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Abstract: Objective: The underlying hypothesis of our work is that specific clinical neuropsychiatric
benefits can be achieved by selective activation of specific axonal pathways during deep brain stimula-
tion (DBS). As such, the goal of this study was to develop a method for identifying axonal pathways
whose activation is most likely necessary for achieving therapeutic benefits during DBS. Experimental
design: Our approach combined clinical data, diffusion tensor tractography, and computer models of
patient-specific neurostimulation to identify particular axonal pathways activated by DBS and deter-
mine their correlations with individual clinical outcome measures. We used this method to evaluate a
cohort of seven treatment-resistant depression patients treated with DBS of the ventral anterior internal
capsule and ventral striatum (VC/VS). Principal observations: Clinical responders exhibited five axonal
pathways that were consistently activated by DBS. All five pathways coursed lateral and medial to the
VS or dorsal and lateral to the nucleus accumbens; however, details of their specific trajectories dif-
fered. Similarly, one common pathway was identified across nonresponders. Conclusions: Our method
and preliminary results provide important background for studies aiming to expand scientific charac-
terization of neural circuitry associated with specific psychiatric outcomes from DBS. Furthermore,
identification of pathways linked to therapeutic benefit provides opportunities to improve clinical
selection of surgical targets and stimulation settings for DBS devices. Hum Brain Mapp 33:958–968,
2012. VC 2011 Wiley Periodicals, Inc.
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INTRODUCTION

Despite undergoing multiple pharmacological and be-
havioral treatments, a significant number of psychiatric
patients diagnosed with treatment-resistant depression
(TRD) remain severely disabled [Giacobbe et al., 2009; Loz-
ano et al., 2008]. For these patients, deep brain stimulation
(DBS) represents a surgical alternative that has demon-
strated encouraging therapeutic results in early stage clini-
cal trials [Lozano et al., 2008; Malone et al., 2009; Mayberg
et al., 2005]. Prevailing hypotheses suggest that the thera-
peutic benefits of DBS are brought forth by stimulation-
dependent regulation of abnormal network activity [McIn-
tyre and Hahn, 2010]. Unfortunately, definition of precise
therapeutic mechanisms and optimal stimulation targets
remains restricted by limited characterization of the spe-
cific neuronal effects of DBS. Converging biochemical and
functional imaging studies have provided insight into
complex cortico-striato-thalamo-cortical (CSTC) networks
associated with affective and anxiety disorders [Mayberg,
1997; Ward et al., 2010]. Abnormal activity in the amyg-
dala, thalamus, and orbitofrontal and anterior cingulate
cortices has prompted different surgical targets to be
attempted. For example, DBS of the ventral anterior inter-
nal capsule (VAIC)/ventral striatum (VC/VS) (Figs. 1 and
2) has generated long-term improvement in TRD patients
[Malone et al., 2009]. Similarly, DBS of subgenual cingulate
white matter has produced sustained improvement in
depressive symptoms of TRD patients [Lozano et al., 2008;
Mayberg et al., 2005]. However, questions remain on
which anatomical targets and axonal pathways are explic-
itly responsible for the therapeutic benefits of psychiatric
DBS [Lujan et al., 2008].

Anatomical tracing work in nonhuman primates and dif-
fusion-tensor (DT) tractography studies in humans suggest
that CSTC networks are functionally segregated [Gutman
et al., 2009; Haber and Brucker, 2009; Haber et al., 2006].
Thus, we hypothesize that selective activation of target axo-
nal pathways within CSTC networks is responsible for spe-
cific therapeutic effects observed in TRD DBS patients.
Furthermore, we hypothesize that these pathways are con-
sistent across patients. Thus, our goal was to identify spe-
cific DBS-activated pathways associated with therapeutic
improvements in TRD patients. We set out to identify rela-
tionships between patient-specific DBS electrode location,
model predictions of axonal activation, and clinical out-
comes. This study presents our first experience with this
novel methodology applied to the analysis of seven TRD
patients who received bilateral VC/VS DBS therapy.

