The medial forebrain bundle (MFB), a key structure
of reward-seeking circuitry, remains inadequately
characterized in humans despite its vast importance
for emotional processing and development of
addictions and depression. Using Diffusion Tensor
Imaging Fiber Tracking (DTI FT) the authors
describe potential converging ascending and
descending MFB and anterior thalamic radiation
(ATR) that may mediate major brain reward-seeking
and punishment functions. Authors highlight

novel connectivity, such as supero-lateral-branch
MFB and ATR convergence, caudally as well as
rostrally, in the anterior limb of the internal capsule
and medial prefrontal cortex. These anatomical
convergences may sustain a dynamic equilibrium
between positive and negative affective states in
human mood-regulation and its various disorders,
especially evident in addictions and depression.

(The Journal of Neuropsychiatry and Clinical
Neurosciences 2012; 24:223-236)
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Some of you say, “Joy is greater than sorrow,” and
others say, “Nay, sorrow is the greater.” But I say unto
you, they are inseparable. Together they come, and when
one sits alone with you at your board, remember that the
other is asleep upon your bed.

Khalil Gibran (1883-1931)

he medial forebrain bundle (MFB) is an important

structure in psychobehavioral functioning.'™" In
rodents, it represents the structural correlate of the
system for appetitive motivation (reward-seeking) and
euphoric feelings—a state of positive affective excite-
ment,''? rather than sensory pleasure. Hence, in primary-
process, affective neuroscience/ethological terms, it has
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been designated as being confluent with the reward-
SEEKING System.'? (Capitalization is a nomenclature con-
vention used to designate primary-process emotional
systems defined by coherent responses to localized brain
simulation.)"""** Moreover, the MFB includes many other
brain regions beyond the reward-seeking system structures,
to which it is interconnected, both rostrally and caudally.

Anatomy of Animal MFB

The anatomical designation of the medial forebrain
bundle, coursing through the lateral hypothalamus
between the descending fornix columns medially and
cerebral peduncles laterally, which connects the olfac-
tory and frontal-cortical apparatus with lateral hypo-
thalamic and medial brainstem regions, goes back to
the recognition of such a major system in our reptilian
ancestors at the end of the 19th and early 20th century."
It is now understood that this is a more massive system
in creatures with strong olfactory guidance of foraging
behavior, but still substantial in primates, and with
methodological improvements in visualizing subcompo-
nents, it is known to consist of multiple distinct circuits,
for instance, all of the ascending monoamine systems,'*
including various serotonin, norepinephrine, and do-
pamine systems. For instance, the mesolimbic dopa-
mine system, which was visualized first using Nauta’s
silver impregnation method, followed by the visuali-
zation of the nigrostriatal system with the improved
Fink-Heimer procedure. However, a distinct mesocort-
ical component was not evident until the use of the
glyoxylic acid fluorescent approach by the Swedish
histochemists."

Moreover, these systems are just the tip of the iceberg,
for the whole MFB continuum is peppered with inter-
neurons, many of which manufacture critically important
neuropepties for SEEKING, such as orexin'® and many
others.!” Perhaps the best modern description of the
local anatomy is to be found in Palkovitz and Zaborsky
(1979),'* followed by the synthetic description by
Nieuwenhuys et al. (1988-1989; 2008).'"®'® The critical
point is that the MFB is a massively heterogeneous
system, and only a few of the neurochemical compo-
nents have been unambiguously identified with the
SEEKING urge, especially dopamine and orexin.'” It is
important that most of these subcomponents remain to
be well described in humans, and this is the first attempt
at an overall anatomical characterization using diffusion
tensor imaging (DTI). At this point, we cannot say which
aspects of the human MFB correspond to the functional

224 http://neuro.psychiatryonline.org

SEEKING system, but clearly this functional system is
just part of the overall pathway.

Recently, our group demonstrated the importance of
the MFB in affective illness in humans."*'” In contrast
to humans, the anatomy of the MFB has been well
described in rodents, ever since Le Gros Clark’s classic
description.’® However, the true extension and topog-
raphy of this main affective pathway in humans remains
uncertain and so far has only been inferred from animal
research.’ In a recent study, we were able to describe
the MFB with Diffusion Tensor Imaging Fiber Tracking
(DTI FT) for the first time in humans." Surprisingly, the
human MFB has a second supero-lateral branch (sIMFB)
that shows a far-reaching connectivity to forebrain and
frontal lobe structures, which are important for emotion-
processing, parts of which correspond to the trajectory
of the dopamine component of the MFB in animals. Until
now, the MFB has been aggregated with the anterior
thalamic radiation (ATR) system, running in close
proximity to each other in the anterior limb of the
internal capsule.”**® The ATR is likely part of a
different emotional/motivational system, perhaps the
so-called PANIC system, which helps to mediate sep-
aration distress in preclinical models and sadness in
humans,'*?® and might functionally convey affective
states opposed to euphoric appetitive motivation, me-
diated by the MFB."'°

Because of their spatial proximity but distinctly dif-
ferent psychobehavioral affiliations, such pathways de-
serve greater attention and understanding. The purpose
of this study is to describe the localization and extent of
the MFB in humans as accurately as currently possible
and to clearly distinguish it from the ATR. Further-
more, the intention was to present the first stereotactic
atlas for both structures in the ICBM152 standardized
brain space.

