exemplify how tractography can be used to
generate hypotheses as to what structures may be modulated by DBS and refine targeting.

4. Conclusions

With the increased knowledge about the importance of fibre pathways for DBS surgery, a growing
number of tractography applications have been proposed. Despite the promising work described in our
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review, we note that, as currently used, tractography is not without limitations. For one, tractography is
unable to differentiate between afferent and efferent fibre tracts. As a result, neurosurgeons must rely on
anatomical knowledge to determine the best way to modulate certain areas. Certain imaging paradigms
are capable of determining directionality, such as magneto-encephalography, and may represent a
multi-modal approach to understanding disease circuits [60]. Another cause for variability is noise,
which can lead to uncertainty in the results. Clinicians must find a good balance between time in the
scanner and practicality, as elongated scan times may cause patients to feel restless, producing motion
artefacts [61]. Typically, poor image quality can be overcome by using a stronger magnetic field or with
multiple DTT acquisitions [61]. Overall, white matter tractography can be time-consuming and may
require specialized analysis and skillsets that may limit the accessibility of tractography-based DBS.

These limitations notwithstanding, tractography-based DBS is a feasible option over
traditional DBS. Its role has been crucial in developing our understanding of the role white matter plays
in disease pathology, for example, the MFB has become a target of interest in depression [50,59]. If the
rapid relief in depression through MFB stimulation is confirmed and replicated in large randomized
sham-controlled studies, it could potentially be a ground-breaking treatment for intractable depression.

Leveraging tractography techniques as a tool to refine DBS may also allow clinicians and
researchers to better understand the aetiology behind mood disorders. Many reviews focus on
targetable brain regions that may play a role in depression mentioning the role of white matter in
passing [62]. However, with the rising interest in connectomics and the Human Connectome Project,
the importance of fibre tracts is receiving recognition as an important factor in depression. To this end,
tractography will hopefully become a commonly employed tool by neurosurgeons to ameliorate these
complex psychiatric conditions.

Acknowledgments: No funds were required to conduct this manuscript.
Author Contributions: All authors either wrote parts of the text or provided insights on the manuscript.

Conflicts of Interest: The authors have no conflict of interest related to this work.

References

1.  Hamani, C.; Temel, Y. Deep brain stimulation for psychiatric disease: Contributions and validity of animal
models. Sci. Transl. Med. 2012, 4, 142rv8. [CrossRef] [PubMed]

2. Reznikov, R.; Binko, M.; Nobrega, ].N.; Hamani, C. Deep Brain Stimulation in Animal Models of Fear, Anxiety,
and Posttraumatic Stress Disorder. Neuropsychopharmacology 2016, 41, 2810-2817. [CrossRef] [PubMed]

3.  Basser, PJ.; Mattiello, J.; LeBihan, D. MR diffusion tensor spectroscopy and imaging. Biophys. ]. 1994, 66,
259-267. [CrossRef]

4. Berg, H.C. Random Walks in Biology; Princeton University Press: Princeton, NJ, USA, 1993.

5. Mulkern, R.V,; Gudbjartsson, H.; Westin, C.F; Zengingonul, H.P; Gartner, W.; Guttmann, C.R;;
Robertson, R.L.; Kyriakos, W.; Schwartz, R.; Holtzman, D.; et al. Multi-component apparent diffusion
coefficients in human brain. NMR Biomed. 1999, 12, 51-62. [CrossRef]

6. Tanner, J.E. Transient diffusion in a system partitioned by permeable barriers. Application to NMR
measurements with a pulsed field gradient. J. Chem. Phys. 1978, 69, 1748-1754. [CrossRef]

7. Aboitiz, F; Scheibel, A.B.; Fisher, R.S.; Zaidel, E. Fiber composition of the human corpus callosum. Brain Res.
1992, 598, 143-153. [CrossRef]

8.  Descoteaux, M.; Deriche, R.; Knosche, T.R.; Anwander, A. Deterministic and probabilistic tractography based
on complex fibre orientation distributions. IEEE Trans. Med. Imaging 2009, 28, 269-286. [CrossRef] [PubMed]

9.  Jones, D.K. Precision and accuracy in diffusion tensor magnetic resonance imaging. Top. Magn. Reson. Imaging
2010, 21, 87-99. [CrossRef] [PubMed]