MATERIALS AND METHODS

Patient Population

All patients underwent pre- and postoperative psychiat-
ric evaluations at the Cleveland Clinic as part of a larger
multicenter clinical trial of DBS for TRD and obsessive

compulsive disorder [Greenberg et al., 2010; Malone et al.,
2009]. Patients were evaluated using Hamilton Depression
Rating Scale (HDRS), Montgomery–Åsberg Depression
Rating Scale (MADRS), and Global Assessment of Func-
tioning (GAF) (Table I). Axonal activation was analyzed in
seven TRD patients implanted bilaterally with quadripolar
3391 (formerly 3387-IES) DBS electrodes (1.27-mm diame-
ter, 3-mm contact length, and 4-mm spacing between
adjacent contacts, Medtronic, Minneapolis, MN). Pertinent
clinical data on the patients analyzed in this work are
summarized in Tables II and III. Ethical approval was
obtained from the corresponding institutional review
boards before patient enrollment. Informed written con-
sent was obtained after patients met with the psychiatrists
and neurosurgeons leading the study. We created a com-
putational DBS model, consisting of anatomical and elec-
trical components, for each of the 14 brain hemispheres
included in this study.

Figure 1.

Anatomical models of DBS. A: 3D surfaces representing various

nuclei (light blue, caudate nucleus; dark blue, pallidum; pink,

nucleus accumbens; yellow, thalamus) displayed on a sagittal view

of the MRI for patient CC5. The nuclei surfaces were originally

placed within the context of the patient’s MRI based on the ante-

rior and posterior commissure points (not visible). B: Nuclei

surfaces translated, rotated, and scaled (9 degrees of freedom) to

improve the fit of the visible anatomy on the patient’s MRI. C: A

virtual 3391 DBS electrode was incorporated into the model by

using the patient-specific stereotactic intraoperative electrode

location (defined using a Leksell stereotactic frame). A–C: Exam-

ple data provided for patient CC5 left. D: ROI used to analyze

the pathways identified by the streamline tractography. The

combinations of letters indicate the general location of the boun-

daries of each pathway with respect to the ROI (D, dorsal; V,

ventral; A, anterior; P, posterior; M, medial; L, lateral). Abbrevia-

tions: DBS, deep brain stimulation; MRI, magnetic resonance

imaging; ROI, region of interest. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]
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Anatomical Models of Patient-Specific

VC/VS DBS

Each anatomical model included patient-specific imag-
ing data, a virtual DBS electrode, and three-dimensional
(3D) surface models of striatal, pallidal, and thalamic

nuclei (Fig. 1A,C). The virtual electrode was created from
a geometric representation of a 3391 DBS electrode. The
3D nuclei surfaces were extracted from a high-resolution
magnetic resonance imaging (MRI) data set [Butson et al.,
2007] that was part of a DT atlas brain [Wakana et al.,
2004].

Figure 2.

Electrical models of DBS. A: The location of each patient-spe-

cific DBS electrode was defined within the context of the diffu-

sion-tensor atlas brain. Each tensor (corresponding to one

voxel) is represented by an ellipsoid, whose major axis indicates

the preferred direction of water diffusivity. Fractional anisotropy

is represented by the color of the ellipsoid (red, anisotropic;

blue, isotropic). The inset shows the results of streamline trac-

tography (black lines) performed from seed points defined

around the patient-specific electrode location. B: The diffusion-

tensor atlas brain was also used to estimate conductivity-tensors

used in a 3D finite element model of the DBS electric field. The

inset shows voltage iso-contours generated by monopolar ca-

thodic stimulation applied within the ventral anterior internal

capsule. Abbreviations: DBS, deep brain stimulation. [Color fig-

ure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

TABLE I. Clinical outcomes

Patient

HDRS MADRS GAF

Baseline
score

Last
follow-up

score
Score

change (%) Group
Baseline
score

Last
follow-up

score
Score

change (%) Group
Baseline
score

Last
follow-up

score
Score

change (%) Group

CC1 34 9 73.5 1.1 37 3 91.9 2.1 45 60 25 3.3
CC2 27 27 0 1.3 28 18 35.7 2.3 45 55 18.2 3.3
CC3 37 34 8.1 1.3 32 25 21.9 2.3 50 51 2 3.3
CC4 32 1 96.9 1.1 25 0 100 2.1 45 95 52.6 3.2
CC5 35 1 97.1 1.1 30 0 100 2.1 45 71 36.6 3.2
CC6 26 2 92.3 1.1 26 0 100 2.1 45 95 52.6 3.2
CC7 33 0 100 1.1 35 0 100 2.1 41 95 56.8 3.2

