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Various surgical brain ablation procedures for the treatment of refractory depression were developed in the twentieth century. Most

notably, key target sites were (i) the anterior cingulum, (ii) the anterior limb of the internal capsule, and (iii) the subcaudate white matter,

which were regarded as effective targets. Long-term symptom remissions were better following lesions of the anterior internal capsule

and subcaudate white matter than of the cingulum. It is possible that the observed clinical improvements of these various surgical

procedures may reflect shared influences on presently unspecified brain affect-regulating networks. Such possibilities can now be analyzed

using modern brain connectivity procedures such as diffusion tensor imaging (DTI) tractography. We determined whether the shared

connectivities of the above lesion sites in healthy volunteers might explain the therapeutic effects of the various surgical approaches.

Accordingly, modestly sized historical lesions, especially of the anatomical overlap areas, were ‘implanted’ in brain-MRI scans of 53 healthy

subjects. These were entered as seed regions for probabilistic DTI connectivity reconstructions. We analyzed for the shared

connectivities of bilateral anterior capsulotomy, anterior cingulotomy, subcaudate tractotomy, and stereotactic limbic leucotomy

(a combination of the last two lesion sites). Shared connectivities between the four surgical approaches mapped onto the most

mediobasal aspects of bilateral frontal lobe fibers, including the forceps minor and the anterior thalamic radiations that contacted

subgenual cingulate regions. Anatomically, convergence of these shared connectivities may derive from the superolateral branch of the

medial forebrain bundle (MFB), a structure that connects these frontal areas to the origin of the mesolimbic dopaminergic ‘reward’

system in the midbrain ventral tegmental area. Thus, all four surgical anti-depressant approaches may be promoting positive affect by

converging influences onto the MFB.
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INTRODUCTION

Depression is the most common psychiatric disorder in the
Western world, which is usually associated with psychia-
trically significant dysphoria, compromised psychological
functioning, and impoverished quality of life (Kessler et al,
2003). In 1990, the prevalence of depression in the United
States was about 11 million (Greenberg et al, 1993). Despite
various psychotherapies, an increasing array of medica-
tions, and the widespread availability of electroconvulsive

therapy, treatment failures have remained all too common,
as highlighted by recent multi-center STAR*D studies (for
an overview and related treatment considerations, see
Shelton et al, 2010). In the face of severe disabling illness
and with the ever-present risk of suicide, other more
invasive biological interventions have been pioneered and
refined over the past century. These have included magnetic
and electric stimulation of the brain and ‘psychiatric
surgery’. The latter had its advent in the end of the
nineteenth century starting with topectomies, pioneered
by the Swiss psychiatrist Gottlieb (Burckhard, 1891)
(for history, see Kotowicz, 2005). Target selection was
based on limited knowledge of brain anatomy and function
available at that time. During the following 30 years, the
understanding of neurophysiology grew rapidly and a
number of cognitive and emotional functions were mapped
to specific locales and circuits within the brain. Prefrontal
leucotomies were introduced by the Portuguese neuro-Received 20 April 2010; revised 5 July 2010; accepted 27 July 2010
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logist Moniz (1937) with the aim of disconnecting
pathogenetically implicated pathways. Outcome studies of
treated patients showed moderate to good effects on mood
and motivation. However, leucotomy had significant side
effects: postoperative epilepsy, alterations of personality
and various cognitive deficits in abstract thinking, imagina-
tion, creativity, and social appropriateness. Evolving neuro-
scientific knowledge and the desire to avoid or mini-
mize side effects led to target refinements. Precise lesion
placements became possible with the use of stereotactic
procedures that replaced the open surgical approaches
(Spiegel et al, 1947).
Various operations specifically designed for the treatment

