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Abstract

Deep Brain Stimulation (DBS) is a neurosurgical procedure that can reduce symptoms in 

medically intractable obsessive-compulsive disorder (OCD). Conceptually, DBS of the ventral 

capsule/ventral striatum (VC/VS) region targets reciprocal excitatory connections between the 

orbitofrontal cortex (OFC) and thalamus, decreasing abnormal reverberant activity within the 

OFC-caudate-pallidal-thalamic circuit. In this study, we investigated these connections using 
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diffusion magnetic resonance imaging (dMRI) on human connectome datasets of twenty-nine 

healthy young-adult volunteers with two-tensor unscented Kalman filter based tractography. We 

studied the morphology of the lateral and medial orbitofrontothalamic connections and estimated 

their topographic variability within the VC/VS region. Our results showed that the morphology of 

the individual orbitofrontothalamic fibers of passage in the VC/VS region is complex and inter-

individual variability in their topography is high. We applied this method to an example OCD 

patient case who underwent DBS surgery, formulating an initial proof of concept for a 

tractography-guided patient-specific approach in DBS for medically intractable OCD. This may 

improve on current surgical practice, which involves implanting all patients at identical 

stereotactic coordinates within the VC/VS region.

Keywords

Diffusion tensor imaging; Diffusion tractography; Connectome; Obsessive-compulsive disorder 
(OCD); Deep brain stimulation (DBS); Tractography-guided DBS

Introduction

Obsessive-compulsive disorder (OCD) is a chronic mental illness affecting 4–7 million 

people in the U.S. Patients are impaired in multiple Research Domain constructs (Cuthbert 

and Insel 2010, 2013) including Habit (perseverative compulsive behaviors), Sustained 

Threat (anxiety in response to obsessional thoughts that they know are untrue), and Reward 

Learning (inability to learn to resist obsessions/compulsions despite negative consequences). 

Medication and behavioral therapies yield inadequate symptom relief in 50–70% (Greist et 

al. 1995; Koran et al. 2007; Pallanti et al. 2002; Pittenger and Bloch 2014) of patients. As a 

result, OCD remains a leading worldwide cause of disability, equivalent in impact to more 

visible disorders such as schizophrenia (Ayuso-Mateos 2002). Roughly one-third of patients 

are unable to work due to their symptoms (Mancebo et al. 2008) and their caregivers report 

profound, life-impairing stress (Laidlaw et al. 1999). The clinical syndrome and the 

underlying constructs have been linked to a set of cortico-striato-thalamo-cortical (CSTC) 

loops, circuits that subserve goal-directed action, learning, and motivation (Ahmari et al. 

2013; Anticevic et al. 2014; Burguiere et al. 2013; Dougherty et al. 2010; Pauls et al. 2014; 

Posner et al. 2014). It is not known which loops are most important in OCD, but the 

orbitofrontal cortex (OFC) in particular is repeatedly implicated by neuroimaging studies as 

a hub, as are ventromedial prefrontal (vmPFC) and anterior cingulate (ACC) cortex 

(Dougherty et al. 2010; Milad and Rauch 2012).

In cases of medically intractable OCD, neurosurgical treatment is an option for reducing 

symptom burden and increasing quality of life. Although, given its limited application to 

date it is still too early to know with clarity how beneficial this procedure is, our clinical 

experience and of others (Greenberg et al. 2010a) have shown that approximately one-third 

of the patients had meaningful clinical improvement, another third showed partial clinical 

response while the remainder did not show any meaningful response. Deep brain stimulation 

(DBS) of the ventral capsule/ventral striatum (VC/VS) region may target reciprocal 

excitatory connections between OFC and thalamus, decreasing reverberant feedback activity 
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within the OFC-caudate-pallidal-thalamic circuit, leading to therapeutic gains (Greenberg et 

al. 2010b). More specifically, it is thought that the OFC connections with the thalamus are 

the most relevant in OCD pathophysiology (Fineberg et al. 2010; Graybiel and Rauch 2000). 

The VC/VS target is not a single identifiable anatomical structure, but includes both white 

matter of the caudoventral part of the anterior limb of the internal capsule (ALIC) and the 

shell of the nucleus accumbens. Fibers of passage in this region connect dorsal prefrontal 

cortex (DPFC), dorsal anterior cingulate cortex (dACC), orbitofrontal cortex (OFC) and 

ventromedial prefrontal cortex (vmPFC) with the thalamus (principally mediodorsal, 

anterior medial, medial pulvinar, and midline-intralaminar nuclei), amygdala, hypothalamus 

and brainstem (substantia nigra, ventral tegmental area, raphe nuclei and peduncolopontine 

tegmental nucleus). The trajectories of these fibers of passage show a characteristic general 

pattern of topographic organization in VC/VS, but the individual projections and bundles 

overlap considerably (Jbabdi et al. 2013; Lehman et al. 2011; Yang et al. 2015). In DBS 

practice, anatomical inhomogeneity in VC/VS results in the stimulation of multiple different 

structures by implanted electrodes. Unless visualization of the various fiber tracts in this 

region is done in a manner that reveals pathway specificity, there will be little clarity 

regarding target engagement or the correlation of any specific circuitry to therapeutic effect. 

We identified this problem and addressed it to a certain extent in two recent papers 

examining which gray and white matter structures were lesioned by subcaudate tractotomy 

in a cohort identified from a Massachusetts General Hospital database of patients maintained 

since 1992 (Yang et al. 2014) and mapping the anatomy of fibers of passage in the VC/VS 

region in normal subjects using DTI probabilistic tractography (Yang et al. 2015). 