Baseline scores were measured the day before implantation. Patient grouping is described in the form X.Y, where X refers to the corre-
sponding outcome measure (1, HDRS; 2, MADRS; 3, TRD GAF) and Y refers to the type of clinical response (1, remission; 2, nonremis-
sion but clinical response; 3, insufficient response or no response).
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We created each anatomical model by following these
four steps: first, we identified fiducial markers from a Lek-
sell (Elekta, Stockholm, Sweden) stereotactic head frame
visible in each preoperative computed tomography (CT)
data set and co-registered them with pre-existing fiducial
models explicitly defined in stereotactic space (Fig. 1C).
This allowed us to define the anterior (AC) and posterior
(PC) commissures within a rigid coordinate system. Sec-
ond, we co-registered each patient-specific preoperative
MRI and CT images. All co-registrations were performed
using a mutual information algorithm [Viola et al., 2006].
Third, the 3D nuclei surfaces were co-registered with each
patient-specific preoperative MRI using Cicerone v1.2
[Miocinovic et al., 2007]. This was achieved by aligning
the atlas brain with the stereotactic midline and scaling it
along its anteroposterior axis such that the AC and PC
atlas coordinates matched the explicitly-defined MRI coor-
dinates. Further alignment and scaling of the atlas surfaces
were performed to fit visible nuclei on the MRI. We used
simple 4 � 4 affine transformation matrices to rotate, scale,
and translate the atlas surfaces in 3D space (9 degrees of
freedom) using Cicerone until a satisfactory co-registration
was achieved [Lujan et al., 2009]. These brain nuclei surfa-
ces served as a transition tool linking the anatomical
patient space to the DT atlas brain and allowed us to per-
form transformations between the two corresponding coor-
dinate systems. Finally, a virtual DBS electrode was
seeded within each anatomical model using intraoperative
stereotactic coordinates (Fig. 1C) [Machado et al., 2009].
We verified the correct placement of each virtual electrode
by co-registering pre- and postoperative CT scans.

Anatomical Framework for Identification of

Axonal Pathways and Analysis of Axonal

Activation

We defined a common anatomical framework on the left
side of the DT atlas brain (Fig. 1D) and mapped onto it
each virtual DBS electrode from its patient-specific stereo-
tactic space (Fig. 1C). Individual electrode mappings were
obtained by mathematically inverting the 4 � 4 affine
transform matrices used to transform the atlas surfaces
from DT atlas space into each patient-specific anatomical
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TABLE II. Patient information

Patient Gender Indication

Age at
implant
(years)

Last follow-up
(months after

implant)

