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Deep Brain Stimulation (DBS) has been investigated as a treatment option for
patients with refractory psychiatric illness. Over the past two decades, neuroimaging
developments have helped to advance the field, particularly the use of diffusion tensor
imaging (DTI) and tractographic reconstruction of white-matter pathways. In this article,
we review translational considerations and how DTI and tractography have been used
to improve targeting during DBS surgery for depression, obsessive compulsive disorder
(OCD) and post-traumatic stress disorder (PTSD).
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INTRODUCTION

Psychiatric illness remains among the leading causes of disability worldwide (World Health
Organization, 2017). Common conditions such as major depressive disorder (MDD) and
obsessive compulsive disorder (OCD) are resistant to guideline-concordant pharmacotherapy and
psychotherapy in up to one third of cases (Trivedi et al., 2006; Hirschtritt et al., 2017). Patients with
treatment resistant psychiatric illness have a significantly increased usage of healthcare resources
and risk of suicide (Kessler, 2012; World Health Organization, 2017). The high prevalence and often
fatal prognosis of refractory psychiatric illnesses emphasizes the need to develop novel treatment
options for this patient population.

Psychiatric surgery, namely deep brain stimulation (DBS) or ablative neurosurgery, is an
important treatment option for patients with refractory psychiatric illness. DBS involves the
surgical placement of electrodes in the brain, which deliver continuous low-level stimulation to a
precisely targeted node (Awan et al., 2009; Hamani and Nobrega, 2010, 2012; Hamani et al., 2010).
Ablative neurosurgery, involves the creation of a focal lesion in the brain—performed either with
surgery (Christmas et al., 2011), stereotactic radiosurgery (Rasmussen et al., 2018), or magnetic
resonance guided focused ultrasound (MRgFUS) (Kim et al., 2018; Davidson et al., 2020b).

Over the past two decades, the field of neuroimaging has evolved considerably. Advanced
magnetic resonance imaging (MRI) sequences such as echo-planar imaging, used for functional
MRI (fMRI), and diffusion tensor imaging (DTI), used for the tractographic reconstruction of
white-matter pathways, has added a dizzying array of possibility, but also complexity, to performing
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psychiatric neurosurgery. In 2013, Schlaepfer et al. reported
the use of DTI to target a structure termed the “superolateral
branch of the medial forebrain bundle” (slMFB) (Schlaepfer et al.,
2013), which has since been renamed the ventral tegmental
area projection pathway (VTApp) (Coenen et al., 2020). Since
then, there has been extensive translational work, resulting in
improved outcomes (Riva-Posse et al., 2018) and the emergence
of a new era of circuit-based neurosurgery (Boutet et al., 2019;
Horn, 2019).

In this article, we review the use of advanced neuroimaging
techniques in psychiatric DBS, particularly highlighting the
methods which have been translated into clinical practice. This
review will be divided based on the major targets currently used
for psychiatric surgery: subcallosal cingulum (SCC), VTApp,
ventral capsule/ventral striatum (VC/VS).

VENTRAL TEGMENTAL AREA
PROJECTION PATHWAY

The first translation of advanced neuroimaging techniques to
psychiatric surgery in humans was in the stimulation of the
VTApp in the treatment of MDD (Schlaepfer et al., 2013). The
VTApp was originally selected as a potential target following
the observation of hypomania developing in a patient with
Parkinson’s disease who received subthalamic nucleus (STN)
DBS, where the active contact was located too medially (Coenen
et al., 2009). Though originally referred to as the slMFB, several
groups have suggested that this tract may in fact be a hyper-direct
connection from the prefrontal cortex to the anteromedial STN.
For the purposes of this article, we will refer to this tract as the
ventral tegmental projection pathway.