Probabilistic tractography is useful for a general understanding of the topographic 

arrangement of the fibers of passage.

Current surgical practice involves implanting all patients at identical stereotactic coordinates 

within the VC/VS region. Thus, DBS for OCD as currently practiced lacks specificity with 

respect to targeted engagement of individual fiber tracts. From a purely anatomical 

perspective, another important factor that adds complexity to the specificity of fiber tract 

target engagement is the morphology of individual fiber tracts. Along their trajectories, as 

fiber tracts course from origin toward their termination, they deploy their fibers in the form 

of a “cloud.” Although these clouds of fibers run side-by-side, they partially intertwine and 

share the same space, making it highly difficult to discern a specific fiber tract with clarity. 

Another highly relevant problem in DBS target engagement is inter-subject variability, 

which increases the probability of misplacement of the implant within the VC/VS region. 

For DBS to enable optimal target engagement and therapeutic efficacy, this surgical 

procedure should become patient-specific. Varying the specific implant coordinates based on 

tractography in individual patients would be one way to achieve that specificity.

In this study, given the relevance of the orbitofrontothalamic circuitry in OCD 

pathophysiology, we adressed issues of the anatomical connectivity between the OFC and 

the thalamus. We mapped the lateral orbitofrontothalamic (lOFC-thal) and the medial 

orbitofrontothalamic (mOFC-thal) connections and elucidated the topographic relationships 

of these two fiber connections within the VC/VS region in humans. We measured the inter-

individual anatomical variabillity of lOFC-thal and mOFC-thal connections in a sample of 

twenty-nine individuals using two-tensor diffusion tractography of Connectome data and 
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data from an OCD DBS patient. Our results represent an initial proof of concept indicating 

the relevance of a tractography-guided patient-specific approach in DBS neurosurgery for 

OCD.

Methods

We used magnetic DTI-based tractography in 29 human subjects to study the fibers of 

passage at the VC/VS area in the caudoventral region of the anterior limb of internal capsule 

(ALIC), which are considered to be critical for DBS in OCD. To this end we accomplished 

three goals: a) we delineated the lateral and medial orbitofrontal connections with the 

thalamus in 29 healthy human volunteers and generated a database of biophysical 

parameters, such as fractional anisotropy (FA), axial diffusivity (AD), radial diffusivity (RD) 

and volume for the lateral and medial orbitofrontothalamic tract; b) we mapped the 

variabilty of the lateral and medial orbitofrontothalamic tract in 29 human datasets and 

generated a means of measuring and visualizing the variablity of these fibers of passage; c) 

finally, we illustrated the relevance of these observations in a case study of a patient with 

OCD who had undergone DBS in the VC/VS region.

Subjects

Healthy subjects—Twenty-nine healthy subjects, 15 males, 20 to 59 years of age (age 32 

on average) and 14 females, 20 to 44 years of age (age 29.5 on average) participated in the 

study. None of the subjects presented with a diagnosed neurological disorder or history of 

alcohol or other drug dependency. This study was approved by the Institutional Review 

Board (IRB) at Massachusetts General Hospital (MGH).

Patient—The patient was a female approximately 30 years of age at the time of DBS 

implant. She reported symptoms of OCD with onset in her teenage years. At the time of 

presentation, these had not responded to medication, including trials of clomipramine and 

multiple serotonergic agents. Her symptoms had not reliably responded to exposure and 

response prevention therapy. She was unable to work or engage in substantial activities 

outside the home due to her symptoms. Following bilateral VC/VS DBS implant and 

approximately six months of DBS setting titration, she reported a 35% decrease in her Yale-

Brown Obsessive-Compulsive Score (YBOCS). She was able to return to formal educational 

and occupational activities. She experienced a brief period of hypomania during initial DBS 

titration, which did not recur once dose was adjusted appropriately. This study was approved 

by the MGH IRB.

MRI procedures

MRI for healthy subjects—All subjects were scanned on a Siemens 3 Tesla Connectom 

at the MGH A. Martinos Center for Biomedical Imaging. We acquired multi-shell data with 

a spin-echo echo planar imaging (EPI) pulse sequence (TR= 8,800 ms, TE= 57 ms, 96 

slices, 212 cm2 field of view, 1.5 mm isotropic voxels, at multiple b values of 1,000 s/mm2, 

3,000 s/mm2, 5000 s/mm2 and 10,000 s/mm2). Fiber tracts were sampled in 3D–Slicer (v2.7, 

www.slicer.org), using a multi-tensor tractography algorithm (Malcolm et al. 2010) as 

dicussed in more detail below. We acquired diffusion scans to examine white matter integrity 
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and perform tractography: two 128-direction (for a total of 256 directions) diffusion imaging 

sequences (TR = 8800 ms, TE = 57.0 ms, 96 slices, GRAPPA 3, with 1.5 mm isotropic 

voxels, at b-value 5,000 s/mm2 (Setsompop et al. 2013). Most diffusion scans include fewer 

directions (60 vs. 256), low spatial resolution (about 2 mm isotropic voxel size), and have 

dramatically lower b-values (700 or lower vs. 5,000 s/mm2), which requires the use of 

limited diffusion tensor imaging (DTI) models. The fine resolution, high number of 

directions, and high b value afforded by the state-of-the-art sequences possible with the 

Connectome scanner allow us to (1) fit advanced diffusion imaging models (Rathi et al. 