CC1 F TRD 37 41
CC2 F TRD 50 35
CC3 F TRD 27 30
CC4 F TRD 53 28
CC5 M TRD 54 19
CC6 F TRD 53 17
CC7 M TRD 23 15
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model. Next, we identified 3D trajectories of white-matter
axon fibers that could be directly activated by DBS in these
seven patients by using a streamline tractography algo-
rithm [Wakana et al., 2004; Weinstein et al., 1999]. Fiber
tractography analysis was performed on a 60 � 60 � 60
mm region of interest (ROI; Fig. 1D) encompassing all sites
of therapeutic stimulation (i.e., active contacts for all 14
electrodes) and nearby nuclei. This process inferred
228,960 different axon trajectories originating from seed
coordinate points within the DT atlas brain voxels (a sub-
set of axon fibers is shown in Fig. 2A inset). Seed points
were distributed within 14 cylindrical regions (one for
each virtual electrode) that were 52.5 mm in length and
with a 9.5 mm radius. These regions encompassed axonal
fibers that could be locally activated by DBS (Fig. 2B inset)
at maximal clinical stimulation settings (i.e., 210 Hz, 10 V,
and 450-ls pulses). Each seed region was formed by nine
planes oriented at 20� intervals and centered on the virtual
DBS electrode. Within each plane, seeds were distributed
at 1.9 and 0.5 mm horizontal and vertical resolutions,
respectively. This distribution of tractography seeds
ensured a balance between relevant axonal pathways
defined by the tractography while reducing the computa-
tional requirements to perform all simulations of neural
activation to a manageable size. The trajectories resulting
from these seeds propagated along the direction of the
principal eigenvector of each voxel within the ROI, pre-
serving voxel-to-voxel directional information. Fiber track-
ing from each seed continued until a highly isotropic
region (fractional anisotropy �0.2) [Weinstein et al., 1999]
or the boundaries of the ROI were reached. Short axon tra-
jectories with total lengths under 10.5 mm, or crossing into
the electrode shaft, were discarded before the analysis to
prevent edge effects during the axonal activation simula-
tions, which would result in inaccurate activation
responses.

Axon Models

A multicompartment model of a myelinated axon (Fig.
S1) was created to represent each of the 228,960 axon tra-
jectories identified in the tractography analysis [McIntyre
et al., 2002; McNeal, 1976]. Geometrical and biophysical
parameters for these axon models were defined according
to previously published values for fiber diameters of 5.7
lm [McIntyre et al., 2002]. This fiber diameter is large for
the VC/VS and was selected to provide a ‘‘worst case’’
estimate of the spread of axonal activation from DBS. The
geometry required to explicitly define the trajectory of
each axon was determined using Matlab 7.6 (Mathworks,
Natick, MA).

Electrical Models of Patient-Specific VC/VS DBS

We created 14 individual electric field finite element
models (FEMs; one of these models is shown in Fig. 2B)

that characterized the patient-specific voltage distribution
within the brain (Fig. 2B, inset) [Butson et al., 2007; Cha-
turvedi et al., 2010]. Each FEM combined anisotropic prop-
erties of brain tissue, capacitance at the electrode-tissue
interface, a thin layer of encapsulation around the elec-
trode, and therapeutic stimulation settings (Table III) [Cha-
turvedi et al., 2010]. We modeled the brain tissue as an
inhomogeneous and anisotropic medium [McIntyre et al.,
2004], using the DT atlas brain to provide an estimate of
the 3D tissue electrical properties [Miocinovic et al., 2009;
Tuch et al., 2001]. The DBS electrode contact was modeled
as a purely capacitive element with a 6.6-lF capacitance to
reflect the 3,391 electrode contact size [Butson and McIn-
tyre, 2005]. We incorporated a 0.5-mm-thick encapsulation
layer surrounding the electrode to account for charge
transduction reactions and a 42% voltage drop at the elec-
trode-tissue interface [Chaturvedi et al., 2010; Miocinovic
et al., 2009]. We used Ohm’s law to adjust the encapsula-
tion layer conductivity (0.03–0.26 S/m) in each patient-spe-
cific model to match the measured clinical impedance
(292–1,452 X). We applied patient-specific stimulation set-
tings to the electric field model and used a Fourier FEM
solver to solve Poisson’s equation with Dirichlet and Neu-
mann boundary conditions [Butson and McIntyre, 2005].
Each FEM solution provided the voltage distribution
within the brain tissue (Figs. 2B, inset and 3).

Axonal Activation

We analyzed axonal activation across patients by com-
bining all 14 patient-specific electrodes (Fig. 4C) and their
associated axonal trajectories within the common anatomi-
cal framework (Fig. 1D). We determined the extracellular
voltages along each axon model (Fig. 3B,C) by interpolat-
ing the patient-specific 3D electric fields onto each axon
model compartment (Fig. S1). We simulated the axonal
response to extracellular stimulation in all 228,960 axon
models for the 14 patient-specific DBS electric fields using
NEURON 7.0 [Hines and Carnevale, 1997]. Characteriza-
tion of axonal activation (Fig. 3D), defined by the genera-
tion of a propagating action potential (Fig. 3B), required
over 7 million computer simulations. These computer sim-
ulations were performed on a Linux-based high-perform-
ance computing cluster with 15 individual computational
nodes and a total of 68 cores running Rocks Clusters 5.3
(University of California at San Diego).