The VTApp is consistently found within a region recently
coined as the “therapeutic triangle,” located immediately lateral
to the ventral tegmental area (Coenen et al., 2018). The
therapeutic triangle is defined anteriorly by the mamillary
body, posteromedially by the red nucleus, and posterolaterally
by the substantia nigra/STN. Since the VTApp cannot be
appreciated on standard structural MRI sequences, deterministic
DTI is used to optimize the electrode depth and trajectory,
so as to maximize contact with the VTApp. Due to the close
proximity of the oculomotor nerve, the acute stimulation effect
of diplopia and dizziness serves as a confirmation of accurate
electrode placement, but also limits the amplitude of stimulation.
Figures 1A,B depicts an electrode placed in the region of the
VTApp (Coenen et al., 2018).

In the first open-label trial of VTApp DBS (FORSEE
I; FORebrain Simulation dEprEssion), clinical response and
remission were achieved in 6/7 and 4/7 patients, respectively
(Schlaepfer et al., 2013). Particularly impressive was the fact
that all 7 patients experienced acute intraoperative appetitive
responses, and 5/7 patients achieved responder status by 1
week post-operatively. Such a rapid rate of improvement was
unprecedented in the psychiatric DBS field, even amongst open-
label studies. At long-term follow-up, these improvements were
maintained for at least 4 years (Bewernick et al., 2017). In a
second open-label series of VTApp DBS from the same group

(FORSEE II), there was a nearly 50% reduction in the mean
depression ratings as early as 1 week, and a 100% response rate
at 12 months (Coenen et al., 2019).

The approach to targeting the VTApp reported in the
FORESEE trials, has been implemented by at least two other
centers, with one reporting promising results (Fenoy et al.,
2018). The other center reported a lack of robust intraoperative
findings or postoperative response among two anhedonic MDD
patients despite following a similar DTI-based targeting approach
(Davidson et al., 2020a). Although the VTApp remains an
appealing target for DBS in the treatment of refractory MDD,
especially given its reported rapid clinical response rates,
more nuanced patient or target selection may be required;
different targets may offer better clinical effect depending on
depression subtypes, neuroimaging biomarkers, or the results
of intraoperative stimulation (Widge et al., 2018). For example,
given the high rate of intraoperative appetitive responses among
those patients who obtain clinical benefit with VTApp DBS, it
could be hypothesized that in patients where appetitive responses
are not observed, an alternative target should be stimulated. It is
also important to acknowledge that all VTApp data to date has
come from open-label studies, and although promising, a large
randomized trial is still needed (Coenen et al., 2019).

SUBCALLOSAL CINGULUM

The SCC target was first selected based on its critical role
in the network involved in the modulation of negative affect
(Seminowicz et al., 2004; Mayberg et al., 2005). Despite promising
open-label data, an industry-sponsored randomized controlled
trial (RCT) failed to show a difference between active and sham
stimulation at 6 months (Holtzheimer et al., 2017). Connectivity-
based studies have suggested that DTI-based targeting, may be
one of many critical factors needed to demonstrate efficacy
(Mayberg et al., 2016; Widge et al., 2016).

In the first published series, DBS electrodes were implanted at
the transition between gray and white matter beneath the genu of
the corpus callosum (Hamani et al., 2011). Based upon anatomic
positioning of the active contacts, there was no appreciable
difference in location between responders and non-responders
(Hamani et al., 2011). On subsequent analyses, it soon became
apparent that the therapeutic benefit was associated with the
pattern of axonal white-matter tracts stimulated, rather than the
location within the gray matter (Riva-Posse et al., 2014).