2013) that can more precisely resolve the particular direction of a fiber bundle, and (2) 

perform tractography analyses, which can follow bundles all the way to their terminus region 

in gray matter through voxels where fibers bend or cross.

We used the data publicly available from the MGH human connectome project (MGH-

HCP), where very high gradient strengths were used to obtain high b-values with reasonable 

SNR. These additional data can be useful to obtain a better estimate of the fiber crossings 

and hence were used in our work. Further, utilizing all of the data available can provide a 

better fit and provide a better estimate of the fiber orientation rather than using only part of 

the acquired data (e.g., using only the 2000 or 3000 b-value data).

Postmortem human head—We utilized these datasets for illustration purposes by 

enhancing the anatomy of the thalamus and the VC/VS region by means of the high 

resolution we were able to achieve. The ex-vivo datasets were collected as 7 Tesla (7T) T2* 

and Connectome dMRI data (Bonmassar and Makris 2015). Specifically, using a high-

resolution T1-weighted dataset of an ex-vivo human brain, fixed in periodate-lysine 

paraformaldehyde (PLP), using a 7 Tesla Siemens scanner with a 3D FLASH (0.43 mm3 

resolution, 5122 matrix, FoV 205 mm, 352 slices, FA 30°, TR = 35 ms, TE = 10.2 ms, 32 

channel head array, Tacq = 1 h 45 min), we were able to parcellate the thalamus into several 

regions of interest (ROIs) (Andrew and Watkins 1969; Talairach et al. 1957). Taking 

advantage of the high resolution of this dataset, cortical and subcortical, viz. caudate 

nucleus, putamen, internal/external globus pallidus, nucleus accumbens septi and thalamus, 

parcellation was done using visible anatomical landmarks as per Makris and colleagues 

(Makris et al. 1999) and with the aid of atlases of the human thalamus and midline 

telencephalic and diencephalic nuclei (Andrew and Watkins 1969; Talairach et al. 1957). 

This was relevant in providing a more finegrained understanding of the origins and 

terminations of the different orbitofrontal fiber tracts with specific nuclear groups of the 

thalamus. We also acquired diffusion imaging data using the Siemens 3 Tesla “Skyra 

Connectom” at the MGH A. Martinos Center for Biomedical Imaging with a spin echo EPI 

sequence (1.53 mm3 resolution, 1402 matrix, FoV 210 mm, 95 slices, 128 diffusion 

directions at 5000 s/mm2 and 10 b = 0 acquisitions, TR= 8,800 ms, TE= 57 ms, 3x GRAPPA 

acceleration, 64 channel head array, with acquisition time approximately 22 minutes) to 

perform tractography of the orbitofrontothalamic connections.

Patient Neuroimaging—Preoperative MRI and postimplantation computed tomography 

(CT) scans were acquired in a patient under Institutional Exemption Device (IDE) as 

follows. Preoperative MRI Structural T1-weighted MEMPRAGE scan was acquired on 
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Siemens TrioTim (TR: 2.53 s; Multi-Echo TE: 1.64/3.5/5.36/7.22 ms; TI: 1.2 s; Flip Angle: 

7; FoV: 256 mm; 176 sagittal slices; Voxel Size: 13 mm3). Diffusion scan was acquired on 

Siemens TrioTim (TR: 9.04 s; TE: 87 ms; Flip Angle: 90°; FoV: 213 mm; 72 axial slices; b-

value 700 s/mm2, Voxel size: 1.9 3 mm3). Postimplantation CT After electrode implantation, 

we collected high-resolution, non-contrast, thin slice CT with 1mm thickness contiguous 

axial slices for full-head coverage. Subsequently, the CT scan was co-registered with the 

preoperative MRI to allow superimposition of the implanted electrodes on the MRI space. 

This allows visualization of the implants in relationship to the subject’s brain anatomy. We 

used FNIRT, FSL’s non-linear co-registration tool.

We demonstrated the variability of the VC/VS fibers in healthy subjects using the best 

dataset available. These data have very high spatial resolution and may allow more accurate 

measurements, making the estimation of the tracts more robust and reliable. Such advanced 

protocols are not currently available for scanning DBS patients. Further, the patient data 

were acquired before the MGH connectome was built. While the study on variability of the 

VC/VS tracts is quite reliable, the sub-optimal data used for the patient can affect 

construction of the VC/VS fibers of passage.

Parcellation of cortical and subcortical regions of interest (ROIs)

To define the cortical ROIs in the brain in general and in the orbitofrontal cortical (OFC) 

region in particular, namely the lateral OFC (lOFC) and medial OFC (mOFC), we carried 

out analyses using algorithms in the publicly available FreeSurfer software package (http://

www.martinos.org/freesurfer) (Dale et al. 1999; Fischl and Dale 2000; Fischl et al. 1999). 

The T1-weighted images from each subject were motion-corrected, averaged, and 

normalized for intensity; subsequently, automated computational reconstruction of brain 

surface and segmentation of the cortical and subcortical structures was done. Finally, 

segmentation and automatic labeling of cortical (i.e., cortical parcellation) and subcortical 

regions (Desikan et al. 2006; Fischl et al. 2002; Fischl et al. 2004) were done by 

implementing algorithms as described by Fischl and colleagues (Dale et al. 1999; Fischl and 

Dale 2000; Fischl et al. 1999).