of major depression were developed in the second half of
the twentieth century (Richardson, 1973; Knight, 1969;
Bailey et al, 1973; Meyerson and Mindus, 1988). Four main
lesion sites, alone or in combination, were identified. (i) In
anterior capsulotomy (AC), a bilateral lesion is placed
stereotactically in the inferior third of the anterior limb of
the internal capsule (ALIC) (Meyerson and Mindus, 1988;
Talairach et al, 1949). Both radiosurgery and diathermy
have been used to create the lesion, with reported benefits
in B48% of previously treatment-resistant patients (Meyer-
son and Mindus, 1988). (ii) Anterior cingulotomy (ACT)
has been performed using both open surgical and stereo-
tactic approaches. A diathermal lesion is placed in the ante-
rior third of the cingulate gyrus 2–4 cm posterior to the
anterior tip of the lateral ventricle, 7mm lateral to the
midline, and 1mm dorsal above the ventricular shadow
(Bailey et al, 1973). In recent reviews, reported success rates
have been B34% (Hodgkiss et al, 1995). ACT was probably
the least effective of the surgical procedures. (iii) Sub-
caudate tractotomy (SCT) was introduced by Knight in the
1950s (Knight, 1969; Bridges et al, 1994). Initially, radio-
active seeds were placed in the target region posterior to the
orbito-frontal cortex. Later, the lesions were created using
heat or cryoablation. SCT was moderately beneficial, with
improvement reported in B35% of the depressed patients
(Hodgkiss et al, 1995). (iv) Stereotactic limbic leucotomy
(LL) is a combination of both bilateral ACT and SCT
(Richardson, 1973). In diverse studies, rates of impro-
vement of 50% (Mitchell-Heggs et al, 1976, Kim et al, 2002)
to 78% (Cosgrove and Rauch, 2003; Montoya et al, 2002)
have been reported (Mitchell-Heggs et al, 1976; Kim et al,
2002; Kelly et al, 1973; Diering and Bell, 1991). Thus, LL
stands out as the clinically most effective lesioning
procedure for depression. For an idealized illustration of
the foci of the different targets, see Figure 1.
The four historical surgical approaches have all been

individually effective in alleviating treatment-resistant depres-
sions, albeit with variable efficacy. Benefit from such diverse
and seemingly unrelated lesion locations may simply reflect
the complexity of the underlying emotional circuitries that
have been disrupted. Alternative explanations may be that the
lesions disrupt specific affective systems or all the lesions
influence the arousability of a shared system, which influences
the affective status or modifies the psychological influences
arising indirectly from the distal shared connectivities of the
various treatments rather than direct affective consequences
of the lesion sites themselves.
Modern developments in brain imaging allow us to

consider such options. For instance, diffusion tensor

imaging (DTI) tractography (Malykhin et al, 2008) allows
identification of white matter tracts in vivo, potentially
revealing white matter architectures that provide information
about the integrity and organization of relevant underlying
fiber tracts. DTI, by measuring the direction-dependent
diffusion of water molecules, characterizes the predominant
direction of fibers within white matter. Probabilistic tracto-
graphy can be used to model and map tracts based on given
neuroanatomically situated ‘seeds’. This method has been used
in several studies to characterize the connectivity of cortical
and subcortical structures (Behrens et al, 2003; Johansen-Berg
et al, 2005; Cohen et al, 2009). In the domain of psychiatric
surgery, this approach has already been used to analyze the
connections of two targets (ALIC and subcallosal subgenual
white matter, previously denominated as Cg25) utilized for
deep brain stimulation (DBS) in the treatment of depression
(Gutmann et al, 2009).
The current study is designed to identify, in a cohort of

normal individuals, potentially unidentified fiber connecti-
vities of the aforementioned historical anti-depressive
surgical lesion sites that may be involved in historical
lesioning procedures for major depression. The virtual
‘seed lesions’ we employed were intentionally designed to be
estimates of actually used lesions, representing the smallest
common overlap areas of the aforementioned histo-
rical lesion targets. Our hope was that identification
of common overlapping fiber connectivities affected in
all successful lesion targets may reveal new target sites for
future stereotactically guided DBS interventions in treat-
ment of refractory depression.