In a proof of concept analysis, the white matter tracts
stimulated by SCC DBS electrodes were mapped using
probabilistic DTI in a single subject who responded to
treatment (Lujan et al., 2013). On both the left and right
side, the therapeutic contact was positioned at the intersection
of the cingulum, forceps minor, and frontostriatal projections.
Importantly, the most ventral contacts, located at the gray–white
junction, did not intersect with this white matter blueprint, and
only contacted frontostriatal fibers. Based on these results, a
larger retrospective analysis in patients who had received open-
label SCC-DBS demonstrated a shared connectome blueprint
amongst responders than was not seen in non-responders
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FIGURE 1 | Ventral tegmental area projection pathway (VTApp) DBS. (A) Outline shows how DBS electrode traverses the VTApp, formerly suggested to be the
superolateral branch of the medial forebrain bundle (green). (B) Three-dimensional view from lateral and left. (C) Optimal SCC DBS Fiber Bundle Target Template.
Red: Forceps Minor, Blue: Uncinate Fasciculus, Yellow: Cingulate Bundle. Abbreviations: mF10, medial frontal (Brodmann Area 10); Forceps M., forceps minor;
Uncinate F., uncinate fasciculus; Cingulum B., cingulum bundle; vSt, ventral Striatum; nAc, nucleus accumbens; Th, thalamus; SCC25, subcallosal cingulate cortex
(BA25); Amg, amygdala; ACC, anterior cingulate cortex; MCC, middle cingulate cortex. Adapted and reprinted from Coenen et al. (2018), with permission from
Elsevier. Reprinted from Riva-Posse et al. (2014), with permission from Elsevier.

(Riva-Posse et al., 2014). In this study, the strongest response was
observed in patients where the volume of tissue activated (VTA)
was situated at the intersection of the forceps minor, cingulum
bundle, frontostriatal projections, as well as the uncinate
fasciculus (UF) (Figure 1C). When this white-matter blueprint
targeting strategy was used prospectively in an open-label study,
the 6-month response rate improved from 41 to 73% (Riva-Posse
et al., 2018). The acute autonomic effects of SCC DBS observed
intraoperatively appear to be directly correlated to the degree of
structural connectivity between the VTA and the mid-cingulate
cortex (via the cingulum bundle) (Riva-Posse et al., 2019).

The white-matter blueprint SCC targeting scheme is now
being used by other groups in trials of SCC-DBS (Hamani et al.,
2020; Ramasubbu et al., 2020), demonstrating the translational
impact of this work. One group has attempted to disentangle the
contribution of each of the four tracts in this blueprint toward
an eventual clinical response (Clark et al., 2020). Using data from
an open-label study, they reported that excessive stimulation of
the forceps minor (especially its dorsal component) is associated
with non-response, while stimulation of the UF is associated
with clinical improvement (Clark et al., 2020). These results
are not necessarily contradictory to the findings of Riva-Posse
and colleagues, who have yet to report each individual tract’s
association with clinical response. It should also be noted that
these two groups use different methods for predicting the size of
the VTA (Butson et al., 2007; Chaturvedi et al., 2013), leading to
dramatic differences in activated volume. The use of open-source
VTA-modeling software, such as that provided by the Lead-DBS
software might help with the generalizability of these studies
(Horn et al., 2019).

Recently, our group extended this DTI-based SCC targeting
approach to the treatment of refractory post-traumatic stress
disorder (PTSD) (Hamani et al., 2020). PTSD, which develops
as a maladaptive response to previous traumatic events, is
characterized by hypervigilance, frequent “re-experiencing” of

traumatic events, and dissociation/depersonalization. There is
a high rate of comorbid depression and anxiety (Kessler
et al., 2005). Preclinical and human studies of PTSD have
demonstrated hyperactivity in the amygdala, which is likely
due to inadequate top-down inhibition from an underactive
ventromedial prefrontal cortex (Milad et al., 2009; Reznikov
et al., 2015). In a rodent model, DBS delivered to the infralimbic
cortex (considered to be homologous to the rodent homolog
of the SCC) (Hamani et al., 2014a; Reznikov et al., 2016)
improved fear-extinction and reduced anxiety-type behavior
while decreasing cell-firing of principal cells in the basolateral
amygdala (Reznikov et al., 2018).