10. Behrens, T.E.; Berg, H.J.; Jbabdi, S.; Rushworth, M.E,; Woolrich, M.W. Probabilistic diffusion tractography
with multiple fibre orientations: What can we gain? Neuroimage 2007, 34, 144-155. [CrossRef] [PubMed]

11.  Tuch, D.S,; Reese, T.G.; Wiegell, M.R.; Makris, N.; Belliveau, ].W.; Wedeen, VJ. High angular resolution
diffusion imaging reveals intravoxel white matter fiber heterogeneity. Magn. Reson. Med. 2002, 48, 577-582.
[CrossRef] [PubMed]


http://dx.doi.org/10.1126/scitranslmed.3003722
http://www.ncbi.nlm.nih.gov/pubmed/22786683
http://dx.doi.org/10.1038/npp.2016.34
http://www.ncbi.nlm.nih.gov/pubmed/26932819
http://dx.doi.org/10.1016/S0006-3495(94)80775-1
http://dx.doi.org/10.1002/(SICI)1099-1492(199902)12:1&lt;51::AID-NBM546&gt;3.0.CO;2-E
http://dx.doi.org/10.1063/1.436751
http://dx.doi.org/10.1016/0006-8993(92)90178-C
http://dx.doi.org/10.1109/TMI.2008.2004424
http://www.ncbi.nlm.nih.gov/pubmed/19188114
http://dx.doi.org/10.1097/RMR.0b013e31821e56ac
http://www.ncbi.nlm.nih.gov/pubmed/21613874
http://dx.doi.org/10.1016/j.neuroimage.2006.09.018
http://www.ncbi.nlm.nih.gov/pubmed/17070705
http://dx.doi.org/10.1002/mrm.10268
http://www.ncbi.nlm.nih.gov/pubmed/12353272

Brain Sci. 2018, 8,23 10 of 12

12.
13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Tuch, D.S. Q-ball imaging. Magn. Reson. Med. 2004, 52, 1358-1372. [CrossRef] [PubMed]

Alexander, A.L.; Wu, Y.C.; Venkat, P.C. Hybrid diffusion imaging (HYDI). Conf. Proc. IEEE Eng. Med. Biol. Soc.
2006, 1, 2245-2248. [PubMed]

Wedeen, V.J.; Wang, R.P.; Schmahmann, ].D.; Benner, T.; Tseng, W.Y.; Dai, G.; Pandya, D.N.; Hagmann, P.;
D’Arceuil, H.; de Crespigny, A.J. Diffusion spectrum magnetic resonance imaging (DSI) tractography of
crossing fibers. Neuroimage 2008, 41, 1267-1277. [CrossRef] [PubMed]

Kaden, E.; Knosche, T.R.; Anwander, A. Parametric spherical deconvolution: Inferring anatomical
connectivity using diffusion MR imaging. Neuroimage 2007, 37, 474-488. [CrossRef] [PubMed]

Assaf, Y.; Basser, P.J. Composite hindered and restricted model of diffusion (CHARMED) MR imaging of the
human brain. Neuroimage 2005, 27, 48-58. [CrossRef] [PubMed]

Jansons, K.M.; Alexander, D.C. Persistent Angular Structure: New insights from diffusion MRI data. Dummy
version. Inf. Process. Med. Imaging 2003, 18, 672-683. [PubMed]

Ozarslan, E.; Shepherd, TM.; Vemuri, B.C.; Blackband, S.J.; Mareci, T.H. Resolution of complex tissue
microarchitecture using the diffusion orientation transform (DOT). Neuroimage 2006, 31, 1086-1103.
[CrossRef] [PubMed]

Essayed, W.I; Zhang, F.; Unadkat, P.; Cosgrove, G.R.; Golby, A.J.; O'Donnell, L.]. White matter tractography
for neurosurgical planning: A topography-based review of the current state of the art. Neuroimage Clin. 2017,
15, 659-672. [CrossRef] [PubMed]

Mollink, J.; Kleinnijenhuis, M.; Cappellen van Walsum, A.V.; Sotiropoulosa, S.N.; Cottaar, M.; Mirfin, C.;
Heinrich, M.P.; Jenkinson, M.; Pallebage-Gamarallage, M.; Ansorge, O.; et al. Evaluating fibre orientation
dispersion in white matter: Comparison of diffusion MRI, histology and polarized light imaging. Neuroimage
2017, 157, 561-574. [CrossRef] [PubMed]