Correlation of Clinical Outcomes and Activation

of Axonal Pathways

We followed the approach of Malone et al. [2009] and
classified TRD patients into three subgroups for each clini-
cal outcome measure (x): remission (subgroup x.1), nonre-
mission but clinical response (subgroup x.2), and
insufficient response or nonresponders (subgroup x.3)
(Table I, Fig. S2). Remission was defined as a final score of
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10 or less on the HDRS and MADRS measures (groups 1.1
and 2.1, respectively). No remission criteria were defined
for GAF measures (groups 3.1). Nonremission clinical
response for HDRS (group 1.2) and MADRS (group 2.2)
measures was defined as a minimum of 50% improvement
from baseline. Clinical response for GAF measure (group
3.2) was defined as a follow-up score of at least 71.
Patients unable to reach significance for therapeutic
response were classified as nonresponders (groups 1.3, 2.3,
3.3, 4.3, and 5.3 for HDRS, MADRS, and GAF).

We investigated commonalities in axonal activation
across patients to identify axonal pathways associated
with therapeutic and nontherapeutic clinical outcomes (see
Fig. 4). We combined the patient-specific active axons for
each clinical group described in Table I and analyzed all
axons within each group to identify common activation
across patients. The probability of producing the clinical
outcome associated with each group (e.g., HDRS remis-
sion) by stimulating each axon was proportional to the
number of patients for which the axon was activated by
DBS within that group. Axon fibers activated in at least

75% of the group hemispheres (Fig. S2) were associated
with the corresponding clinical outcome (see Fig. 5). Com-
mon therapeutic active axons overlapping with common
active axons identified in nonresponder groups were
excluded from the analysis. Individual axonal pathways
were identified using an automated algorithm that
grouped active axons with similar trajectories (Fig. S3).
The algorithm (S4) is described in the Supporting
Information.

Statistical Analysis

Statistical analyses of clinical outcomes were performed
using one-way analysis of variance (ANOVA) in Origin
7.5 (OriginLab Co., Northampton, MA). The significance
level was set at P < 0.05.

RESULTS

Baseline and chronic DBS clinical outcome scores are
summarized in Table I [Malone et al., 2009]. The mean

Figure 3.

Patient-specific model of axonal activation. A: Electric field gen-

erated by patient-specific stimulation settings represented by

iso-potential contours; (B) stimulation-induced extracellular

potentials (Ve) interpolated onto an axon model (red corre-

sponds to the highest Ve magnitude and dark blue to the low-

est). Action potentials initiate in the axon at the node of

Ranvier where the second spatial derivative of the extracellular

potential is largest (red trace). Once initiated, action potentials

propagate in both directions along the axon (blue traces). C:

Extracellular voltages generated by patient-specific stimulation

settings were coupled to multicompartment cable models of

axons in the VAIC. D: Axon models directly activated by DBS

(example data presented for patient CC5 left, �5V, 90 ls, 130
Hz). Abbreviations: DBS, deep brain stimulation; VAIC, ventral

anterior internal capsule. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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HDRS, MADRS, and GAF improvements from baseline
were 66.8% � 43.7%, 78.5% � 34.3%, and 34.8% � 20.7%,
respectively. One-way ANOVA of HDRS, MADRS, and
GAF scores showed sustained and significant improve-
ment (P ¼ 0.002, P ¼ 0.0001, and P ¼ 0.002, respectively).
Overall, the mean GAF outcome scores for all seven
patients increased from 45.1% � 2.6% to 74.6% � 20.1%.
According to individual HDRS scores, five patients (CC1
and CC4–CC7) were classified as in remission, and two
patients (CC2 and CC3) were classified as nonresponders,
none fell into the middle category of nonremission but
clinical response. HDRS scores for patient CC2 returned to
baseline after an undetected battery depletion of the
patient’s left-side implantable pulse generator (IPG).
Patient CC3 presented initial improvements that were not
maintained over time. Follow-up MADRS scores and per-
cent improvements resulted in identical patient classifica-
tion to HDRS. Four patients (CC4–CC7) showed final
clinical GAF scores of 71 or higher; thereby designating
them as clinical responders for this measure. Patients
CC4–CC7 achieved large improvements on both HDRS
and MADRS measures (>92%).