Based on these results, we hypothesized that the DTI-
informed white matter SCC target could be beneficial in the
treatment of PTSD, partly through stimulation of UF fibers
passing from the prefrontal cortex to the amygdala, and partly
through the modulation of the affective network through the
cingulum and forceps minor. In order to maximize stimulation of
the UF and the cingulum bundle, we used directional DBS, with
current directed toward the uncinate fasciulus as well as to the
fiber blueprint proposed by Riva-Posse et al. (2014) (Figure 2).
In a open-label proof-of-concept index case, this directional
stimulation approach led to a dramatic and robust reduction in
PTSD symptoms (Hamani et al., 2020). As additional centers
begin to apply this DTI-informed targeting of the SCC, it will
likely be possible to further optimize this approach, potentially
associating improvement in specific symptom subtypes with
individual tracts of the blueprint.

Recently two articles have suggested potential imaging-based
biomarkers of response to SCC-DBS. In the first study, a voxel-
based morphometry analysis of 27 patients with SCC DBS
suggested that a larger preoperative SCC volume is associated
with eventual clinical response (Sankar et al., 2020). Another
center reported that preoperative SCC hypermetabolism may
predict responder status (Brown et al., 2020). Although there
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FIGURE 2 | Postoperative computed tomography fused with preoperative magnetic resonance images showing the location of the electrodes in the (A) coronal and
(B) sagittal planes. (C) Reconstruction of preoperative tractography and schematic representation of an implanted electrode. The presented spread of current (red
spherical shape) was adapted to reflect the fact that 67% of the current was delivered medially through contacts in third ring (arrows pointing upward), while 33%
spread laterally though a lateral contact in the second ring (arrows pointing downward). Under these circumstances, stimulation through the second ring would
largely affect the uncinate fasciculus (UF), whereas stimulation of the third ring would largely modulate the cingulate bundle (CB), forceps minor (FM), and
frontostriatal (Str) projections. Reprinted from Hamani et al. (2020), with permission from Elsevier.

is not yet sufficient evidence to use these biomarkers to select
patients, the field seems to be moving toward imaging-based
patient and target selection.

VENTRAL STRIATUM/VENTRAL
CAPSULE

The ventral striatum/ventral capsule (VC/VS), used here to refer
to the highly similar ventral anterior limb of the internal capsule
(vALIC) and the nucleus accumbens (NAc) targets, is the most
common DBS target in the treatment of OCD (Hamani et al.,
2014b; Denys et al., 2020), but also frequently used in the
treatment of MDD (Dougherty et al., 2015). Although open-
label trials of VC/VS DBS have yielded long-term response rates
ranging from 40 to 66% for OCD and MDD (Greenberg et al.,
2010; Bewernick et al., 2012; van der Wal et al., 2019; Winter
et al., 2020), an industry-sponsored RCT of VC/VS DBS for
MDD failed to show a difference between true and placebo
stimulation for MDD (Dougherty et al., 2015). An analogous
RCT has not been published with VC/VS DBS for OCD, though
class I evidence has been obtained from an RCT showing that
STN DBS was better than sham stimulation (Mallet et al., 2008).
VC/VS DBS studies in which patients underwent a blinded active
vs. sham stimulation phase following long-term optimization
have shown a positive outcome for both OCD (Denys et al.,
2010) and depression (Bergfeld et al., 2016). The use of DBS for
OCD is approved in many countries, some under humanitarian-
device exemption.

VC/VS DBS was originally implemented as means of
mimicking the effect of stereotactic lesioning (Nuttin et al., 1999),
a procedure known as anterior capsulotomy, which has been
performed since 1949 (Talairach et al., 1949). Over the years,
the VC/VS target has migrated posteriorly, almost to the level
of the anterior commissure, based solely on clinical experience
of better outcomes associated with more posterior stimulation
(Greenberg et al., 2010; Luyten et al., 2016; Raymaekers et al.,
2017). To our knowledge, there has not yet been prospective
use of advanced imaging techniques, such as DTI or fMRI, for
targeting within the VC/VS, although this is likely to change
given the multitude of recent studies delineating the anatomical
nuances of this region (Hartmann et al., 2015; Avecillas-Chasin
et al., 2019; Coenen et al., 2020).