METHODS

Between January and November 2009, 18 subjects were
included in this study, 10 women, 8 men. Subjects were
mean age 59 (SD: 14) years, with a range of 24-74 years.
All subjects were candidates for deep brain stimula-
tion (DBS) surgery for refractory conditions, according
to established guidelines. Diagnoses were Parkinson’s
disease (N=12), essential tremor (N=4), and dystonia
(N=2). MRI sequences were acquired preoperatively on
a routine basis under mild sedation. The retrospective
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evaluation of the DTI data and their publication were
approved by the Institutional Ethics Board of Bonn
University (#199/09).

Imaging Studies

MR imaging studies were performed with the patient
under mild sedation on a 3T Intera MR Imaging System
(Philips Medical Systems, Best, The Netherlands) and
comprised 3D T2-weighted TSE, diffusion-weighted
spin-echo EPI, and 3D T1-weighted gradient echo
(MPRAGE) sequences. All sequences were acquired in
axial orientation.

The T2-weighted sequence was acquired with the
following parameters: TR: 12,646 msec; TE: 100 msec;
FOV: 254; matrix: 176 X176; sections: 120; slice thickness:
144 mm. It resulted in isotropic 1.44-mm° voxels;
acquisition time was 3:44 minutes.

For DTI, a sensitivity encoding (SENSE) spin-echo,
echo-planar imaging (SENSE factor 2.9) pulse sequence
with scanning parameters as noted was applied (TR:
13,188 msec; TE: 84 msec; FOV: 256; matrix: 128X128;
sections: 70; slice thickness: 2 mm; gradient directions:
32; b-value: 1,000 s/ mmz). The sequence resulted in
isotropic 2-mm?> voxels; acquisition time was 7:54 minutes.

A Tl-weighted MPRAGE-sequence was acquired
before and after contrast administration (Gadolinium
DTPA) with a SENSE factor of 4 and the following
parameters: TR: 8.5 msec; TE: 3.8 msec; a: 8°; FOV: 256;
matrix: 256X256; sections: 160; slice thickness: 2 mm;
spacing between slices: 1 mm. It resulted in reconstructed
1-mm?® voxels; acquisition time was 4:17 minutes.

Deterministic Fiber Tracking Procedure

All raw DTI data were transferred to a surgical
navigation system with the embedded advanced visu-
alization module StealthVizDTI (Medtronic Navigation,
Louisville, KY) for DTI-analysis and fiber tracking.
Images were eddy-current corrected and realigned for
bulk motion that occurred during the scans. Subse-
quently, we calculated the diffusion tensor, as well as its
invariant representations, mean diffusion coefficient
(MDC), fractional anisotropy (FA), eigenvectors (EVec),
and eigenvalues (EVal). Deterministic fiber tractography
was performed with Medtronic’s proprietary imple-
mentation (StealthViz DTI) of a previously described
algorithm by Mori et al.'’"'? fiber assignment by
continuous tracking (FACT). An FA (fractional anisot-
ropy) level of 0.2 was set. Seed density was held at
5.0. Minimal fiber length was set to 20 mm. Maximal
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directional change of fibers was chosen between 45 and
52 degrees.

MFB The MFB was tracked using a single region of
interest in the ipsilateral ventral tegmental area (VTA),
as identified in the T2W high-resolution MRI. We
defined a rectangular volume of interest (VOI) box of
approximately 5X7x7 mm? (h/1/w) that was aligned
in the respective VTA beginning in an axial cut
(ACPC-aligned; Figure Supplement 1 [A]) with re-
iterative adjustments in the correlated triplanar dis-
play. The anterior border was the ipsilateral mamillary
body and the mamillo-thalamic tract. Laterally, the
VOI box reached the medial border of the substantia
nigra (SNr). The VOI box was placed below the anat-
omical level of the red nucleus (Figure Supplement 1
[A-C]).

ATR The ATR connects the anterior and dorsomedial
thalamic nuclei with the frontal cortex. A rectangular
box of approximately 5X5x5 mm?® was set at the level
of the anterior thalamic nucleus (ATN). This nucleus
was identified in T2W MRI as the consociation of the
mamillo-thalamic tract into the thalamus (Figure Sup-
plement 1 [B-C]; blue box).

The resulting fiber tract structures for each individual
subject were exported as a 3D-mask representing the
outermost hull with the largest possible surface area of
each structure.