Tractographic delineation of lateral and medial orbitofrontothalamic (lOFC-thal and mOFC-
thal) fiber tracts

Fiber tractography was performed using a multi-tensor tractography algorithm (Malcolm et 

al. 2010). This algorithm uses tractography to drive the local fiber model estimation, i.e., 

model estimation (in this case, the multiple tensors) is done while tracing a “fiber” from seed 

to termination. It must be pointed out that “fiber” is a computational term used throughout 

this study to denote “virtual fibers”. Because existing techniques independently estimate the 

model parameters at each voxel (throughout the brain) prior to tractography, there is no 

running knowledge of confidence in the estimated model fit. Furthermore, noise can 

significantly affect the estimated model parameters particularly in the case of multi-tensor 

models, which others including Malcolm and colleagues (Malcolm et al. 2010) and 

Baumgartner and colleagues (Baumgartner et al. 2012) have compared with existing 

methods. Malcolm et al. (Malcolm et al. 2010) describe an algorithm that formulates fiber 

tracking as a recursive estimation process, wherein the estimate at each step of tracing the 

Makris et al. Page 6

Brain Imaging Behav. Author manuscript; available in PMC 2017 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.martinos.org/freesurfer
http://www.martinos.org/freesurfer


fiber is guided by previous estimates. In this model, tractography is performed within a filter 

framework that uses a discrete mixture of Gaussian tensors to model the signal. Starting 

from a seed point, each fiber is traced to its termination using an unscented Kalman filter to 

simultaneously fit the local model to the signal and propagate it in the most consistent 

direction. Despite the presence of noise and uncertainty, this method provides a causal 

estimate of the local structure at each point along the fiber. Furthermore, because each 

iteration begins with a near-optimal solution based on the previous estimation, the 

convergence of model fitting is improved and local minima are naturally avoided. Another 

important aspect of this algorithm is that it provides a measure of confidence (a covariance 

matrix) in the estimation of the parameters at each step, which can remove false positives in 

tractography. This approach reduces signal reconstruction error and significantly improves 

the angular resolution at crossings and branchings. Because it enables detection of two 

eigenvalues in a voxel, this method resolves the problem of crossing fibers, allowing fiber 

tracing in areas known to contain such crossing and branching (Rathi et al. 2010). 

Subsequently, the white matter query language (WMQL) was used (Wassermann et al. 2013) 

to obtain two different fiber tracts for each hemisphere by selecting only the fibers that 

passed through specific regions for each lateral and medial orbitofrontal-thalamic 

connection. The two fiber tracts included the following regions: the cortex of the lateral 

orbitofrontal cortex, medial orbitofrontal cortex and thalamus (Figure 1 and Figure 2). Tracts 

were obtained by seeding once per voxel. To ensure the anatomical accuracy of lOFC-thal 

and mOFC-thal reconstructions, all cases were inspected. Differentiating the thalamic 

connections of the lOFC-thal and mOFC-thal from those of other regions such as the 

anterior cingulate (ACC) and ventromedial prefrontal (vmPFC) cortex is feasible using 

tractography as shown in Figure 3. It should be noted that it is generally accepted that not 

more than 3 fiber crossings can be reliably detected at a given voxel location. Further, as 

reported by Behrens et al. (2007), a majority of the white matter tends to have 2 crossing 

fibers, with some regions known to have 3 crossings (in the centrum semiovale). In the areas 

we analyze in this work (lOFC and mOFC), we expect at most two-fiber crossing, hence we 

used the two-tensor model. While this is definitely a limitation of our method, it is well-

known that fitting a multi-exponential model to the data is fraught with several local minima 

resulting in several solutions. In the proposed method, we provide a robust way to estimate 

the two tensors using a running knowledge of the previous estimate as well as using the 

covariance of the estimated parameters to determine the best possible solution. Thus, despite 

the limitations of our method overall, we believe it can provide a good estimate of the fiber 

tracts of the orbitofrontal fibers.

Assessment of Inter-subject Variability of Fibers of Passage in the VC/VS region

We assessed the variability of the lateral orbitofrontothalamic and medial 

orbitofrontothalamic fibers of passage at the VC/VS region using two complementary 

approaches. One way of demonstrating variabilty was a histogram that represents the 

distribution of tracts as a function of distance (in mm) from their overall center at the 

coronal level of the anterior commissure (ac). Another was through a heat map, representing 

the probability distribution of the fiber tracts at the same coronal level. In addition, we 

computed the mOFC and lOFC in each individual’s subject space using Freesurfer, and 
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subsequently mapped the individual center-of-mass trajectories to a common MNI space to 

compute variability across the population.

Quantitative Analyses

Measurements of volume, length, mean FA, mean AD and mean RD of the left and the right 

lOFC-thal and mOFC-thal connections were obtained in 29 healthy human subjects. The 

dMRI biophysical parameters of FA, AD and RD may relate to fiber tract coherence and 

integrity (Basser 2004; Song et al. 2003; Song et al. 2002). Symmetry index (SI) (SI = [Left- 

Right] / 0.5 (Left + Right]; (Galaburda et al. 1987) for left and right middle longitudinal 

fascicle (MdLF) for measures of volume, mean FA, mean AD and mean RD were calculated 

for each individual, and across subjects.