MATERIALS AND METHODS

Scans were taken of 53 subjects (17 male; 7 left-handed,
average age 27±9.35 years). None of the subjects had a
history of neurological or psychiatric disease and all were
screened for mood disorders using the Beck Depression
Inventory (BDI) questionnaire (Beck et al, 1961). The ethics
committee of the University of Bonn approved the study
and all participants gave their written informed consent.
Magnetic resonance imaging was performed on a 3-T

scanner (Magnetom Trio, Siemens, Erlangen, Germany). An
eight-channel head coil was used for signal reception. All
subjects underwent the same imaging protocol consisting of
whole-brain T1-, T2-, and diffusion-weighted structural
imaging. The total study time was 110min per subject.
Diffusion-weighted data were obtained using an in-house EPI
DTI sequence (60 gradient directions, TR¼ 12 s, TE¼
100ms, 72 axial slices, resolution 1.7mm3). Additionally, seven
data sets with no diffusion weighting (b0, b-value¼
0 s/mm2) were acquired initially and interleaved after each
block of 10 diffusion-weighted images as anatomical reference
for motion correction. The high angular resolution of the
diffusion weighting directions improves the robustness of
probability density estimation by increasing the signal-to-noise
ratio (SNR) and reducing directional bias. To further increase
SNR, scanning was repeated three times for averaging.

Processing and Analysis of DWI Data

All imaging data were transferred to a cluster of Linux
workstations for processing with an in-house protocol

Tractography and depression surgery
J-C Schoene-Bake et al

2554

Neuropsychopharmacology



using FSL 4.1.3 tools (http://www.fmrib.ox.ac.uk/fsl).
Motion correction was applied on all images using seven-
parameter global rescale registration with a mutual
information cost function and tri-linear interpolation
as implemented in FLIRT (Jenkinson and Smith, 2001).
All baseline b0 images were aligned to a reference b0 image
and the resulting linear transformation matrixes were then
applied to the diffusion-weighted images following each
baseline b0 image. After correction for eddy currents, the
three repetitions were averaged to improve the signal-
to-noise-ratio. A binary mask differentiating between brain
and skull structures was calculated for brain extraction
using BET and applied to all images. BedpostX was run on
the preprocessed data to generate the basis for probabilistic
tractography using ProbtrackX.

Simulation of Lesions (Selection of Regions of Interest)

Lesion masks were placed bilaterally based on original descrip-
tions of lesion locations and published MRI examinations of
lesioned patients (Kim et al, 2002; Coenen and Honey, 2009).
MNI coordinates are shown in Table 1.

1. AC: anterior limb of the capsula interna, 20mm lateral to the
midline, and 5mm behind the tip of the frontal horns of the
lateral ventricles at the level of the inter-commissural plane.

2. ACT: anterior cingulum, 2–4 cm posterior to the anterior
tip of the lateral ventricle, 7mm lateral to the midline,
and 1mm dorsal to the roof of lateral ventricle.

3. SCT: Frontobasal subcortical white matter above the
orbito-frontal cortex, 15mm from the midline, 10mm

Figure 1 Mean probability maps of simulated lesions. (a) Anterior capsulotomy (AC); (b) anterior cingulotomy (ACT), IFsagittal, IIFcoronal, IIIFaxial;
(c) subcaudate tractotomy (SCT); and (d) stereotactic limbic leucotomy (SLL), converted in MNI space.
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above the planum sphenoidale, and at the most anterior
aspect of the sella.

4. LL: combination of ACT and SCT ROIs.

Masks formed by spheres of 10mm diameter were
manually placed within the individual MPRage-T1-image
by two experienced neurosurgeons. The T1 image with the
accompanying lesion masks was then transferred to the
individual native diffusion space using linear transforma-
tions. The individual lesions (ROIs) over all subjects were
statistically analyzed using the NPM tool (Nonparametric
Mapping, part of MRIcron, Version 03/2009 (Rorden et al,
2007)). Mean and standard deviation maps were calculated
and analyzed using a threshold of 0.05 probability
(displaying lesion location across 95% of subjects). A
maximum deviation of 2mm in any direction (x/y/z) was
determined. Figure 1 shows the overlap of the individual
lesion sites transferred to MNI space.

Probabilistic Tractography

Estimation of tracts was done as previously reported
(Cohen et al, 2009), using published methods in the FSL
environment (Behrens et al, 2003). Fiber tracking was done
probabilistically, using 5000 tract-following samples at each
voxel. We used a dual-fiber model as implemented in the
latest version of BedpostX. This model helps account for
issues related to crossing fibers, and produces more reliable
results compared with a single-fiber model (Behrens et al,
2007). The result is a brain image in which all voxels have a
value that represents the connectivity (number of fibers
from the probabilistic analysis) between that voxel and the
voxels in the seed region (ie, the lesion). One advantage of
the probabilistic tractography is that it accounts for
uncertainty inherent in local fiber directions, and thus
estimates a spatial probability distribution of connectivity
from the seed regions. All tractography was done in each
subject’s native space. All results images were visually
inspected to ensure correct normalization and tracking.
The resulting statistical maps were then thresholded at
0.01 (99% likelihood of connectivity) and their values