Image Registration and Elastic Transformation Into
Standard Space
The TIW MR data set was first co-registered to FSL's
nonlinear ICBM 152 1-mm brain template by affine
transformation with 12 degrees of freedom (df), using
FSL-FLIRT (FMRIB; Oxford, UK). After consistency and
quality checks, a subsequent elastic registration (FSL-
FNIRT) was performed to account for the sometimes
large brain abnormalities in our patient cohort (i.e., large
ventricle, brain atrophy) and to achieve the best possible
match with the standard template ICBM 152. To prevent
extreme elastic deformation due to, for example, an
enlarged ventricular space, we constrained the elastic
deformation matrix by a larger-than-default regularization
value lambda () of 30 for the last subsampling (default=8).
Irresolvable mismatch of the registration result to the
ICBM152 led to exclusion of two patients from the study.
After successful registration, the same affine and
nonlinear transformation matrix was applied to the

http://neuro.psychiatryonline.org 225


http://neuro.psychiatryonline.org

SUBCORTICAL PATHWAYS AND DYNAMIC BALANCE OF AFFECTS

FT-masking data, resulting in a normalized representa-
tion of all individual WM-structures in the standard
ICBM152 template space.

Statistical Maps From White-Matter Tracts

In a heterogeneous population such as our study cohort,
normal and pathological variations in patterns are to be
expected. To quantify anatomical and functional prop-
erties subject-individual variations must, of necessity,
be discarded in order to derive common and general
guidelines. For this purpose, all individual nonlinearly
registered WM-masks in the ICBM152 space were nor-
malized to a pixel-based probability of having a partic-
ular segment or voxel of this tract at a certain location
in the standard space ICBM152 coordinate reference.
Examples of the resulting variability maps of both MFB

and ATR with statistical probability between 0% and
100% are depicted in Figure 1 and Figure 2.

Individual Appreciation of MFB and ATR Connectivity
Since individual small fiber connections and variations
are lost in the statistical evaluation, we performed a case-
by-case evaluation of the connectivity of the ATR and
MEFB to certain brain sites. These results are shown in
Table 1 and Table 2.

RESULTS

Three-dimensional depiction of the DTI FT results are
presented in Figure 3 for a single patient. For clarity, only
the MFB is shown.

FIGURE 1.

Three-Dimensional Depiction of MFB and ATR in the ICBM152 Space

ATR

sIMFB
Ty

ch/_)'

Top left: anterior view; bottom left: right superior and lateral view; mid right: lateral view. Depicted are three-dimensional rendering results
of a probability map from a cohort of N=16 with cutoff at 80% (ATR, copper: anterior thalamic radiation; MFB, green: medial forebrain bundle).
Legend: imMFB: inferomedial medjial forebrain bundle, MFB: medial forebrain bundle, PFC: prefrontal cortex, rcHipp: retrocommissural
hippocampus, sIMFB: supero-lateral medial forebrain bundle, Thal: thalamus, VTA: ventral tegmental area.
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FIGURE 2. Conceptual Sketch According to the DTI Fiber Tracking Results Portraying the Medial Forebrain Bundle (MFB, Green) and

the Anterior Thalamic Radiation (ATR, Orange) as Dichotomic Systems. Circles Indicate Deep Brain Stimulation Sites and

Effects

reduced motor

symptoms in
Parkinson's

X

The MFB is bipartite with an inferomedial branch (imMFB) running through the lateral third ventricular (VIII) wall to the lateral
hypothalamus (LH) and a supero-lateral branch (sIMFB) that is distally located in the anterior limb of the internal capsule (ALIC) and
connects to the accumbens nucleus (NAcc) and further into the prefrontal cortex (PFC). The ATR system connects Thalamus, prefrontal cortex
(PFC), and ventral periaqueductal gray (vPAG) with further connections to the temporomesial region (rcHipp: retrocommissural
hippocampus). Further abbreviations: ATN: anterior thalamic nucleus, DM: dorsomedial thalamus, dPAG: dorsal peri-aqueductal gray, fx:
fornix, LH: lateral hypothalamus, ot: optic tract, mtt: mamillo-thalamic tract, PAG: periaqueductal gray matter, PLIC: posterior limb of
internal capsule, PT: pyramidal tract, RN: red nucleus, STN: subthalamic nucleus, SNr: substantia nigra, VTA: ventral tegmental area.

Figure 4 summarizes the two-dimensional projections
of the probabilistic atlas templates of the fiber structures
MFB and ATR by means of a normalized probability
map from 16 subjects registered to the stereotactic space
of the ICBM152 standard brain template. The complete
extent of MFB and ATR 3D-probabilistic templates of
both structures is shown in Figure 1.