Seehaus, A.; Roebroeck, A.; Bastiani, M.; Fonseca, L.; Bratzke, H.; Lori, N.; Vilanova, A.; Goebel, R.; Galuske, R.
Histological validation of high-resolution DTI in human post mortem tissue. Front. Neuroanat. 2015, 9, 98.
[CrossRef] [PubMed]

Gargiulo, P; Arnadottir, I.; Gislason, M.; Edmunds, K.; Olafsson, I. New Directions in 3D Medical Modeling:
3D-Printing Anatomy and Functions in Neurosurgical Planning. ]. Healthc. Eng. 2017, 2017, 1439643.
[CrossRef] [PubMed]

Mangin, J.E; Fillard, P.; Cointepas, Y.; Le Bihan, D.; Frouin, V.; Poupon, C. Toward global tractography.
Neuroimage 2013, 80, 290-296. [CrossRef] [PubMed]

Christiaens, D.; Reisert, M.; Dhollander, T.; Sunaert, S.; Suetens, P.; Maes, F. Global tractography of multi-shell
diffusion-weighted imaging data using a multi-tissue model. Neuroimage 2015, 123, 89-101. [CrossRef]
[PubMed]

Maier-Hein, K.H.; Neher, PF; Houde, ].C.; C6té, M.A.; Garyfallidis, E.; Zhong, J.; Chamberland, M.; Yeh, E.C,;
Lin, Y.C.; Ji, Q.; et al. Reddick WE. The challenge of mapping the human connectome based on diffusion
tractography. Nat. Commun. 2017, 8, 1349. [CrossRef] [PubMed]

Pujol, S.; Wells, W.; Pierpaoli, C.; Brun, C.; Gee, J.; Cheng, G.; Vemuri, B.; Commowick, O.; Prima, S.;
Stamm, A.; et al. The DTI Challenge: Toward Standardized Evaluation of Diffusion Tensor Imaging
Tractography for Neurosurgery. J. Neuroimaging 2015, 25, 875-882. [CrossRef] [PubMed]

Koller, W.C.; Lyons, K.E.; Wilkinson, S.B.; Troster, A.IL;; Pahwa, R. Long-term safety and efficacy of unilateral
deep brain stimulation of the thalamus in essential tremor. Mov. Disord. 2001, 16, 464-468. [CrossRef]
[PubMed]

Blomstedt, P.; Hariz, G.M.; Hariz, M.1.; Koskinen, L.O. Thalamic deep brain stimulation in the treatment of
essential tremor: A long-term follow-up. Br. J. Neurosurg. 2007, 21, 504-509. [CrossRef] [PubMed]
Blomstedt, P.; Sandvik, U.; Linder, J.; Fredricks, A.; Forsgren, L.; Hariz, M.I. Deep brain stimulation of the
subthalamic nucleus versus the zona incerta in the treatment of essential tremor. Acta Neurochir. (Wien) 2011,
153, 2329-2335. [CrossRef] [PubMed]

Sandvik, U.; Koskinen, L.O.; Lundquist, A.; Blomstedt, P. Thalamic and subthalamic deep brain stimulation
for essential tremor: Where is the optimal target? Neurosurgery 2012, 70, 840-845; discussion 845-846.
[CrossRef] [PubMed]

Murata, J.; Kitagawa, M.; Uesugi, H.; Saito, H.; Iwasaki, Y.; Kikuchi, S.; Tashiro, K.; Sawamura, Y. Electrical
stimulation of the posterior subthalamic area for the treatment of intractable proximal tremor. J. Neurosurg.
2003, 99, 708-715. [CrossRef] [PubMed]