normalized to a range of 0–100 000 and transferred into
MNI152-1mm-standard space for cross-subject analysis. To
generate population-based probability maps, all subjects’
probability maps (after thresholding) of one seed were
combined. This was done in two different ways. First, a
mean tract for the selected seed was calculated by adding up
all single-subject tracts and calculating a mean image using
NPM, thus retaining the quantitative strength of the
probability. A threshold of 0.01 was then applied to the
mean image to only show voxels with a 99% likelihood of
connectivity to the respective seed region (lesion). Further-
more, the individual maps were binarized and then also
added up and used as a basis for calculation of a mean
image. As reported by Gutmann et al (2009) the result map
was thresholded to show voxels common to 75% or more of
the subjects. As the results of these two approaches were
identical, we assumed the results to be reliable and the
applied thresholds to be valid. The resulting pathways
connected to each seed (lesion sites, white circles) are
shown in Figure 2. An overlap analysis (representing a Venn
diagram of all tracts) was then performed to detect common
patterns, resulting in a network of pathways that was
possibly affected by all surgical treatments described above
(Figure 3). The allocation of white matter tracts to the
resulting statistical maps was done using various atlases
(Mori et al, 2008, Mazziotta et al, 2001).

RESULTS

The results are listed in Table 2 with a detailed over-
view of the connectivity analysis of each lesion site. Modern
target sites for DBS in depression are seen as areas of
overlap:
AC-, ACT- and SCT-simulated lesion sites gave rise to

fiber tracts (Figure 2) that demonstrated several areas of
overlap (Figure 3). These consisted of forceps minor,
frontothalamic fibers, area Cg25, and medial frontobasal
white matter with frontothalamic connectivity. Distal
connectivities of these mapped projections are largely
divergent. However, common to all simulated lesion sites

Table 1 Simulation of Target Sites and Mean Target Location in MNI152 Space

Operation Target MNI152 coordinates of simulation (mm)

Right side Left side

Anterior capsulotomy (AC) Anterior limb of internal capsule x¼ 21 (19–23) x¼�19 (�17–21)

y¼ 18 (16–20) y¼ 17 (15–19)

z¼�1 (1–3) z¼�1 (3–1)

Anterior cingulotomy (ACT) Bilateral anterior cingulum x¼ 8 (6–10) x¼�7 (�5–9)

y¼ 30 (28–32) y¼ 30 (28–32)

z¼ 16 (14–18) z¼ 16 (14–18)

Subcaudate tractotomy (SCT) Bilateral subcaudate white matter x¼ 15 (13–17) x¼�14 (�12–16)

y¼ 20 (18–22) y¼ 20 (18–22)

z¼�9 (�7–11) z¼�9 (�7–11)

Limbic leucotomy (LL) Bilateral anterior cingulum and subcaudate white matter Combination of ACT and SCT Combination of ACT and SCT
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were connections to the frontal pole, the amygdala/
hippocampal complex, and dorsal thalamus. For the frontal
pole, the majority of fibers projecting from the SCT travel
primarily medially along the forceps minor, whereas the AC
target fibers travel more laterally primarily via the anterior
thalamic radiation. For the amygdalohippocampal region,
all sites appeared to send fibers through the medial
temporal lobe within the uncinate fasciculus.
AC and SCT shared more areas in common with each

other than with ACT and included the corona radiata,
brainstem, and periaqueductal gray matter. The pattern of
shared connectivity between ACT and AC included anterior
thalamic radiation, forceps minor, inferior fronto-occipital
fasciculus, fasciculus uncinatus, genu of the corpus
callosum. ACT–SCT overlap covered a relatively small area,

including anterior thalamic radiation, forceps minor
inferior fronto-occipital fasciculus, and uncinate fasciculus.