The Human Medial Forebrain Bundle (MFB)

The MFB, as depicted with DTI FT, is a massive and truly
bipartite structure, as described earlier.! Individual
mapping results show that the main trunk splits into
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two parts that follow distinct directions. Caudal to the
VTA, the main trunk connects to the dentate nucleus of
the cerebellum, including perhaps Arnold’s bundle®
from where it follows the superior cerebellar peduncle
and connects, possibly bidirectionally, to the upper pons,
retrorubal area, and the periaqueductal gray (PAG). The
location of the bifurcation is the ventral tegmental area
(VTA) in the midbrain. From here, an infero-medial
branch (imMFB) traces the wall of the third ventricle
anteriorly until finally reaching the lateral hypothalamus
(LH; Figures 1-4). The imMFB represents the tradi-
tional description of the MFB in the rodent. A second,
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TABLE 1. Medial Forebrain Bundle (MFB): Individual Connection Analysis From Deterministic Tracking

pl p2 p3 p4 p5 pé p7 p8 p9 pl0 pll pl2 pl13 pld pl5 pl6 pl7 pl8
Forceps minor (lateral) — — ++ — — + + + + + + + + + 4+ 4 — +
OFC ++ — ++ + ++ — — + + + + + + ++  ++ + — ++
DLPFC ++ ++ At ++ ++ ++ ++ ++ ++ ++ ++ ++ 4+ ++ ++ ++
VS/NAcc ++  ++ — ++ + + ++ — + + — ++ — ++
Pallidum ++ A+t A + N A + + + ++ o+ + —
VC/ALIC (lat) B e e T e e s S ++ 4+ ++ ++ ++ ++ ++ ++ ++ ++
VC/ALIC (med) ++ ++ + ++ — + — + + + + — — — ++ — — +
Anterior thalamus — — — — — — — — — — — — _ — _ _ _ _
Dorsomedial thalamus — — — — — — — — — — — — — — — — _ —
Retrocommissural — — — — — — — — — — — — — — _ —

hippocampus
Superior cerebellar + ++ + + ++ o+ + + ++ 4+t 4+
peduncle

Dentate nucleus ++ o+ + + — + ++ o+ + + ++ o+t
Ventral tegmental area +++ +++ +++  +++ A+ A+ A AR AR A R A A A
PAG I v e e o T S T S o T S o T S I S o 5 S
Lower brain stem + e e I o S e
cg25 - - - - = = = = = = = = = = = = = =
Hypothalamus I S o o S o T S o i I S o I o o S

+: low fiber density; ++: medium fiber density; +++: high fiber density.
P: patient; OFC: orbitofrontal cortex; DLPC: dorsolateral prefrontal cortex; VS: ventral striatum; Nacc: nucleus accumbens; VC: ventral capsule;
ALIC: anterior limb of internal capsule; PAG: periaqueductal gray; cg25: subgenual cingulate gyrus.

supero-lateral branch (sIMFB), leaves the main trunk in
the VTA. This branch originates laterally, undercuts the
thalamus, and ascends into the inferior portion of the
anterior limb of the internal capsule (ALIC).

In individual deterministic tracking results, the sIMFB
parallels another fiber structure, the ATR, which always
lies strictly medial in the ALIC (Table 1, Table 2). Ac-
cording to the fiber’s variability map, both structures

(sIMFB and ATR) intermingle in the internal capsule to
a certain extent. This is due to inter-individual variabil-
ity. Despite this, the medial/lateral dichotomy of ATR/
MFB in the ALIC is preserved in individual study
subjects (cf. Figures 1-3; Table 1, Table 2). Another
robustly traceable and reproducible network is the
connectivity of the sIMFB to the ventral striatum and
accumbens nucleus (NAcc; Figure 3). More anteriorly

TABLE 2. Anterior Thalamic Radiation (ATR): Individual Connection Analysis From Deterministic Tracking

pl p2 p3 p4 p5 pé p7 p8 p9 pl0 pll pl2 pl13 pl4 pl5 pl6e pl7 pl8
Forceps minor (lateral) — — ++ — —  ++  ++ + + R S T s A = S o S
OFC + + + — — ++ — + + + + ++ o+t A+t 4+
DLPFC R = T R S S S S = R T e s = A = S R o S
VS / NAcc + + ++ + — + + — =+ — o+ — =+
Pallidum — — — — — — — — — — — + - b+ — 4+ — —
VC/ALIC (lat) ++ 4+ ++ + + + + + + — — — — + + — —
VC/ALIC (med) B e s S i e o o S S5 S T o 5 I S R S S S S = S
Anterior thalamus e I
Dorsomedial thalamus +++ +++ +++ +++ +++ +++  +++ AHE HHE HHE R AR A A
Retrocommissural ++ A A — 4+ + el = S S e T s s

hippocampus
Superior cerebellar — — ++ ++ — + — — — +4 ++ ++4 + — + 44 4t 4
peduncle

Dentate nucleus — — ++ + — + — — —  ++ + =+ — — + ++ o+ ++
Ventral tegmental area — — — — — — — — — + — ++ — — — — _ _
Periaqueductal gray — — ++  ++ — + — — + + + ++ + — — ++
Lower brain stem — — — ++ — ++ — — + + ++ ++ + — — — ++ +
cg25 - - = = = = = = = = = = = = = = = =
Hypothalamus —_ = = = = = = = = = = = = = = = = =

+: low fiber density; ++: medium fiber density; +++: high fiber density.
P: patient; OFC: orbitofrontal cortex; DLPC: dorsolateral prefrontal cortex; VS: ventral striatum; Nacc: nucleus accumbens; VC: ventral capsule;
ALIC: anterior limb of internal capsule; PAG: periaqueductal gray; cg25: subgenual cingulate gyrus.
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FIGURE 3.