Results

Delineation and generation of a database of biophysical parameters and volume of the 
lateral and medial orbitofrontothalamic connections

We were able to delineate the fibers of passage in VC/VS. In Figure 1 we illustrate the 

anatomy of the VC/VS region using gross dissectional information as well as gray matter 

and fiber tract anatomical reconstruction from high-resolution datasets of a postmortem 

human head. The VC/VS at the caudoventral part of the ALIC is in proximity to the ventral 

caudate nucleus, the medial putamen and globus pallidus, and the shell of the nucleus 

accumbens. We also measured the volume, length and other biophysical parameters of the 

lOFC-thal and mOFC-thal connections, such as FA, AD and RD, as reported in Table 1. We 

were also able to distinguish connections between the lateral and medial OFC with the 

mediodorsal, midline-intralaminar and pulvinar nuclei of the thalamus. In Figure 2 we show 

the result of tractographic analysis in one of the 29 healthy subjects who participated in this 

study. Although there is a multiplicity of fiber tracts in the VC/VS region connecting the 

frontal cortex with subcortical structures (Figure 3), the fibers of passage of highest priority 

in OCD are thought to be those that convey the connections of the OFC, in particular its 

lateral portion (i.e., lOFC) (Greenberg et al. 2010b; Fineberg et al. 2010; Graybiel and 

Rauch 2000). With respect to the lOFC-thal and mOFC-thal connections, the parcellation of 

the thalamus into several regions allowed a fine-grained identification of the origin and 

termination of these fibers (Table 2).

Assessment of inter-subject variability of fibers of passage in the VC/VS region

The results of inter-subject variability of the lateral orbitofrontothalamic fibers of passage at 

the VC/VS region are shown in Figure 4, Figure 5 and Figure 6 (tractography in 3-D and 2-

D single slice at ac coronal representations in Figure 4; specifically as histograms of the 

COMs as a function of distance from the overall COM in Figure 5; as heat maps in Figure 

6). It should be noted that as shown in the heat maps, the vast majority of fibers of passage 

are above the anterior commissure-posterior commissure (ac-pc) plane, with very few below 

this plane.
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DBS electrode placement and targeting in the VC/VS region in patients with OCD

We undertook this study to understand the variation in human VC/VS, with an eye towards 

developing better targeting algorithms for DBS placement in OCD. We therefore performed 

the same reconstruction on scans from a patient with OCD who underwent DBS with 

bilateral electrode placement in the VC/VS region. Figure 7 shows the postoperative CT 

scan registered to the preoperative MRI, demonstrating correct lead placement. Correct 

placement was also verifiable by the good clinical response described earlier. As shown in 

Figure 8, the two sets of fiber connections we reconstructed using two-tensor diffusion 

tractography, i.e., lOFC-thal (in red) and mOFC-thal (in blue), display an array of virtual 

fibers as they course from their origins to terminations that resembles a “cloud.” Contact 0 

of the implant, which is just below the anterior commissure, appears to engage mostly with 

lateral orbitothalamic fibers, whereas contact 1, which is above the anterior commissure, 

seems to stimulate also medial orbitothalamic fibers. The tip of the implant, which 

corresponds to its most distal contact (i.e., contact 0), is clearly shown in direct contact with 

the center of mass of the lOFC-thal tract in Figure 8.

Discussion

In the present investigation we mapped the connections of the lateral and the medial 

orbitofrontothalamic connections and demonstrated their inter-individual anatomical 

variabillity in the VC/VS region in a sample of 29 individuals using two-tensor diffusion 

tractography of Connectome data. These observations indicate the potential importance of a 

tractography-guided, patient-specific approach in DBS surgery for OCD and represent an 

initial proof of concept in this regard.

Topographic Anatomy of the VC/VS region and Orbitofrontal Circuitries

Anatomical knowledge of the VC/VS region, and the ability to delineate the relevant gray 

matter structures related to its anatomy and to map the fibers of passage within this area, are 

critical for an accurate target engagement in DBS. In this analysis we elaborated upon the 

rationale of assessing diffusion tractography-guided DBS for OCD using the lateral and 

medial orbitofrontal circuitries as an exemplary paradigm, especially because of the clinical 

relevance of the lateral orbitofrontothalamic fibers for OCD. The lateral orbitofrontal cortex 

corresponds to Brodmann’s area (BA) 47/12, and its primary circuitry involves reciprocal 

connections with supracallosal BA 24 and 32, dorsolateral temporal pole (BA 38), inferior 

temporal cortex (BA 20), the supplementary eye field in the dorsal portion of BA 6, the 

mediodorsal nucleus of thalamus, dorsal and caudal portions of the basal amygdala and the 

accessory (magnocellular) basal amygdala (Mega et al. 2005). The circuitry of lOFC is quite 

different from that of the medial OFC (BA 14), which involves mainly the infracallosal BA 

25, 24 and 32, the ventromedial temporal pole (BA 38), the anterior (agranular) insula, the 

anterior entorhinal cortex (BA 36), the mediodorsal nucleus of thalamus, the medial portion 

of the basal amygdala, and the accessory basal (magnocellular) amygdala (Mega et al. 

2005). Indeed, our results showed connections with several thalamic nuclei, including 

mediodorsal, anterior medial, midline-intralaminar, and medial pulvinar, in agreement with 

existing literature in humans and non-human primates (Arikuni et al. 1983; Barbas et al. 

1991; Goldman-Rakic and Porrino 1985; Hsu and Price 2007; Jakab et al. 2012; Klein et al. 
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2010; Morecraft et al. 1992; Ray and Price 1993; Romanski et al. 1997; Yeterian and Pandya 

1994; Jang and Yeo 2014). A summary of lOFC-thalamic connectivity is provided in Table 

2. In nonhuman primate studies, although several specific lOFC-thalamic connectional 

relationships have been established, the fine details of the various fiber trajectories have not 

been determined. The trajectories of fiber pathways between lOFC and specific thalamic 

nuclei in the human brain remain an open question and are outside the scope of the present 

investigation.