DISCUSSION

This study capitalized on data about the spatial locali-
zation of lesion sites historically demonstrated to be partly
effective in the treatment of chronic depression. Connecti-
vity analysis of these sites with advanced MR technology has
now revealed (i) previously unrecognized underlying white
matter projections and (ii) with overlapping distal anato-
mical structures. This new information may be useful in
directing the search for more effective targets for stereo-
tactic DBS interventions, as well as smaller potential lesion

Figure 2 Mean probability-tracking maps for AC (a, red), ACT (b, blue), SCT (c, green), and SLL (d, cyan). Maps indicate areas with up to 99%
connectivity likelihood, n¼ 53. The white spheres show the respective lesion sites. The color reproduction of this figure is available on the html full text
version of the manuscript.
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sites. This may have both anatomical and functional
implications for understanding the efficacy of the four
major types of ablative procedures historically used to treat
intractable depressions.
AC has found its most common use in the treatment of

obsessive–compulsive disorders (OCDs) (Christensen et al,
2002; Greenberg et al, 2003), but is also a target for the
treatment of refractory depression. The physiological idea
behind AC lesions is that interruption of the frontothalamic
connections may attenuate negative ruminations that com-
monly accompany depression (Christensen et al, 2002; Abosch
and Cosgrove, 2008), which may be mediated by self-reflective
medial fronto-cortical ‘resting state’ and self-referential
networks (Northoff et al, 2006; Northoff, 2010). More speci-
fically, AC may be producing benefit by interrupting the
connection between the anterior thalamic nucleus and
cingulate gyrusFa component of Papez’s limbic circuit that
has been implicated in regulating emotionality (MacLean,
1990; Papez, 1995). However, benefits may also derive
from severing more distal connectivities, such as those to
the many emotional circuits of the brainstem (Panksepp,
1998). In our DTI tractography results, we traced fibers to
the frontal poles bilaterally, forceps minor including the
genu of the corpus callosum, frontomedial, frontoorbital

and subcallosal cortex, and medial temporal lobe, but also
to the brainstem and cerebellum. These brainstem linkages
are likely mediated by more posteriorly and medially placed
AC target locations that sever frontopontine and cortico-
nuclear tracts. Brainstem structures that regulate the
expression of mood include the medial forebrain bundle
(MFB), especially through the superolateral branch of the
MFB (slMFB) (Coenen et al, 2009). The MFB is located in
the inferior and lateral parts of the ALIC and connects the
ventral tegmental area (VTA) to the nucleus accumbens
(NAcc). NAcc (Schlaepfer et al, 2008) features prominently
in reward seeking and appetitive motivational processing
(Alcaro et al, 2007; Delgado, 2007). Recent DBS studies
targeting the shell of the NAcc have demonstrated good
clinical effects in patients with depression, an effect that
may be mediated by interconnections to limbic and
prefrontal regions, especially Cg25 (Gutmann et al, 2009;
Schlaepfer et al, 2008). Area Cg25 appears to be a pivotal
node in mood regulation. It is activated during sadness,
and DBS that targets this area can effectively treat
refractory clinical depression (Gutmann et al, 2009; Hamani
et al, 2009).
The MFB, and more specifically its superolateral branch,

is, according to our analysis, a potentially significant

Figure 3 Intersection of connectivity maps of AC (red), ACT (blue), and SCT (green) tracking results. Overlap of AC and ACT shown with magenta, AC
and SCT in yellow, and ACT and SCT in cyan. The white area shows overlapping of AC, ACT, and SCT mean probability-tracking maps in axial (a), coronal
(b), and sagittal (c) slices. (d) 3D representation of AC/ACT/SCT intersection area. Acg, anterior cingulate gyrus; ATR, anterior thalamic radiation; CST,
corticospinal tract; FM, forceps minor; FP, frontal pole; Nacc, accumbens nucleus; PAG, periaqueductal grey matter; slMFB, superolateral branch of medial
forebrain bundle; Thal, thalamus.
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component of such a polysynaptic circuit originating in the
VTA of the brainstem and involved in the regulation of
reward and mood. It is noteworthy that lesions placed in the
AC in the past have been located in the most inferior part of
the ALIC (Hurwitz et al, 2006). In a postoperative effort to
demonstrate degenerating brain regions with T1-weighted
MRI after anterior capsulotomies, two affected neuronal
systems in depressed patients were identified. One was
clearly the well-established anterior thalamic radiations.
A second less well-recognized system was related to the
more lateral AC, especially the frontopontine tracts to
the midbrain. According to our current understanding, this
second degenerating system prominently includes the
slMFB, which then conveys information rostrally, toward
ventral striatal and medial frontal directions.
ACT has clinically been the least effective lesion site from