We created a patient-specific DBS computational model
for each brain hemisphere of each patient (see Fig. 1). DT
tractography generated a population of 228,960 axons
within our DBS simulation environment (see Fig. 2).

Application of patient-specific DBS electrode locations (see
Fig. 1) and stimulation settings to these axons enabled pre-
diction of stimulation induced action potential generation
(see Fig. 3). We grouped all axons that were active for all
brain hemispheres within each outcome classification. The
probability of evoking the clinical outcome associated with
each clinical group by activating a specific axon was pro-
portional to the number of hemispheres within the group
for which said axon was active. This patient classification
(i.e., grouping) allowed us to identify pathways associated
with specific clinical improvements common across
patients (Fig. S2). In our analysis, we excluded active
axons within remission or responder groups that were
also active in non-responders. This allowed us to identify
pathways associated exclusively with either therapeutic
(Fig. 4A) or nontherapeutic (Fig. 4B) outcomes.

Our analysis identified five distinct active pathways (P1-
5, the numbers correspond to pathway labels in Fig. 5)
common to at least 75% of the clinical responder hemi-
spheres. These pathways passed through the VAIC and
coursed lateral and medial to the VS or dorsal and lateral
to the nucleus accumbens. Despite this local overlap, their
specific trajectories were different. It must be noted that
the methodology used in this study did not allow us to
identify the origin, termination, or direction of transmis-
sion of these axons with certainty. Instead, it provides a
theoretical definition of the local axon trajectories activated
by DBS within a ROI near the implanted DBS electrode
(Fig. 1D). All five active pathways were common to at
least 75% of the hemispheres in the HDRS remission
group (Fig. 5A). Three of these pathways (P2–P4) were
also commonly activated across patients in the GAF clini-
cal response group. Pathways 1–4 coursed along the ven-
tromedial surface of the dorsal striatum, from the
dorsolateral and posterior region of our ROI. These contin-
ued with anterolateral (P1), ventro-latero-posterior (P2),
ventro-medial-anterior (P3), and ventro-medial-posterior
(P4) projections relative to the boundaries of the ROI. The
fifth pathway (P5) overlapped with the ventro-latero-pos-
terior segment of pathway 2 in its course along the ventro-
medial portion of the posterior accumbens. This pathway
passed dorsally along the lateral head of the caudate, con-
tinuing in a lateral and anterior direction over the central
caudate. Conversely, one active pathway (P6) was com-
mon to 75% of nonresponder hemispheres. This pathway
was adjacent to the ventromedial surface of the dorsal
striatum and followed a general trajectory similar to path-
way P1 (Fig. 5B).

DISCUSSION

Clinical trials of DBS have demonstrated significant ther-
apeutic benefit for the treatment of neuropsychiatric disor-
ders [Lozano et al., 2008; Malone et al., 2009]. However, the
precise therapeutic mechanisms, optimal stimulation tar-
gets, and specific axonal pathways responsible for thera-
peutic benefit have yet to be explicitly defined. This study

Figure 4.

Therapeutic and nontherapeutic axonal activation. A: Activated

axons common to at least 75% of the brain hemispheres of

TRD responders. B: Activated axons common to at least 75%

of brain hemispheres for which TRD patients did not achieve

clinical response. C: All 14 virtual DBS electrodes were mapped

onto a common anatomical framework defined within the diffu-

sion tensor atlas brain (oblique sagittal view where active catho-

des are shown in red, active anodes in blue, and inactive

contacts in dark gray). Abbreviations: TRD, treatment-resistant

depression; DBS, deep brain stimulation. [Color figure can be

viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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presents an example of how we can use computational
models to integrate medical imaging, clinical outcome
measures, and medical device technology to gain a better
understanding of the effects of a focal psychiatric treatment.
Our goal was to develop a novel method to aid in the char-
acterization of explicit axonal pathways responsible for
therapeutic benefits of neuropsychiatric DBS, thereby laying
the groundwork for new approaches to brain disease man-
agement and improved clinical outcomes.