Currently, VC/VS DBS or vALIC ablation is targeted based on
standardized measurements relative to the anterior commissure
and the midline, despite there being numerous distinct projection
bundles found in the vicinity. These white matter projections
are organized along a ventral-dorsal and medial-lateral gradient.
Within the ALIC, fibers located ventromedially are more likely to
project to ventromedial cortical targets, such as the ventromedial
prefrontal cortex, whereas fibers found dorsolaterally project
to targets such as the dorsolateral prefrontal cortex (Lehman
et al., 2011; Avecillas-Chasin et al., 2019). Despite this consistent
topographic organization, there is substantial inter-individual
variability, as well as “interweaving” of fibers within the ALIC
(Makris et al., 2016; Nanda et al., 2017).

Three recent studies have suggested that the VTApp within
ALIC (which may represents the hyperdirect cortical-STN
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connection), may be a critical fiber tract leading to clinical
response in DBS for OCD (Baldermann et al., 2019; Liebrand
et al., 2019; Li et al., 2020). ALIC fibers associated with a
good outcome have been postulated to run dorsal to the NAc,
near the bed nucleus of the stria terminalis, entering the
ventral part of the thalamus at the border of the anterior and
inferior thalamic peduncle (Baldermann et al., 2019). These
ultimately connect the prefrontal cortex with the medial dorsal
nucleus of the thalamus and the STN (Baldermann et al., 2019).
Furthermore, connectivity to the medial frontal gyrus may
mediate antidepressant effects (Baldermann et al., 2019).

Another approach is to categorize the tracts on the ALIC
based on their involvement in specific circuits, with reward
and affect circuits being found more ventrally, and cognitive
control/decision making circuits being located more dorsally
(Coenen et al., 2020). As DBS and ablative procedures are
both theorized to function by interrupting pathological circuit-
based oscillations, targeting could be adjusted in the ventral-
dorsal or medial lateral direction based on a patient’s symptom
profile. For example—in OCD patients with especially prominent
symptoms of cognitive inflexibility, a more dorsally activated
contact (or lesion) may be optimal, whereas patients with more
prominent mood symptoms might benefit from ventral targeting
(Coenen et al., 2020).

INDIVIDUALIZED VS. NORMATIVE
IMAGING

As neuroimaging techniques evolve to the point of translation
into clinical care, a dilemma has arisen as to the comparative
value of individualized DTI and fMRI data, vs. large normative
“averaged” datasets. The advantages of large normative datasets
include an improved signal-to-noise ratio (SNR), potential
use of state-of-the art equipment (i.e., Human Connectome
Project) (Van Essen et al., 2013), and allowing for a more
universal scientific language and comparison between centers
(Horn and Blankenburg, 2016). However, given the considerable
inter-individual variability in brain structure and connectivity,
applying normative imaging at the patient level might prevent
the ability to “personalize” neuromodulation treatments (Fox
et al., 2013; Cash et al., 2020). For instance, some authors have
suggested that the inter-individual variability of tract positioning
within the ALIC will require subject-specific high-resolution DTI
in order to personalize targets (Makris et al., 2016; Nanda et al.,
2017). On the other hand, single-subject DTI can introduce
substantial variance, and according some authors, may not
be ready for mainstream use in targeting (Jakab et al., 2016;
Petersen et al., 2017).