http://dx.doi.org/10.1002/mrm.20279
http://www.ncbi.nlm.nih.gov/pubmed/15562495
http://www.ncbi.nlm.nih.gov/pubmed/17946944
http://dx.doi.org/10.1016/j.neuroimage.2008.03.036
http://www.ncbi.nlm.nih.gov/pubmed/18495497
http://dx.doi.org/10.1016/j.neuroimage.2007.05.012
http://www.ncbi.nlm.nih.gov/pubmed/17596967
http://dx.doi.org/10.1016/j.neuroimage.2005.03.042
http://www.ncbi.nlm.nih.gov/pubmed/15979342
http://www.ncbi.nlm.nih.gov/pubmed/15344497
http://dx.doi.org/10.1016/j.neuroimage.2006.01.024
http://www.ncbi.nlm.nih.gov/pubmed/16546404
http://dx.doi.org/10.1016/j.nicl.2017.06.011
http://www.ncbi.nlm.nih.gov/pubmed/28664037
http://dx.doi.org/10.1016/j.neuroimage.2017.06.001
http://www.ncbi.nlm.nih.gov/pubmed/28602815
http://dx.doi.org/10.3389/fnana.2015.00098
http://www.ncbi.nlm.nih.gov/pubmed/26257612
http://dx.doi.org/10.1155/2017/1439643
http://www.ncbi.nlm.nih.gov/pubmed/29068642
http://dx.doi.org/10.1016/j.neuroimage.2013.04.009
http://www.ncbi.nlm.nih.gov/pubmed/23587688
http://dx.doi.org/10.1016/j.neuroimage.2015.08.008
http://www.ncbi.nlm.nih.gov/pubmed/26272729
http://dx.doi.org/10.1038/s41467-017-01285-x
http://www.ncbi.nlm.nih.gov/pubmed/29116093
http://dx.doi.org/10.1111/jon.12283
http://www.ncbi.nlm.nih.gov/pubmed/26259925
http://dx.doi.org/10.1002/mds.1089
http://www.ncbi.nlm.nih.gov/pubmed/11391740
http://dx.doi.org/10.1080/02688690701552278
http://www.ncbi.nlm.nih.gov/pubmed/17922323
http://dx.doi.org/10.1007/s00701-011-1157-4
http://www.ncbi.nlm.nih.gov/pubmed/21904970
http://dx.doi.org/10.1227/NEU.0b013e318236a809
http://www.ncbi.nlm.nih.gov/pubmed/22426044
http://dx.doi.org/10.3171/jns.2003.99.4.0708
http://www.ncbi.nlm.nih.gov/pubmed/14567607

Brain Sci. 2018, 8,23 11 0f12

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Fytagoridis, A.; Astrom, M.; Samuelsson, ].; Blomstedt, P. Deep Brain Stimulation of the Caudal Zona Incerta:
Tremor Control in Relation to the Location of Stimulation Fields. Stereotact. Funct. Neurosurg. 2016, 94,
363-370. [CrossRef] [PubMed]

Coenen, V.A ; Allert, N.; Madler, B. A role of diffusion tensor imaging fiber tracking in deep brain stimulation
surgery: DBS of the dentato-rubro-thalamic tract (DRT) for the treatment of therapy-refractory tremor.
Acta Neurochir. (Wien) 2011, 153, 1579-1585; discussion 1585. [CrossRef] [PubMed]

King, N.K.K.; Krishna, V.; Sammartino, F; Bari, A.; Reddy, G.D.; Hodaie, M.; Kalia, S.K.; Fasano, A.;
Munhoz, R.P; Lozano, A.M.; et al. Anatomic Targeting of the Optimal Location for Thalamic Deep Brain
Stimulation in Patients with Essential Tremor. World Neurosurg. 2017, 107, 168-174. [CrossRef] [PubMed]
Coenen, V.A.; Allert, N.; Paus, S.; Kronenburger, M.; Urbach, H.; Madler, B. Modulation of the
cerebello-thalamo-cortical network in thalamic deep brain stimulation for tremor: A diffusion tensor imaging
study. Neurosurgery 2014, 75, 657-669; discussion 669-670. [CrossRef] [PubMed]

O’Halloran, R.L.; Chartrain, A.G.; Rasouli, ].].; Ramdhani, R.A.; Kopell, B.H. Case Study of Image-Guided
Deep Brain Stimulation: Magnetic Resonance Imaging-Based White Matter Tractography Shows Differences
in Responders and Nonresponders. World Neurosurg. 2016, 96, 613.¢9-613.e16. [CrossRef] [PubMed]
Sajonz, B.E.; Amtage, F.; Reinacher, P.C.; Jenkner, C.; Piroth, T.; Kétzler, J.; Urbach, H.; Coenen, V.A.
Deep Brain Stimulation for Tremor Tractographic Versus Traditional (DISTINCT): Study Protocol of a
Randomized Controlled Feasibility Trial. JMIR Res. Protoc. 2016, 5, e244. [CrossRef] [PubMed]

Hamani, C.; Florence, G.; Heinsen, H.; Plantinga, B.R.; Temel, Y.; Uludag, K.; Alho, E.; Teixeira, M.].;
Amaro, E.; Fonoff, E.T. Subthalamic Nucleus Deep Brain Stimulation: Basic Concepts and Novel Perspectives.
eNeuro 2017, 4. [CrossRef] [PubMed]