the four targets studied in our anatomical reconstructions.
ACT involves stereotactic placement of bilateral lesions in
the cingulate cortex and cingulum. The cingulate gyrus is a
component of limbic circuitry that initially motivated
targeting this area for ablation in the surgical treatment of
psychiatric illness, and since then has been implicated in the
higher elaboration of negative affect characterized by
separation distress and sadness grief (Panksepp, 1998).
ACT connectivities traced by our study reveal involve-
ment of the bilateral cingulate gyrus, bilateral frontal and
thalamic connections, ipsilateral connections to the amyg-
dalo-hippocampal complex, and bilateral involvement of

the ALIC. ACT is used to treat refractory depression and
OCD. The mechanism of therapeutic action remains
uncertain, but it is commonly assumed to be due to
disruption of one or more components of associated limbic-
emotional circuitry (Abosch and Cosgrove, 2008; Cho et al,
2008). More recently, studies evaluating the efficacy of ACT
in major depression, drug dependence, and pain patients
(Steele et al, 2008) suggest that the effects of ACT may be
explained on the basis of disconnection of afferent fibers
from the midline thalamic nuclei, the function of which is to
impart the emotional coloring to perceptions (LeDoux,
1995), especially negative emotions (MacLean, 1990).
SCT emerged out of attempts to minimize the size of

lobotomy lesions. In SCT bilateral lesions are placed, among
other areas, in the substantia innominata of the basal
forebrain immediately ventral to the head of the caudate
(Knight, 1969). SCT has been used for many decades to treat
refractory affective and anxiety disorders, including major
depression and OCDs.
Our tractography study demonstrated bilateral frontal

pole connectivities tracking via forceps minor and the
anterior thalamic radiation, as well as white matter
connecting to the subcallosal cortex. The connectivity is
made via anterior thalamic radiations. Additional connec-
tions were demonstrated to mesial temporal lobe structures,
the brainstem, and periaqueductal gray matter. Fibers
connecting to the brainstem appear to parallel the
frontopontine tract containing fibers of the slMFB that

Table 2 Stratification of Connection Likelihood of Lesion Target Sites

Structure Surgical procedure

ACT AC SCT LL

Left Right Left Right Left Right Left Right

Anterior thalamic radiation/superolateral
branch of the medial forebrain bundle

+++ +++ +++ +++ +++ +++ +++ +++

Corticospinal tract ++ ++ + + + +

Forceps minor +++ +++ ++ ++ +++ +++ +++ +++

Fasciculus uncinatus +++ +++ ++ ++ ++ ++ +++ +++

Inferior fronto-occipital fasciculus ++ ++ ++ ++ ++ ++ ++ ++

Anterior corona radiata ++ ++ ++ ++ ++ ++

Superior corona radiata ++ ++ ++ ++ ++ ++

Nucleus accumbens +++ +++ ++ ++ ++ ++

Genu corporis callosum +++ +++ ++ ++ ++ ++ +++ +++

Inferior cerebellar peduncle ++ ++

Brainstem ++ ++ + ++ + ++

Anterior cingulum +++ +++ ++ ++

Anterior limb of internal capsule +++ +++

Posterior limb of internal capsule ++ ++ ++ ++

External capsule ++ ++ ++ ++

Subgeniculate cortex (SGC) +++ +++ +++ +++

Superior longitudinal fasciculus ++

Inferior longitudinal fasciculus ++ ++ ++

Stratum saggitale ++ ++ ++

Periaqueductal gray matter + + + + + +

Likelihood of connectivity 1–o5%¼+; probability 5–o10%¼++; probability 10–100%¼+++.
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connect VTA with NAcc, which, via modulation (eg, perhaps
release of function) of the reward circuitry, could promote
anti-dysphoria effects. There is also a direct involvement of
the lower medial part of ALIC, where the anterior thalamic
radiation is located adjacent and medial to the slMFB. Similar
to AC, SCT may be producing clinical benefit by reducing
inhibitory effects onto the reward-appetitive functions of the
MFB. Given its location, SCT may also work by directly
disrupting the functioning of Cg25. Haber and co-workers
(Haber and Knutson, 2010) provide a synergistic possibility
based on their primate neuroanatomy. According to them,
bundles of fibers that connect midbrain dopaminergic
neurons (VTA) connect to the NAcc, ventral striatum,
hypothalamus, and bed nucleus of the stria terminals that
travel ventral (inferior) to the ALIC.
LL is essentially a combination of bilateral ACT and SCT,