Individual Tracking Result for the Left (Green) and Right (Dark Green)

P 4

imMFB __# bN
- ~ VTA 9
: DN *

MEB. left: view from anterolateral and superior left. right: lateral view from right. The MFB traverses the anterior limb of the internal capsule
(ALIC) and connects to the accumbens nucleus (NAcc). No direct contact to subgenual region 25 (cg25) could be identified. imMFB: inferomedial
medial forebrain bundle, sIMFB: supero-lateral medial forebrain bundle, VTA: ventral tegmental area. [3]

the variability of the sSIMFB becomes larger depending
on interindividual differences in frontal lobe anatomy
and size. Therefore, the individual fiber connections do
not show up as densely (with smaller probability). As
a typical pattern, the fibers fan out medially and laterally
to the frontal cortical surface (Figure 3, right). The
connections that were seen led to the orbitofrontal cortex
(OFC) and dorsolateral prefrontal cortex (DLPFC). In
this study, and utilizing our methodology, a direct
connection to the white-matter tracts surrounding the
subgenual cingulate gyrus (cg25) could not be observed
(Table 1).

Anterior Thalamic Radiation (ATR)

The ATR can be visualized as clearly and robustly as
the MFB. The ATR connects the dorsomedial thalamus
(DM) and the anterior thalamic nucleus (AT) with the
prefrontal cortex. It runs strictly medial to the sIMFB
in the anterior limb of the internal capsule. Further ro-
bust connections are seen to the temporo-mesial region
(perhaps retrocommissural hippocampus; Figure 1,
Figure 4). An obvious connection to the brain stem is
made via the mamillo-thalamic tract. A second, less
probable connection is seen to the retro-rubral field (also
called periaqueductal gray). In the individual analysis
(Table 2), the ATR shows strong (very likely) connectiv-
ity to the DLPFC. Moderate probable connections are

J Neuropsychiatry Clin Neurosci 24:2, Spring 2012

demonstrated to the temporomesial region (retrocom-
missural hippocampus/amygdala) and the dentate
nucleus of the cerebellum. For a complete overview of
the ATR connectivity, refer to Table 2 and Figures 1, 2,
and 4.

DISCUSSION

The Medial Forebrain Bundle: A Ponto-Frontal Projection
Pathway

Textbooks of neuroanatomy typically describe the fronto-
pontine tract (Arnold’s bundle) as part of the anterior
limb of the internal capsule (ALIC) and as the most
anterior and medial fiber structure at the level of the crus
cerebri, directly adjacent to the corticospinal tract.'® These
classical descriptions focus predominantly on the topog-
raphy of the anterior limb of the internal capsules and are
supported by more recent studies that apply polarized
light to identify fiber-tract directions in the anterior limb
of the internal capsule and the brainstem on the basis
of histological slice sections.”’ ! However, whether
Arnold’s bundle can be found in humans is questioned
in the literature, and some authors deny its existence.**
Postmortem examinations of lesioned brains from
the frontal-leucotomy era®** have demonstrated the
existence of descending or ascending tracts that most
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FIGURE 4.

Probability Map of the MFB (Green) and ATR (Copper) Superimposed onto the ICBM152 Brain Template

top row: sagittal; middle row: coronal; bottom row: axial sections. The color shading (probalistic fiber density) describes the average fiber density
over the entire cohort after registration onto ICBM152 per pixel (0% no common overlap; 100% complete and identical overlap). Cutoff for the
depiction of MFB and ATR was set to 80% to clearly separate both structures visually. Coordinates (x,y,z) represent the ICBM152 coordinate system.
See text (results) for structure description. Legend: ALIC: anterior limb of internal capsule, PFC: prefrontal cortex, rcHipp: retrocommissural

hippocampus, Thal: thalamus, VTA: ventral tegmental area). [4]

likely represents Arnold’s bundle in humans. Accord-
ing to these studies, Arnold’s bundle originates from
the dorsal (superior) and lateral convexity of the pre-
frontal cortex,”® and not from the agranular parts or
the OFC.

However, a recent MRI study in patients after anterior
capsulotomy has identified an apparent reciprocal
corticopetal pontofrontal projection.! Classical neuro-
anatomy does not clearly reflect on a possible bidir-
ectionality of the fronto-pontile projection system
(Arnold’s bundle). In this sense, this study extends
neuroanatomical knowledge by adding a fiber pathway
that is antidromic to Arnold’s bundle. These authors
inferred this projection on the basis of early post-axotomy
accumulation of axonal lipoproteins that could be iden-
tified by MRI. More specifically, accumulation of protein
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was found in the upper midbrain after lesioning fibers in
the anterior capsule in the frontal lobe thus further
downstream. This indicates that the cell bodies of this
neuronal pathway are situated close to the midbrain (and
not in the frontal lobe), indicating a mesencephalo-frontal
trajectory. The projection proposed by Hurwitz is clearly
extending the classical neuroanatomical description
and has not yet been included into newer texts on the
neuroanatomy of psychiatry.>'***® Thus, Hurwitz
and colleagues first described a reciprocal mesencephalo-
frontal pathway in the living human brain. This pontofrontal
projection appears to coincide with the supero-lateral
branch of the MFB (sIMFB) described in our earlier work."
These results have recently also been replicated by others
using the DTI technique in a context of non-motor pro-
jections of the cerebellum.”