Petersen, M.V,; Lund, T.E.; Sunde, N.; Frandsen, J.; Rosendal, F; Juul, N.; Ostergaard, K. Probabilistic
versus deterministic tractography for delineation of the cortico-subthalamic hyperdirect pathway in patients
with Parkinson disease selected for deep brain stimulation. J. Neurosurg. 2017, 126, 1657-1668. [CrossRef]
[PubMed]

Akram, H.; Sotiropoulos, S.N.; Jbabdi, S.; Georgiev, D.; Mahlknecht, P.; Hyam, J.; Foltynie, T.; Limousin, P.;
De Vita, E.; Jahanshahi, M.; et al. Subthalamic deep brain stimulation sweet spots and hyperdirect cortical
connectivity in Parkinson’s disease. Neuroimage 2017, 158, 332-345. [CrossRef] [PubMed]

Horn, A.; Reich, M.; Vorwerk, J.; Li, N.; Wenzel, G.; Fang, Q.; Schmitz-Hiibsch, T.; Nickl, R.; Kupsch, A.;
Volkmann, J.; et al. Connectivity Predicts deep brain stimulation outcome in Parkinson disease. Ann. Neurol.
2017, 82, 67-78. [CrossRef] [PubMed]

Aravamuthan, B.R,; Stein, J.F,; Aziz, T.Z. The anatomy and localization of the pedunculopontine nucleus
determined using probabilistic diffusion tractography [corrected]. Br. J. Neurosurg. 2008, 22 (Suppl. 1),
525-532. [CrossRef] [PubMed]

Alho, A.; Hamani, C.; Alho, E.J.L,; da Silva, R.E.; Santos, G.A.B.; Neves, R.C.; Carreira, L.L.; Aratjo, CM.M.;
Magalhaes, G.; Coelho, D.B.; et al. Magnetic resonance diffusion tensor imaging for the pedunculopontine
nucleus: Proof of concept and histological correlation. Brain Struct. Funct. 2017, 222, 2547-2558. [CrossRef]
[PubMed]

Holtzheimer, PE.; Kelley, M.E.; Gross, R.E.; Filkowski, M.M.; Garlow, SJ.; Barrocas, A.; Wint, D.;
Craighead, M.C.; Kozarsky, J.; Chismar, R.; et al. Subcallosal cingulate deep brain stimulation for
treatment-resistant unipolar and bipolar depression. Arch. Gen. Psychiatry 2012, 69, 150-158. [CrossRef]
[PubMed]

Mayberg, H.S.; Lozano, A.M.; Voon, V.; McNeely, H.E.; Seminowicz, D.; Hamani, C.; Schwalb, ].M.;
Kennedy, S.H. Deep brain stimulation for treatment-resistant depression. Neuron 2005, 45, 651-660.
[CrossRef] [PubMed]

Malone, D.A,, Jr.; Dougherty, D.D.; Rezai, A.R.; Carpenter, L.L.; Friehs, G.M.; Eskandar, E.N.; Rauch, S.L.;
Rasmussen, S.A.; Machado, A.G.; Kubu, C.S.; et al. Deep Brain Stimulation of the Ventral Capsule/Ventral
Striatum for Treatment-Resistant Depression. Biol. Psychiatry 2009, 65, 267-275. [CrossRef] [PubMed]
Schlaepfer, T.E.; Cohen, M.X.; Frick, C.; Kosel, M.; Brodesser, D.; Axmacher, N.; Joe, A.Y.; Kreft, M.; Lenartz, D.;
Sturm, V. Deep brain stimulation to reward circuitry alleviates anhedonia in refractory major depression.
Neuropsychopharmacology 2008, 33, 368-377. [CrossRef] [PubMed]