Recent scientific efforts have focused on defining the or-
ganization and structural connectivity of neural networks
associated with neuropsychiatric disease. Metabolic imag-
ing studies have helped identify cortical and subcortical
areas of the brain associated with neuropsychiatric pathol-
ogies [Greenberg et al., 2006; Mayberg et al., 2005; Saxena
et al., 2004]. Similarly, anatomical tracing studies in non-
human primates have provided insight into the organiza-
tion of networks involved with these areas [An et al., 1998;
Carmichael and Price, 1996; Freedman et al., 2000]. More
recently, functional definition of these networks has been
augmented by the use of diffusion tensor imaging (DTI)
tractography [Wakana et al., 2007]. DTI-based tractography
has shown CSTC projections from the VC/VS and subcal-
losal cingulate white matter (the two most actively
researched surgical targets for neuropsychiatric DBS) over-
lapping in multiple regions of the brain associated with
antidepressant responses [Gutman et al., 2009; Johansen-
Berg et al., 2008]. However, detailed tracing in nonhuman
primates has shown that, while the general trajectory of
axonal pathways can overlap, anatomical segregation is
typically maintained [Haber et al., 2006]. Thus, it becomes

evident that individually, imaging and anatomical techni-
ques only provide pieces of a larger puzzle on DBS. We
propose that computational models add another piece to
that puzzle and enable unique opportunities to refine our
understanding of the neural networks associated with psy-
chiatric disease as well as aid in the definition of surgical
targets and selection of optimal stimulation settings.

It has been shown that TRD is associated with distinct
neural networks that include regions of overlap [Kopell
et al., 2004; Mayberg, 1997]. However, our analysis of axo-
nal activation within the VC/VS (one of such regions)
showed that the best therapeutic outcomes were achieved
only when axonal pathways associated with the responder
group were activated. Our results from this initial group
of patients suggest that pathways lateral and posterior to
the middle portion (on a dorsal-ventral direction) of the
VS should be the focus of investigation for future TRD
DBS studies (see Fig. 5). However, careful attention should
also be paid to pathways coursing dorsal and lateral to the
VS. More importantly, our results showed that clinical out-
comes deteriorated when therapeutic pathways overlap-
ping with pathways identified in the nonresponder group
were activated. These findings support our hypothesis that
therapeutic improvements require unique and selective
activation of axonal pathways associated with specific clin-
ical benefits. Furthermore, they suggest that simultaneous
activation of optimal and nonoptimal pathways may dete-
riorate, slow down the progression of, and even prevent
clinical improvements.

Although the results of this study were generated with
some of the most advanced computational techniques

Figure 5.

Outcome-specific axonal pathways. Common active pathways across 75% of the hemispheres in

the responder (A) and nonresponder (B) clinical groups. The numbers indicate distinct pathways

identified using the algorithm described in Figure S3. The combinations of letters indicate the gen-

eral location of the boundaries of each pathway with respect to the ROI (D, dorsal; V, ventral; A, an-

terior; P, posterior; M, medial; L, lateral). Abbreviations: TRD, treatment-resistant depression.
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currently available, our methods make use of several sim-
plifications that should be acknowledged. First, we per-
formed fiber tractography on a single diffusion tensor
atlas brain, which prevented true patient-specific analysis
of axonal activation. Although the use of patient-specific
DTI would suggest a more accurate representation of spe-
cific pathways activated by DBS, their inherent lower reso-
lution and lower signal-to-noise ratio (compared to the
atlas brain) would have introduced additional sources of
error for the tractography analysis. Furthermore, the use
of a single DTI atlas brain allowed us to directly compare
axonal activation within a common anatomical framework
for a wide range of patients. Additionally, the DTI atlas
brain allowed us to build a single library of axonal path-
ways that was consistent across all patients and is expand-
able as new data are collected.