J Neuropsychiatry Clin Neurosci 24:2, Spring 2012
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A Newly-Described Supero-Lateral Branch of the MFB
(sIMFB)

Anatomically, the MFB in all species that have been
studied connects the ventral tegmental area (VTA) with
the lateral hypothalamus (LH) and the nucleus accum-
bens (NAcc);"*19%**2 Le Gros Clark noted that this
pathway also connects to the olfactory bulb.'® Nauta had
widened the limbic system concept with what he defined
as the limbic midbrain. According to his description, the
dopamine-containing VTA neurons interface directly with
the limbic forebrain via the perifornical region.*> Exper-
imental findings from rodent and primate studies in the
last quarter-century list several more pathways of the VTA
with basal forebrain structures. These targets are inter-
connected via the MFB, which serves as the major route of
passage along the lateral hypothalamus, including con-
nections to the medial hypothalamus, sublenticular
region, lateral and medial preoptic region, diagonal
band, septal nuclei, ventral pallidum, and ventral
parts of the bed nucleus of the stria terminalis.®”

In humans, this pattern of mesolimbic network remains
to be described in the classical context of anatomical
textbooks. Because of the distinct phylogenetic develop-
mental growth of the brain, the MFB has to follow
somewhat distinct trajectories to link up with the afore-
mentioned key limbic structures in man.! The sIMFB
described here is ideally placed to serve this role. The
sIMFB arises out of the trunk of the MFB, and its links
with the VTA, NAcc, and ALIC can be well character-
ized (Figure 3). Our data thus enhance, rather than
contradict, established neuroanatomical knowledge in
other species.

Clinical Significance

Stereotactic targets in deep brain stimulation (DBS) used
for treatment-resistant psychiatric disorders have included
cg25 (in depression)** and, more recently, nucleus
accumbens septi (NAcc)” *° as well as the anterior limb
of the internal capsule (ALIC)** “° for depression, and
obsessive-compulsive disorder (OCD). The exact neuro-
anatomical locations for optimal therapeutic effects and
the precise mechanism of DBS in these clinical con-
ditions remain unclear,>***° but may include both
suppression and activation of neural tissues. For ALIC-
and NAcc-DBS, one possible explanation for psychobe-
havioral benefit is activation of the sIMFB,?> which
connects to critical higher limbic targets. Stimulation
of this system—traditionally called “the brain reward
system” —would result in an antidysphoric effect
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by galvanizing the appetitive motivational SEEKING
system that promotes euphoria, accompanied by a
motorically-activated, psychologically-energized, and
emotionally highly-motivated foraging-planning state.?
(In fact, the brain has several reward systems.“’lz)
Considering these affective changes, over-activity of
the sSIMFB may promote manic states,! and, hence, also
mood switching in bipolar disorders, whereas the
pattern of psychopathology of an expansive mood,
enhanced energy, and psychomotor acceleration is
consistent with an over-functioning SEEKING system.
Such an explanation could also account for the hypo-
manic states that may complicate DBS subthalamic
nucleus (STN) stimulation for Parkinson’s disease,
where an incorrectly-placed electrode may inadver-
tently activate this system.! Finally, under-functioning
of this system could lead to depressive fatigue states,
and, as such, suggest a target for future clinical research,
given the prevalence of debilitating fatigue syndromes
and the limited efficacy of currently available therapies.
Indeed, two reported patients treated with anterior
capsultomy for depression and OCD developed a severe
fatigue syndrome postoperatively. We hypothesize that
surgery in those cases might have also severed parts
of the sIMFB that, as we have shown, lies in close
proximity to the ATR in the area of ALIC.

The ATR, in contrast to the MFB, may play a role
in depressive illness via the PANIC emotional system
that has been revealed by mapping separation-distress
calls.""? Such brain regions are aroused when humans
experience sadness. This is hypothesized to occur
because of its presumed connections with ¢g25, which
has been shown to be overactive in depressed patients.”’
The horizontal fibers of the ATR are directed to the
anterior pole of the frontal lobe, which includes the
rostral anterior cingulate gyrus and orbitofrontal cortex.

Earlier work of Herman and Panksepp mapped out
the separation-call in guinea pigs, which is directly
modulated by endogenous opioids.®’ In a human sub-
ject, only recently, during a case of anterior thalamic
nucleus stimulation for intractable epilepsy, our group
was able to repetitively induce acute episodes of depres-
sion through activation of deeper electrode contacts
located in the ATR (unpublished data).