although some variations have been described in surgical
approaches, lesion sizes, and precise locations. LL most
likely was the most effective treatment for depression
during the lesion era. The method, introduced in 1973 by
Kelly and Richardson (Mitchell-Heggs et al, 1976; Kelly
et al, 1973), was based on the possibility that a dual
lesion technique should produce better functional results
compared with either single-lesion method alone. Our
connectivity analysis demarcated the influenced tracts to
the medial frontal, orbitofrontal, frontal polar, and sub-
callosal cortex.
AC and SCT share more areas in commonFbilateral

thalami, temporal lobe, and brainstemFthan AC with ACT.
AC/SCT overlap covers almost 80% of each single
connectivity map. ACT connectivity has a noticeably
wider pattern of frontal lobe connectivity extending to the
frontobasal and frontomedial regions. Such differences can
potentially be explained by collateral damage to the corpus
callosum fibers, which are not directly connected with the
targeted limbic pathways.
As all of the studied lesion sites are effective in the

treatment of both depression and OCD, such benefit
may depend on the disruption of shared connectivities
and may point to a single common pathway involved in
mood regulation. Alternatively, benefits may arise from the
disruption of distinct and separate affect-regulating path-
ways, but nothing in the current data allows us to postulate
such widely distributed independent limbic networks.
Perhaps the most parsimonious view is that the shared

connectivitiesFpointing to a common mood pathwayF
project to the most mediobasal aspects of bilateral frontal
lobe regions that include fibers of the forceps minor, and
the anterior thalamic radiations, which make contact with
the subgenual cingulate regionFarea Cg25 (Johansen-Berg
et al, 2008; Drevets et al, 2008; Mayberg et al, 2005).
According to the present data, access to these shared brain
regions is most readily explained via the slMFB, which
emerged as the most clear-cut convergence site of the
historical lesions we analyzed (Table 2). The MFB is
classically regarded as a structure of the reward-seeking
circuitry and is a key structure of the mesolimbic dopa-
mine system, a system related to affective disorders,
drug addiction, and appetitive learning (Panksepp, 1998).
However, there are alternative possibilities including nearby
direct connections between the cerebellum and the septal
region, which course through the MFB (Paul et al, 1973).

The fuller extent of the MFB has only recently been
characterized in humans (Coenen et al, 2009). Originating
in the VTA, the MFB subdivides into two distinct branches.
The main inferomedial branch (imMFB) connects the VTA
with the lateral hypothalamus. A second superolateral
branch (slMFB), also originating out of the VTA, separates
from the main trunk and, via ventral aspects of the ALIC,
connects to NAcc. The slMFB runs parallel and lateral to the
anterior thalamic radiation. The anterior thalamic radiation
is a fiber pathway identified by tractography in all three
historical lesion sites. We suggest that the observed
involvement of the anterior thalamic radiation in all three
historical lesion sites also includes fibers of the slMFB. Due
to a lack of description in currently used atlases, this bundle
yet could not be identified as a separate structure.
The MFB, especially its superolateral branch, thus