Inter-subject Variability of Fibers of Passage in the VC/VS region

As we have already demonstrated and discussed, within the orbitofrontothalamic circuitry 

there are distinct populations of fibers subserving different connections and functions. In the 

context of OCD pathophysiology and clinical features, the orbitofrontothalamic connection 

is thought to be the most important component within the CSTC circuitry (Fineberg et al. 

2010; Graybiel and Rauch 2000). From our preliminary observations, it appears that two-

tensor diffusion tractography can accurately trace the fiber connections between OFC and 

thalamus. These fiber tracts may have different trajectories and positions within the VC/VS 

area, and precise knowledge of their spatial deployment and relationships may be valuable 

for the neurosurgeon performing DBS. A small misplacement of the electrode (by a few 

millimeters) could result in excitation of a markedly different neural circuit in the brain. This 

may be reflected in terms of therapeutic response (responders vs. non-responders). Future 

studies could use the techniques described herein to directly assess the correlation between 

patient response and DBS location relative to key fiber bundles. Another important issue that 

can be addressed using diffusion tractography is inter-subject variability of the fibers of 

passage in the VC/VS region. From these preliminary results, we can appreciate the large 

spatial variability of these fiber tracts of passage in the VC/VS region. Taking this into 

account could improve the accuracy of DBS electrode placement.

DBS Electrode Placement and Targeting in the VC/VS region in Patients with OCD

A critical question is which passing fibers are actually engaged by the contacts in the VC/VS 

region. As shown in Figure 8, the two fiber connections we reconstructed using two-tensor 

diffusion tractography, i.e., lOFC-thal (in red) and mOFC-thal (in blue), display an array of 

virtual fibers that resembles a “cloud” as they course from their origins to terminations. 

These two clouds run side-by-side but also are intertwined. This morphological anatomical 

observation may have clinical relevance. Due to the tight and unpredictable topographic 

relationships and proximity of these passing fibers, the electrode contact could differentially 

engage either or both of these connections. Given this fiber arrangement, how anatomically-

specific can the target engagement by an electrode contact be? Given the specific circuitries 

with which the lOFC and mOFC are associated, what are the different behavioral outcomes 

produced by relatively greater or lesser engagement of each? How may the anatomical 

specificity of target engagement be associated with therapeutic efficacy (“responders” vs. 

“non-responders”)? Diffusion tractography can define this critical anatomy and thus help 

determine which fibers of passage are actually stimulated. For instance, a contact in zone 1 

in the left hemisphere and in zones 1 and 2 in the right hemisphere would stimulate both 

lOFC-thal (red) and mOFC-thal (blue). By contrast, a contact in zone 2 of the left 

hemisphere would stimulate fibers of lOFC-thal (red) only. This case illustrates the 
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complexity of the anatomy in the VC/VS region. It also illustrates the difficulty of 

determining the anatomical specifity of target engagment in DBS for OCD. Moreover, it 

emphasizes the necessity of knowing the precise anatomy of the target as a condition for 

establishing anatomical-clinical correlations to clarify the systems biology underlying 

clinical outcomes.

We also approached the problem of visualizing fiber tracts in the target zone by reducing the 

cloud of individual fibers of each tract to a single line, which is their “center of mass” 

(COM) representation (Makris et al. 2013a; Makris et al. 2013b). The COM line 
representation of a fiber tract can be shown in 3-D and 2-D and may be useful in a number 

of ways. First, it provides a quick and clear visualization of the bulk relative topography of 

the fiber tracts in the target anatomical area (VC/VS in this instance). Second, it enables 

visualization of several fiber tracts in relatively small areas, where their relative topographies 

or even the smaller of them may not be visible in the midst of several other larger ones. 

Third, and importantly, it may provide a metric for targeting and modeling. For example, we 

could consider a DBS programming algorithm that tried to minimize the Euclidean distance 

from the core of a given fiber tract to either a contact or a volume of electrical tissue 

activation. The COM representation may also provide a sound conceptual approach for fiber 

tract anatomy, given that it simplifies representation of complex trajectories and their 

topographic relationships. Finally, this approach of visualizing multiple fiber tracts of 

passage would provide a means to assess inter-subject variability. In the current standard of 

care in DBS for OCD, the electrodes are implanted stereotaxically in a location that 

corresponds on average in close proximity to the anterior commissure and with Talairach 

coordinates that are approximately X (mediolateral dimension) = 6.5 mm, Y (anteroposterior 

dimension) = 0 mm and Z (dorsoventral dimension) = 3.5 mm (Greenberg et al. 2010a). The 

patient case illustrated herein showed favorable clinical outcome after six months of DBS 

setting titration following bilateral VC/VS monopolar implantation. In this case, a 3387 lead 

was used, which has 1.5 mm contacts with 1.5 mm spacing between them. The contacts 0 

and 1 in both hemispheres were situated in regions containing both lOFC-thal and mOFC-

thal fibers. Contact 2 in both hemispheres and contact 3 in the right hemisphere engaged 

only lOFC-thal fibers, whereas contact 3 in the left hemisphere engaged only mOFC-thal 

fibers (Figure 8). In this patient, specfically contact 1 was stimulated bilaterally, resulting in 

both sets of fiber connections being stimulated in the VC/VS region. Thus, the COM 

representation as well as the more detailed “cloud” representation of fiber tracts provided 

specific knowledge of target engagement (Figure 8).