In a small double-blinded sham-stimulation controlled series
of VC/VS implanted OCD patients, it was demonstrated that
individualized fMRI/DTI could be used to determine optimal
electrode contacts (Barcia et al., 2019). Patients underwent a
symptom provocation task during fMRI scanning, revealing
distinct areas of cortical activation based on their predominant
compulsion symptoms (i.e., contamination obsessions activate
a different cortical region than checking obsessions). Among

responders, the most effective contacts could be distinguished by
their connectivity to the cortical region displaying activation on
the symptom-provocation fMRI. In some patients, this involved a
more dorsal contact, while in others more ventral contacts proved
most effective. This suggests that prospectively, patients could be
programed based on their individual fMRI pattern of prefrontal
activation during symptom provocation. Although these findings
are preliminary, they emphasize the need to continue developing
patient-specific advanced neuroimaging methods, despite the
challenges of low SNR and high variability.

In contrast, emphasizing the advantage of large normative
datasets, a recent study used DTI data derived from the HCP,
to identify a common tract distinguishing responders from non-
responders following VC/VS DBS for OCD (Li et al., 2020). The
tract is part of a hyperdirect circuit, projecting from the anterior
cingulate and lateral prefrontal cortex to the anteromedial STN.
Their analysis included patients from four different centers, with
DBS implanted at the VC/VS or STN. In patients with VC/VS
DBS, non-responders tended to have a VTA placed too ventrally,
with the critical tract passing above. In patients with STN DBS,
a VTA located too dorsally resulted in the tract passing below,
and a reduced likelihood of clinical response. Through the use
of several cohorts, they were able to demonstrate significant out-
of-sample predictive capabilities of this tract, suggesting a unified
mechanism underlying clinical response to both STN and ALIC
DBS in refractory OCD. It should be noted that this multi-
centered data-sharing effort used a mixture of open-label and
blinded clinical data.

Currently, the only prospective implementation of DTI for
psychiatric surgery involves patient-level data, for SCC and
VTApp stimulation. It has yet to be assessed if and how these
targets would be affected by using normative data. Normative
datasets have to be non-linearly warped into patient-space, which
can introduce an additional source of error, and may erode some
of the advantages of higher-resolution imaging.

CORRELATING IMAGING FINDINGS
WITH OUTCOMES

Many of the neuroimaging advances seen in psychiatric surgery
are translated from the field of movement disorders (Horn
et al., 2017). Application in psychiatric surgery, however,
is complicated by two central factors. Firstly, outcome
measurement is much more challenging in psychiatric disorders
than movement disorders, where clinical improvements are often
immediate and easily quantified (i.e., the Unified Parkinson’s
Disease Rating Scale). Following psychiatric surgery, clinical
results often take months to manifest, and even then, there is
considerable debate over the optimal way to measure outcomes
(Rabin et al., 2020). Although the outcome of most psychiatric
surgery trials is distilled down to a single clinical score,
psychiatric illness may not be accurately characterized in such a
manner. To some degree, the success of neuroimaging analyses
in psychiatric surgery is related to the validity of outcome scores.
As neuroimaging analyses become increasingly sophisticated,
it will be crucial for measurement of psychiatric outcomes to
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similarly become more nuanced. Secondly, the amount of data
available for analysis is often limited, due to factors including
limited funding, lack of access, and a reluctance to refer patients
for psychiatric surgery (Mendelsohn et al., 2013; Cormier et al.,
2019). Multi-centered data-sharing efforts, such as the recent
study by Li et al. (2020), are increasingly becoming a necessity.

CONCLUSION

Advanced neuroimaging techniques have now begun to influence
the clinical practice of psychiatric neurosurgery. DTI targeting
methods are being used routinely in SCC and VTApp DBS
for MDD. Although VC/VS targeting is still performed with
conventional targeting based on structural MRI, the findings of
several recent DTI and fMRI studies have suggested methods
for improved targeting. There continues to be a role for
the use of both patient-specific imaging and large normative
datasets, with both offering distinct advantages. As an added
wrinkle of complexity, the clinical scores upon which imaging

analyses are based, are often not well represented by a single
number, and future imaging studies will need to develop more
advances ways of accommodating clinical heterogeneity. With
advanced neuroimaging having already been translated into
human clinical trials, the future of neuroimaging in psychiatric
surgery is very promising.
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