In rodents, stimulation of several forebrain and
anterior diencephalic regions (dorsomedial thalamus,
ventral septum, dorsal preoptic area, and bed nucleus of
stria terminalis, as part of the extended amygdala) can
elicit separation distress. In the light of these facts, it
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could also be questioned whether the MFB only conveys
euphoria. However, with regard to the theorizing of
MacLean, it would be reasonable to consider that
primary and secondary affect-processing mandates
connections of the medial forebrain bundle and anterior
thalamic radiation other than the prefrontal cortex. A
potential explanation is that ATR and MFB connect at
these basal forebrain regions.”'*¢! The relationship of
the MFB SEEKING system to these specific areas is not
known. It suggests possible areas of interaction that
should be investigated in the future.

Deep brain stimulation of the white-matter tracts
adjacent to the subgenual cingulate gyrus has been
demonstrated to normalize (reduce) pathological hy-
peractivity of the subgenual cingulate gyrus and
adjacent orbitofrontal cortex and is associated with
sustained improvement in patients with treatment-
resistant depression.”** Thus, the MFB and ATR
mediate very different, and, possibly, opposing, affec-
tive states. As suggested by our in-vivo tracking results,
both are located in close proximity within ALIC but are
now clearly separable anatomical and, likely, also
functional structures. They provide candidate networks
for the promotion of opposing emotional states and
therefore may be critical for affective equilibrium and
disequilibrium.

The anterior thalamic radiation is a structure that
has long been targeted for lesioning or DBS in the
treatment of psychiatric disorders.>>'02!31484 Why
other groups that have applied fiber-tracking in the
same brain areas did not describe or identify the sIMFB
as an individual structure is unclear. We believe that
those fibers that we associate with the sSIMFB have also
been seen by other groups, but perhaps were allocated
to other tracts.!%?*725°% Indeed, Wakana et al. describe
a tracking procedure for the ATR starting with a seed
region (ROI) from the frontal lobe that covers the
anterior limb of the internal capsule and showed
connections to the brain stem that they regarded as
atypical for ATR.>' We infer that their ATR has
included the sIMFB because of the close proximity of
sIMFB and ATR to their tracking ROI. Figure 5 explains
how the ICBM ATR template from the Johns Hopkins
University JHU White Matter Tractography Atlas
(ATRj)58 might in reality be a combination of ATR
and sIMFB. The 28 subjects studied for the Johns
Hopkins” white-matter atlas compared with our 16
patients led to quite similar statistical variance of
tracking results if one considers that the ATRj indeed
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composes a superposition of our ATR and sIMFB. For
a more thorough comparison, refer to Figure 5 and
Supplement Figure 2.

LIMITATIONS

There are several limitations of the deterministic fiber-
tracking algorithm (FACT), such as termination of
tracking in areas of reduced FA (due to increased
intermingling of fibers, approach of the subcortical
boundaries, and partial-volume effects), a currently
unavoidable ambiguity when attempting to follow the
correct connection pathways in areas of dense crossing,
kissing, or branching fibers (limitation of single-
diffusion tensor model), combined with a relatively
low spatial resolution of DTI (about 2-mm isotropic
voxel dimension). Nevertheless, our methodology
achieved reproducible accuracy and approximates very
closely this intrinsic spatial-resolution limit.”! Our
method of utilizing DTI scans of patients with
movement disorders (Parkinson’s disease, essential
tremor, dystonia) to characterize affective pathways
might be regarded as problematic because of the
uncertainty about any neuropathology that might be
linked to these diseases. Although we cannot entirely
waive this criticism, however, to our knowledge, there
is no valid indication that the pathways under study are
anatomically compromised under such neurological
conditions. To sustain this hypothesis, a subgroup
analysis of Parkinson’s disease (N=12) and tremor/
dystonia patients (N=6) was performed (Figure 6) that
allowed comparison of resultant fiber tracts between
the subgroups and did not identify any differences or
disagreements.

Given the difficulty of DTI FT in portraying classical
anatomy to its full extent,®® caution is required when
describing new anatomical findings with this technique,
as, for example, in the case of sIMFB. However, the
lesioning and early MRI study presented by Hurwitz
and coworkers considerably strengthens the concept
of a fiber tract that runs corticopetally with Arnold’s
bundle.?! Older studies from the early frontal leucot-
omy era also substantiate our findings.>**** More
evidence can be found in a thorough study of the
literature of inadvertent side effects during DBS. Several
authors have reported hypomania (attributed by our
own research to MFB activation) for medial and
anterior STN stimulation. Furthermore, hypomania
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FIGURE 5.

Probabilistic Maps of the ATRj (Johns Hopkins University), ATR and sIMFB on Standard ICBM152 T1 Template

Top row: coronal view; bottom row: axial view at MNI coordinates x,y,z=(-7.5, 12.0, 3.0).