Limitations

There are certain limitations that should be pointed out with respect to the diffusion imaging 

methodology itself. Diffusion imaging detects and measures water behavior only in 

extracellular space, making diffusion measures only indirectly related to tract integrity 

and/or orientation. However, our sample of 29 subjects was relatively large and the diffusion 

data we acquired were of high quality and resolution. Furthermore, filtered multi-tensor 

tractography, which significantly improves the angular resolution at crossings and 

branchings, allows us to trace fibers in regions where multiple axons or tracts cross one 

another. This results in fewer fiber truncations, more virtual fibers, and more connections. 
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Thus, it seems that multi-tensor tractography is an appropriate technique for the study of 

inter-individual variability, a topic of great interest in biology. Finally, with respect to the 

patient case illustrated herein, while the study on variability of the VC/VS tracts is quite 

reliable, the data used for the patient may affect how well we can construct the VC/VS fibers 

of passage. However, unless a comparison with Connectome data in patients is done, we are 

not able to determine this with certainty. It must be pointed out that future, adequately 

powered studies are needed to determine precisely the optimal parameters for target 

engagement in OCD DBS treatment as well as the use of metrics such as volume of tissue 

activated (VTA) for the assessment of the spatial extent of DBS (Chaturvedi et al., 2013).

Conclusions

By mapping and measuring the inter-individual anatomical variability of lOFC-thal and 

mOFC-thal connections in a sample of 29 individuals using two-tensor diffusion 

tractography of Connectome data we formulated an initial proof of concept indicating the 

relevance of a tractography-guided patient-specific approach in DBS neurosurgery for 

medically intractable OCD. This is in contrast to current surgical practice, which involves 

implanting all patients at identical stereotactic coordinates within the VC/VS region. We 

believe that a patient-specific approach can enhance the efficacy of DBS in the treatment of 

intractable OCD.
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Figure 1. 
Anatomy of the ventral capsule/ventral striatum (VC/VS) region targeted for DBS in OCD. 

Panels A and B show the topographic relationships of the caudate nucleus (Cau), putamen 

(Put) and globus pallidus (GP). Panel A is a gross coronal section at the level of the anterior 

commissure (ac), whereas B is an axial section of a high-resolution T2-MRI dataset of a 

postmortem human head. Panel C shows the fibers of passage connecting the thalamus with 

the lateral orbitofrontal (lOFC, in red) and medial orbitofrontal (mOFC, in blue) cortex at 

the ac coronal level in a high-resolution T2-MRI dataset of a postmortem human head. 

These fibers were extracted using diffusion tractography (see text). The parcellation of the 

orbitofrontal cortex into lateral and medial regions of interest (ROIs) was done following 

FreeSurfer conventions as by Desikan and colleagues (2006). In the Desikan et al. 

anatomical convention, lOFC ROI corresponds to the central OFC (cOFC) and lateral OFC 

(lOFC) ROIs of the Lehman et al. (2011) convention, whereas the mOFC ROI corresponds 
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roughly to the ventromedial prefrontal cortex (vmPFC) and medial OFC (mOFC) ROIs of 

Lehman and colleagues. oc= optic chiasm.
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Figure 2. 
Panel A shows the two orbitofrontothalamic connections in 3-D using as background a 

coronal section of a T1-weighted MRI dataset at the anterior commissure (ac) level. Panels 

B and C show 3-D reconstructions of the two fiber tracts connecting the thalamus with the 

lateral orbitofrontal (lOFC, in red) and medial orbitofrontal (mOFC, in blue) cortex. R = 

right; L = left.
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Figure 3. 
VC/VS is not a single identifiable anatomical structure but a region containing fibers of 

passage that include principally prefrontal connections of the dorsal prefrontal cortex 

(DPFC), dorsal anterior cingulate cortex (dACC), orbitofrontal cortex (OFC) and 

ventromedial prefrontal cortex (vmPFC) with the thalamus (mediodorsal, midline-

intralaminar and anterior medial nuclei), amygdala, hypothalamus and brainstem (substantia 

nigra, ventral tegmental area, raphe nuclei and peduncolopontine tegmental nucleus). With 
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respect to obsessive-compulsive disorder, the connections of lateral orbitofrontal cortex with 

the thalamus are considered to play a critical role in its pathophysiology.
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Figure 4. 
Variability study in 29 healthy subjects. The center of mass (COM) for each of the 29 

subjects is represented as a line in 3-D for both fiber tracts (lOFC-thal, in red; mOFC-thal, in 

blue) in panel A, whereas in panel B the average line of these 29 lines is shown also in 3-D. 

In panel C, the complete distribution of the center of mass of the lOFC-thal (in red) and 

mOFC-thal (in blue) fiber tracts in 29 subjects at the anterior commissure (ac) coronal plane 

of the MNI atlas template, is shown in 2-D, represented as a total of 29 red and 29 blue dots. 

In panel D, the center of mass across all 29 fiber tracts is represented as a single dot at the ac 

coronal level. R = right; L = left.
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Figure 5. 
Histograms showing the distribution of the two fiber tracts connecting the thalamus with the 

lateral orbitofrontal (lOFC, in red and pink) and medial orbitofrontal (mOFC, in light and 

dark blue) cortex (i.e., lOFC-thal and mOFC-thal, respectively) as a function of distance (in 

mm) from their overall center at the coronal level of the anterior commissure (ac). Negative 

values denote ventral location, whereas positive values indicate dorsal location with respect 

to the overall center. R = right; L = left.