emerges from our analysis as a potential target especially
for DBS, or possibly ablation if it inhibits positive affective
functions of the brain, in the treatment of refractory mood
disorders. There is some clinical evidence to support such
possibilities. Current DBS studies in depression target Cg25
(Hamani et al, 2009; Johansen-Berg et al, 2008; Lozano et al,
2008; Mayberg, 2009), ALIC, or NAcc (Schlaepfer et al,
2008). Stimulation parameters are similar to those used in
the treatment of Parkinson’s disease, where the subthalamic
nucleus is targetedF90 ms square impulses at frequencies of
130Hz (Mayberg et al, 2005) and 145Hz (Schlaepfer et al,
2008). However, at times even high voltages, up to 4–5V
(Schlaepfer et al, 2008; Hamani et al, 2009; Lozano et al,
2008; McNeely et al, 2008), are needed to obtain treatment
effects, raising the possibility that nearby structures are
also affected. One such nearby structure is the slMFB
(Coenen et al, 2009). If so, we hypothesize that a key affect
modulating pathway could be the slMFB, which could have
widespread effects on the affective restructuring of the
brain. Recent technical developments provide new insights
into the mechanisms of DBS and its effects on fiber
pathways in the vicinity of targeted brain regions. These
studies point toward an activation and modulation of small
afferent fiber tracts, as opposed to other possible effects
such as inhibition of nuclear structures (Gradinaru et al,
2009; Hamani et al, 2010a, b). In this respect, excitatory
modulation and not inactivation of the slMFB would be
postulated as the mechanism of action. This possibility is
consistent with an abundance of pre-clinical evidence
collected during the past half-century indicating a large
number of emotion-regulating pathways, including dopa-
mine circuits that course through the MFB (Panksepp,
1998).

Limitations

The research participants in this work consisted of healthy
volunteers. The work is premised on the assumption that
there is no difference in fiber architecture between healthy
subjects and patients with depression. Although our
subjects had normal BDI scores, they were not screened
by a psychiatrist for ongoing or past psychiatric illness. This
could have some indeterminate impact on our results.
Lesion simulations with a diameter of 10mm are clearly

smaller than the lesion sizes obtained after maturation
of actual brain lesions produced by the above types of
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neurosurgery. However, the volume of interests (VOIs) of
10mm diameter are in agreement with typical VOI sizes
in the literature (Gutmann et al, 2009). The evaluation of the
presented tracking results mightFin the light of the
aboveFbe prone to an underestimation of fiber connec-
tions involved in real lesion reconstructions. The presented
method of ‘lesion generation/simulation’ based on high-
resolution T1-weighted MRI has to be more accurate than
individual lesion generation in patients that is based on
bony landmarks, pneumo-encephalography, the intrinsic
variabilities of stereotactic methods, and other factors.
Simulated lesions, however, are smaller in size. However,
the simulated lesions better represent an effective size that
would result from the ‘Venn diagram’ of overlap regions of
the larger (and sometimes multiple and repeated) historical
lesions placed in populations of real patients.
Another problem is the fact that historical lesions that

were the focus of the present work were only partly effective
in treatment-resistant depression. This raises the possibility
that our analysis of such lesions is susceptible to yielding
false positives, by including brain regions that would have
had no therapeutic effect. Obviously, we have no way of
evaluating this possibility, but it should be equally evident
that the modest effectiveness of some of the historical
lesioning procedures may be explained by lack of consis-
tency for accurate lesion placements. We think our selection
of modest seed sizes, based on selecting likely overlap
regions of lesions employed, can help minimize the role of
such biases.
Ambiguous clinical outcome assessments in past lesion

trials also compromise cross-study data comparisons. We
have no way to account for such issues. Finally, probabil-
istic tracking also has several methodological limitations.
DTI is unable to distinguish between afferent and efferent
pathways such that the directionality of observed connec-
tions cannot be inferred, nor can their role in controlling
excitatory and inhibitory processes. There are no empiri-
cally validated guidelines on what represents a functionally
significant connection or how one determines such para-
meters. Nonetheless, the reproducibility of the DTI method
is well established and the results generally match those
of invasive tracing in primates or human post-mortem
analyses (Schmahmann et al, 2007).
Also, the validity of such analyses must, obviously, be

based on the fertility and accuracy of the predictions made
for future interventions. In our estimation, the most
interesting possibility emerging from this work is that
direct facilitation of the reward-seeking effects of arousal of
the MFB may be of therapeutic value in the treatment of
medication-resistant depressions.

CONCLUSIONS

DTI probabilistic connectivity analysis is a useful tool to
explore and to simulate the structural and functional impact
of past stereotactic lesion surgery approaches for treating
psychiatric disorders. Our study shows overlapping fiber
tracts from four classical historical lesion sites for treating
depression. The most prominent shared tract revealed by
the present work was the slMFB. This structure has some
appeal as a new site that could be of interest for DBS in

major depression, especially considering the historically
established role of this brain reward-seeking network in
regulating positive affective states.
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