http://dx.doi.org/10.1159/000448926
http://www.ncbi.nlm.nih.gov/pubmed/27784023
http://dx.doi.org/10.1007/s00701-011-1036-z
http://www.ncbi.nlm.nih.gov/pubmed/21553318
http://dx.doi.org/10.1016/j.wneu.2017.07.136
http://www.ncbi.nlm.nih.gov/pubmed/28774764
http://dx.doi.org/10.1227/NEU.0000000000000540
http://www.ncbi.nlm.nih.gov/pubmed/25161000
http://dx.doi.org/10.1016/j.wneu.2016.08.103
http://www.ncbi.nlm.nih.gov/pubmed/27593719
http://dx.doi.org/10.2196/resprot.6885
http://www.ncbi.nlm.nih.gov/pubmed/28007690
http://dx.doi.org/10.1523/ENEURO.0140-17.2017
http://www.ncbi.nlm.nih.gov/pubmed/28966978
http://dx.doi.org/10.3171/2016.4.JNS1624
http://www.ncbi.nlm.nih.gov/pubmed/27392264
http://dx.doi.org/10.1016/j.neuroimage.2017.07.012
http://www.ncbi.nlm.nih.gov/pubmed/28711737
http://dx.doi.org/10.1002/ana.24974
http://www.ncbi.nlm.nih.gov/pubmed/28586141
http://dx.doi.org/10.1080/02688690802448251
http://www.ncbi.nlm.nih.gov/pubmed/19085350
http://dx.doi.org/10.1007/s00429-016-1356-0
http://www.ncbi.nlm.nih.gov/pubmed/28283747
http://dx.doi.org/10.1001/archgenpsychiatry.2011.1456
http://www.ncbi.nlm.nih.gov/pubmed/22213770
http://dx.doi.org/10.1016/j.neuron.2005.02.014
http://www.ncbi.nlm.nih.gov/pubmed/15748841
http://dx.doi.org/10.1016/j.biopsych.2008.08.029
http://www.ncbi.nlm.nih.gov/pubmed/18842257
http://dx.doi.org/10.1038/sj.npp.1301408
http://www.ncbi.nlm.nih.gov/pubmed/17429407

Brain Sci. 2018, 8,23 12 0of 12

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Dougherty, D.D.; Rezai, A.R.; Carpenter, L.L.; Howland, R.H.; Bhati, M.T.; O'Reardon, J.P,; Eskandar, E.N.;
Baltuch, G.H.; Machado, A.D.; Kondziolka, D.; et al. A Randomized Sham-Controlled Trial of Deep
Brain Stimulation of the Ventral Capsule/Ventral Striatum for Chronic Treatment-Resistant Depression.
Biol. Psychiatry 2015, 78, 240-248. [CrossRef] [PubMed]

Holtzheimer, P.E.; Husain, M.M,; Lisanby, S.H.; Taylor, S.E.; Whitworth, L.A.; McClintock, S.; Slavin, K.V,;
Berman, J.; McKhann, G.M.; Patil, PG.; et al. Subcallosal cingulate deep brain stimulation for
treatment-resistant depression: A multisite, randomised, sham-controlled trial. Lancet Psychiatry 2017,
4,839-849. [CrossRef]

Schlaepfer, T.E.; Bewernick, B.H.; Kayser, S.; Madler, B.; Coenen, V.A. Rapid effects of deep brain stimulation
for treatment-resistant major depression. Biol. Psychiatry 2013, 73, 1204-1212. [CrossRef] [PubMed]
Coenen, V.A.; Honey, C.R.; Hurwitz, T.; Rahman, A.A.; McMaster, J.; Biirgel, U.; Méadler, B. Medial forebrain
bundle stimulation as a pathophysiological mechanism for hypomania in subthalamic nucleus deep brain
stimulation for Parkinson’s disease. Neurosurgery 2009, 64, 1106-1114; discussion 1114-1105. [CrossRef]
[PubMed]

Castrioto, A.; Lhommee, E.; Moro, E.; Krack, P. Mood and behavioural effects of subthalamic stimulation in
Parkinson’s disease. Lancet Neurol. 2014, 13, 287-305. [CrossRef]

Deuschl, G.; Paschen, S.; Witt, K. Clinical outcome of deep brain stimulation for Parkinson’s disease.
Handb. Clin. Neurol. 2013, 116, 107-128. [PubMed]

Coenen, V.A ; Panksepp, J.; Hurwitz, T.A.; Urbach, H.; Madler, B. Human medial forebrain bundle (MFB) and
anterior thalamic radiation (ATR): Imaging of two major subcortical pathways and the dynamic balance of
opposite affects in understanding depression. J. Neuropsychiatry Clin. Neurosci. 2012, 24, 223-236. [CrossRef]
[PubMed]