Makris et al. Page 23

Brain Imaging Behav. Author manuscript; available in PMC 2017 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
Heat maps showing the probability distribution of the two fiber tracts connecting the 

thalamus with the lateral orbitofrontal (lOFC-thal, in yellow and red, in panel A) and medial 

orbitofrontal (mOFC-thal, in light and dark blue, in panel B) cortex in a coronal section at 

the anterior commissure (ac) level of the MNI atlas template, a standard stereotactic space 

on which all subjects were previously registered (Evans et al. 1993). Panel C shows the 

relative location of the heat maps of these two fiber tracts. Color scale bars represent the 

range of values (0 to 29 subjects), a measure of the overlap of a certain number of subjects 

for a given voxel. R = right; L = left.
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Figure 7. 
Preoperative coronal MRI at the anterior commissure (ac) level (A) and postimplantation 

sagittal CT scan fused with preoperative MRI (B) showing the position of the implanted 

electrodes in a patient with OCD who had DBS surgery. In plane (C) the co-registration of 

postimplantation CT scan with the preoperative MRI allows the precise anatomical 

identification of the implant and its contacts within the ventral capsule/ventral striatum 

(VC/VS) region. An axial MRI section (D) of the same individual at the ac level indicates 
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the location of the VC/VS region in the caudal part of the anterior limb of the internal 

capsule (ALIC). R = right; L = left; pc = posterior commissure.
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Figure 8. 
Fiber tract reconstruction of OFC-thalamic connections using two-tensor diffusion 

tractography in the right (A) and left (B) hemispheres of a patient with OCD who had DBS 

neurosurgery bilaterally. The two fiber tracts are lOFC-thal (in red) and mOFC-thal (in 

blue). Their morphology resembles that of a “cloud” containing intertwined fibers of both 

tracts running side-by-side in the VC/VS region, which poses the question of how 

anatomically specific the target engagement by an electrode contact can be. A contact in 

zone 1 in the left hemisphere (E) and in zones 1 and 2 in the right hemisphere (B) would 

stimulate both lOFC-thal (red) and mOFC-thal (blue) fibers. By contrast, a contact in zone 2 

of the left hemisphere (E) would stimulate fibers of lOFC-thal (red) only. Contacts 0 and 1 

in both hemispheres (C-right, F-left) were situated in regions containing both lOFC-thal and 

mOFC-thal fibers. Contact 2 in both hemispheres (C-right, F-left) and contact 3 in the right 

hemisphere (C) engaged only lOFC-thal fibers, whereas contact 3 in the left hemisphere (F) 

engaged only mOFC-thal fibers. Panels G, H and I show post-implantation CT scans with 

electrodes and depict the center of mass line (COM line) representation of the lOFC-thal (in 

red) and mOFC-thal (in blue) fiber tracts and their spatial relationships with the electrode 

implant in augmented visualizations in 3-D (panel H) and 2-D (I). R = right; L = left; 

numbers 0, 1, 2 and 3 represent the four contacts of the lead.
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Table 2

Thalamic connectivity of the orbitofrontal cortex.

Thalamic Nuclei References

Anterior Nuclear Group Arikuni et al. (1983)

    Anterior Medial Nucleus Barbas et al. (1991)

Goldman-Rakic and Porrino (1985)

Hsu and Price (2007)

Morecraft et al. (1992)

Xiao and Barbas (2002)

Xiao et al. (2009)

Medial Nuclear Group Arikuni et al. (1983)

    Dorsomedial Nucleus Barbas et al. (1991)

Cavada et al. (2000)

Erickson and Lewis (2004)

Giguere and Goldman-Rakic (1988)

Goldman-Rakic and Porrino (1985)

Hsu and Price (2007)

Jakab et al. (2012)

Jang and Yeo (2014)

Kievit and Kuypers (1977)

Klein et al. (2010)

McFarland and Haber (2002)

Morecraft et al. (1992)

Ray and Price (1993)

Romanski et al. (1997)

Russchen et al. (1987)

Siwek and Pandya (1991)

Tobias (1975)

Xiao et al. (2009)

Yeterian and Pandya (1988)

Yeterian and Pandya (1994)

Midline Nuclear Group Barbas et al. (1991)

    Paratenial Nucleus Cavada et al. (2000)

    Paraventricular Nucleus Hsu and Price (2007)

    Reuniens Nucleus Morecraft et al. (1992)

Yeterian and Pandya (1988)

Intralaminar Nuclear Group Barbas et al. (1991)

    Centromedian Nucleus Cavada et al. (2000)

    Parafascicular Nucleus Hsu and Price (2007)

    Paracentral Nucleus Kievit and Kuypers (1977)
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Thalamic Nuclei References

    Central Nuclei Morecraft et al. (1992)

Yeterian and Pandya (1988)

Lateral Nuclear Group Barbas et al. (1991)

    Medial Pulvinar Nucleus Bos and Benevento (1975)

Cavada et al. (2000)

Kievit and Kuypers (1977)

Morecraft et al. (1992)

Romanski et al. (1997)

Trojanowski and Jacobson (1976)

Ventral Nuclear Group Barbas et al. (1991)

    Ventral Anterior Nucleus Cavada et al. (2000)

    Ventral Lateral Nucleus Hsu and Price (2007)

Kievit and Kuypers (1977)

Morecraft et al. (1992)

Yeterian and Pandya (1988)

Posterior Nuclear Group Barbas et al. (1991)

    Suprageniculate Nucleus Cavada et al. (2000)

    Limitans Nucleus Morecraft et al. (1992)

Romanski et al. (1997)

Area X Barbas et al. (1991)

Cavada et al. (2000)
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