A: ATRj (left, red), ATR+MFB (right, red), ATR probabilistic (right, yellow hot);

B: ATRj (left, red), ATR+MFB (right, red), ATR probabilistic (right, yellow hot); sSIMFB probabilistic (right, green)

C: direct comparison of ATR; (left) and combined structure from our ATR and sIMFB: ATR+sIMFB (right) reveals that ATR; is likely to show both

structures together (ATRj=ATR+sIMFB).

was also described for OCD patients in a similar, if not
identical, electrode location (STN), and also in ALIC
stimulation for OCD."**° Modulation of the same
pathway, the sIMFB, at different sites (medial STN
versus ALIC) thus becomes a reasonable possibility
and hence may provide supportive evidence for our
anatomical descriptions.

Finally, it should be emphasized that the MFB is
a neurochemically heterogeneous bundle, where all
ascending biogenic amine systems are represented. Also,
immunocytochemical neuropeptide mapping of animal
brains, along with receptor distributions, indicates that
many neuropeptides, at least a dozen, by our count, are
represented along the MFB: angiotensin, atrial natri-
uretic peptide, corticotropin releasing factor, galanin,
neurotensin, Neuropeptide Y, opioid peptides, orexin,
oxytocin, thyrotropin-releasing hormone, somatostat-
in, vasoactive intestinal peptide, and vasopressin.'”
Obviously, this level of structural complexity cannot
be resolved by DTI, and clarification of the functional
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complexities requires yet other approaches. How many
of these systems contribute to what are here called
SEEKING urges is indeterminate at present.

CONCLUSION

Our studies shed new light on the commonly known
anatomy of affective pathways in humans that have
traditionally been inferred from human degeneration or
animal anatomy studies. We have hereby identified
a putative affect-regulating fiber system with DTI that is
composed of two distinct fiber pathways, the MFB and
the ATR. These pathways, consistent with various
clinical studies and our own findings, are concerned
with the maintenance of emotional homeostasis and
appear to be the anatomical substrate in humans of
distinct emotional-action systems, at minimum, the
SEEKING and PANIC systems of affective neurosci-
ence.">*® This knowledge and the ability to visualize
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FIGURE 6.

Subgroup Comparison Between Parkinson’s Disease Subjects (N=12; Yellow-Red) and Dystonia-Tremor Group (N=6; Blue)

———

~

-

- s%MEE.['

- -

No difference is seen in this subgroup comparison of sIMFB anatomy. Legends: imMFB: inferomedial medial forebrain bundle, ItVTA: left ventral
tegmental area, MFB: medial forebrain bundle, rtVTA: right ventral tegmental area, sSIMFB: supero-lateral medial forebrain bundle.

these pathways in vivo should greatly facilitate clinical
integration with studies of affective circuitries in pre-
clinical animal models.”®

So far, the role of MFB in humans as a bipartite fiber
system has been greatly underrecognized and mis-
understood. From animal studies, it has been known
for a long time that the MFB is linked to reward-seeking
and appetitive motivation in general. Furthermore, the
ATR should be regarded as a separate structure and is
probably more likely linked to negative feelings, such as
sadness, since the separation—distress circuitry, promot-
ing psychic-pain, traverses this brain region.'>** MFB and
ATR can be clearly distinguished although they converge
structurally and conjoin-pass in close proximity to the
anterior limb of the internal capsule. The MFB is a central
limbic structure and plays an important role in normal
functioning and psychopathology. Knowledge about its
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anatomy may help scientists to generate hypotheses about
the subjective psychological side effects of DBS"**** and
promote a better understanding of the underlying
mechanisms that are essential for defining improved
stereotactic targets in the treatment of OCD and
depression with DBS.>'° On the basis of our findings,
the MFB may also be implicated in the symptoms of mania
and fatigue/depression, both of which deserve further
scientific inquiry. Our results utilizing deterministic DTI FT
do not contradict, but, instead, enhance the existing
classical anatomical concepts: The MFB and ATR are
robust and reproducibly-identified structures. We present
stereotactic templates, displaying these structures in one
place for easy comparison.

In conclusion, we wish to emphasize the anatomical
dichotomy of the two presented fiber pathways, suggest-
ing a functional dichotomy that may find its expression
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in alternating and opposing mood states. These two
systems seem to represent two poles of emotional
homeostasis, one that allows affective states of joy
(MFB), and another, of sadness (ATR), to appear only
when one system is highly active while the other is in
a lower activation state. Such affective brain systems
have long been implicated in the genesis of depression
(for a recent full summary and discussion, see Watt and
Panksepp™’).

COENEN et al.

This paper is dedicated to the memory of Lennart Heimer
(1930-2007) and Peter ]. Morgane (1927-2010), both of
whom were fascinated by the role of the medial forebrain
bundle in behavioral and psychological functions.

Dr. Coenen is consultant to Medtronic (Europe, U.S.) and
has occasionally received honoraria for lecturing and consul-
tation work. Drs. Coenen and Panksepp acknowledge support
from the Hope for Depression Research Foundation and the
Institute for Affective Neuroscience.
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