A second simplification of note was that we identified
axonal trajectories using streamline tractography for a
small 60 � 60 � 60 mm VC/VS ROI. In streamline tractog-
raphy, the trajectory obtained can point in an erroneous
direction when multiple fibers cross within a DTI voxel
(e.g., crossing or branching fibers) or the voxel tensor is
homogeneous (e.g., gray matter or cerebrospinal fluid),
causing incorrect tract propagation [Singh and Wong,
2010]. Furthermore, restricting the size of the ROI pre-
vented us from determining the connectivity from these
activated therapeutic and nontherapeutic pathways to spe-
cific cortical and subcortical structures with any degree of
certainty. On the other hand, this size restriction allowed
us to confidently identify and analyze explicit fiber path-
ways around the electrode that were likely activated by
DBS while maintaining a manageable data set. Further-
more, the evolving fields of probabilistic tractography
[Hua et al., 2008; Wakana et al., 2007; Zhang et al., 2010]
and independent component analysis DTI [Singh and
Wang, 2010] provide hope that the origin and termination
of the pathways identified in this study can be statistically
defined in the near future.

A third simplification was that each brain hemisphere
was treated as an independent set of anatomical pathways
to increase our sample size and constrain identification of
potential therapeutic pathways. Although the stimulation
settings were originally defined unilaterally, the clinical
outcomes used to classify patients into clinical subgroups
were obtained after chronic bilateral stimulation. As such,
the relationship between left and right stimulation to clini-
cal response may or may not be independent. However,
patients received maximal clinical benefit when stimulated
bilaterally, suggesting that there is at least some degree of
benefit from independent stimulation on each side. Our
bilateral analysis may have masked possible differences
and clinical implications between left and right DBS. How-
ever, by analyzing pathway activation simultaneously
across both hemispheres, we were able to constrain the
number and distribution of common fiber trajectories and
increase the probability of identifying relevant therapeutic
pathways.

Another important limitation was that we only analyzed
a limited number of clinical outcomes, which were gener-
ated for a single stimulation setting at one point in time
for each patient. A more extensive analysis of the parame-
ter space and associated clinical outcomes, performed over
multiple instances in time, may be able to shed some light
into the progression of the disease, the therapeutic mecha-
nisms of DBS, and any possible differences in axonal acti-
vation between left, right, and bilateral stimulation.
Nonetheless, the stimulation settings we did evaluate rep-
resented the culmination of exhaustive searches through
the parameter space to achieve clinically defined maximal
therapeutic benefits [Malone et al., 2009], thus justifying
our focus on the most recent clinical settings.

Ultimately, the true power of the methods outlined in
this study lie in their ability to analyze and integrate axonal
activation data from multiple patients. As such, future
work combining high-resolution patient-specific DTI and
probabilistic tractography may help establish a more com-
plete and refined depiction of optimal target pathways and
corresponding functional interconnections. Additionally,
analysis of data with larger variability and larger patient
populations (e.g., multicenter data) will increase the statisti-
cal power of the analysis, enhancing the accuracy of the
axonal pathway predictions. Another critical step in this
line of research should be to correlate these human path-
ways with their nonhuman primate counterparts defined
from detailed histological staining studies [Croxson et al.,
2005; Haber and Brucker, 2009; Haber et al., 2006], thereby
enabling analysis of true anatomical interconnections.
Nonetheless, the results of our study represent an impor-
tant step toward mapping neuronal circuits responsible for
specific clinical outcomes in neuropsychiatric DBS. Further
interconnection between imaging, modeling, and anatomi-
cal analysis should enable definition of the most effective
brain locations for targeting specific limbic and cognitive
pathologies associated with psychiatric disease. Similar to
our experience in Parkinson’s disease [Frankemolle et al.,
2010], we expect that definition of optimal target pathways
will enable computational selection of stimulation settings
that will help maximize therapeutic outcomes without ex-
haustive trial-and-error searches through the extensive DBS
parameter space.
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