Coenen, V.A.; Schlaepfer, TE.; Maedler, B.; Panksepp, J. Cross-species affective functions of the
medial forebrain bundle-implications for the treatment of affective pain and depression in humans.
Neurosci. Biobehav. Rev. 2011, 35, 1971-1981. [CrossRef] [PubMed]

Bewernick, B.H.; Kayser, S.; Gippert, S.M.; Switala, C.; Coenen, V.A.; Schlaepfer, T.E. Deep brain stimulation
to the medial forebrain bundle for depression-long-term outcomes and a novel data analysis strategy.
Brain Stimul. 2017, 10, 664—671. [CrossRef] [PubMed]

Riva-Posse, P.; Choi, K.S.; Holtzheimer, P.E.; McIntyre, C.C.; Gross, R.E.; Chaturvedi, A.; Crowell, A.L,;
Garlow, S.J.; Rajendra, ] K.; Mayberg, H.S. Defining critical white matter pathways mediating successful
subcallosal cingulate deep brain stimulation for treatment-resistant depression. Biol. Psychiatry 2014, 76,
963-969. [CrossRef] [PubMed]

Riva-Posse, P.; Choi, K.S.; Holtzheimer, P.E.; Crowell, A.L.; Garlow, S.J.; Rajendra, J.K.; McIntyre, C.C.;
Gross, R.E.; Mayberg, H.S. A connectomic approach for subcallosal cingulate deep brain stimulation surgery:
Prospective targeting in treatment-resistant depression. Mol. Psychiatry 2017. [CrossRef] [PubMed]

Fenoy, A.].; Schulz, P; Selvaraj, S.; Burrows, C.; Spiker, D.; Cao, B.; Zunta-Soares, G.; Gajwani, P.; Quevedo, J.;
Soares, J. Deep brain stimulation of the medial forebrain bundle: Distinctive responses in resistant depression.
J. Affect. Disord. 2016, 203, 143-151. [CrossRef] [PubMed]

Jbabdi, S.; Johansen-Berg, H. Tractography: Where do we go from here? Brain Connect. 2011, 1, 169-183.
[CrossRef] [PubMed]

Yamada, K.; Sakai, K.; Akazawa, K.; Yuen, S.; Nishimura, T. MR tractography: A review of its clinical
applications. Magn. Reson. Med. Sci. 2009, 8, 165-174. [CrossRef] [PubMed]

Price, J.L.; Drevets, W.C. Neurocircuitry of mood disorders. Neuropsychopharmacology 2010, 35, 192-216.
[CrossRef] [PubMed]

@ © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.biopsych.2014.11.023
http://www.ncbi.nlm.nih.gov/pubmed/25726497
http://dx.doi.org/10.1016/S2215-0366(17)30371-1
http://dx.doi.org/10.1016/j.biopsych.2013.01.034
http://www.ncbi.nlm.nih.gov/pubmed/23562618
http://dx.doi.org/10.1227/01.NEU.0000345631.54446.06
http://www.ncbi.nlm.nih.gov/pubmed/19487890
http://dx.doi.org/10.1016/S1474-4422(13)70294-1
http://www.ncbi.nlm.nih.gov/pubmed/24112889
http://dx.doi.org/10.1176/appi.neuropsych.11080180
http://www.ncbi.nlm.nih.gov/pubmed/22772671
http://dx.doi.org/10.1016/j.neubiorev.2010.12.009
http://www.ncbi.nlm.nih.gov/pubmed/21184778
http://dx.doi.org/10.1016/j.brs.2017.01.581
http://www.ncbi.nlm.nih.gov/pubmed/28259544
http://dx.doi.org/10.1016/j.biopsych.2014.03.029
http://www.ncbi.nlm.nih.gov/pubmed/24832866
http://dx.doi.org/10.1038/mp.2017.59
http://www.ncbi.nlm.nih.gov/pubmed/28397839
http://dx.doi.org/10.1016/j.jad.2016.05.064
http://www.ncbi.nlm.nih.gov/pubmed/27288959
http://dx.doi.org/10.1089/brain.2011.0033
http://www.ncbi.nlm.nih.gov/pubmed/22433046
http://dx.doi.org/10.2463/mrms.8.165
http://www.ncbi.nlm.nih.gov/pubmed/20035125
http://dx.doi.org/10.1038/npp.2009.104
http://www.ncbi.nlm.nih.gov/pubmed/19693001
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Tractography 
	Tractography and DBS 
	Tremor and Movement Disorders 
	Treatment Resistant Depression 

	Conclusions 
	References

