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Abstract

Purpose: Deep brain stimulation (DBS) is a relatively new and still experimental treatment modality for treatment-resistant
depression (TRD). There is preliminary evidence that stimulation of brain reward circuit structures or their connecting white matter
bundles may exert an antidepressant effect. The main nucleus of the reward circuit is the nucleus accumbens (NAc), which plays
a critical role in reward-seeking behavior, motivation, and addiction. Also, white matter bundles connecting different structures
of the reward circuit have been studied clinically as targets for DBS, including the medial forebrain bundle (MFB) - a central com-
ponent of the mesolimbic dopaminergic reward circuit. This review aims to present the clinical outcomes of MFB DBS for TRD.

Views: The scientific literature was reviewed using the following keywords: ‘DBS, ‘major depressive disorders, “TRD) and ‘MFB..
The identified studies were assessed on the basis of patient characteristics, clinical outcomes, and adverse events related to DBS.
The search revealed five open-label clinical case studies and four case reports reporting the cumulative number of 35 patients treated
by MFB DBS for TRD.

Conclusions: The current clinical data of MFB DBS are limited by small sample size and the small number of clinical open-label
trials. There is an urgent need for more clinical trials targeting the MFB for TRD. The results obtained in these studies showed a very
rapid antidepressant effect observed within one week after the start of stimulation. MFB DBS for TRD should be considered as a last
resort treatment due to its invasive character. However, this treatment may be a promising alternative for TRD patients.

Key words: deep brain stimulation, major depressive disorder, treatment-resistant depression, medial forebrain bundle.

Streszczenie

Cel: Glgboka stymulacja mézgu (DBS) jest stosunkowo nowa i wcigz eksperymentalng metoda leczenia lekoopornej depresji (TRD).
Istnieja wstepne dowody na to, ze stymulacja struktur uktadu nagrody lub taczacych je peczkéw istoty biatej moze wywieraé dzia-
tanie przeciwdepresyjne. Gléwnym jadrem uktadu nagrody jest jadro potlezace (NAc), ktdre odgrywa kluczows role w zachowaniu
zwigzanym z poszukiwaniem nagrody, motywacji i uzaleznieniach. Stymulacja NAc jest skuteczna w TRD poprzez zmniejszenie
anhedonii i apatii. Nie tylko jadra, ale takze peczki istoty bialej laczace rézne struktury uktadu nagrody zostaly przebadane klinicz-
nie jako cele dla DBS, w tym przysrodkowy peczek kresomézgowia (MFB) - gléwny element mezolimbicznego dopaminergicznego
ukladu nagrody. Celem pracy jest przedstawienie wynikéw klinicznych MFB DBS w leczeniu TRD.

Poglady: Do przegladu literatury naukowej uzyto nastepujacych stow kluczowych: ,,gleboka stymulacja mézgu’, ,.ciezkie zaburzenie
depresyjne’, ,,lekooporna depresja’, ,,przysrodkowy peczek kresomoézgowia” Zidentyfikowane badania zostaly ocenione na pod-
stawie charakterystyki pacjentéw, wynikéw klinicznych i zdarzen niepozadanych zwigzanych z DBS. Wyniki przegladu literatury
ujawnily pie¢ badan klinicznych i cztery opisy przypadkéw prezentujace taczng liczbe 35 pacjentéw leczonych przez MFB DBS
z powodu TRD.

Whnioski: Aktualne dane kliniczne dotyczace MFB DBS sg ograniczone malg liczebnoscia badanych prezentowanych w kilku bada-
niach klinicznych. Istnieje pilna potrzeba przeprowadzenia wigkszej liczby badan klinicznych dotyczacych stymulacji MFB w lecze-
niu TRD. Wyniki uzyskane w tych badaniach wykazaly bardzo szybkie dzialanie przeciwdepresyjne obserwowane w ciagu tygodnia
od rozpoczecia stymulacji. Z uwagi na inwazyjny charakter, MFB DBS nalezy traktowac jako leczenie ostatniej szansy. Jednak lecze-
nie to moze by¢ obiecujaca alternatywa dla pacjentéw cierpigcych na TRD.

Stowa kluczowe: gleboka stymulacja mézgu, ciezkie zaburzenie depresyjne, lekooporna depresja, przysrodkowy peczek kreso-
moézgowia.
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INTRODUCTION

Major depressive disorder (MDD) is one of the most
common psychiatric diseases associated with increased
mortality and shortened lifespan [1]. The prevalence
of MDD according to the World Mental Health survey,
expressed as a percentage of the whole population, is
14.6% and 11.1% in the high and low-income countries
respectively [1, 2]. The classical symptoms of MDD in-
clude depressed mood, decrease of energy, decline in
interests, loss of interest or pleasure, insomnia or hyper-
somnia, psychomotor agitation or retardation difficulties
in daily functioning through decreased ability to main-
tain a job, perform daily activities and function in soci-
ety, and can even lead to suicide [1]. The total mortality
ratio of patients with depression is two times higher than
the rest of the population [3].

There are several non-invasive, effective treatments
for MDD. The most common conventional MDD treat-
ments are pharmacotherapy, psychotherapy including
cognitive-behavioral therapy, and electroconvulsive
therapy [4]. Although many patients initially respond to
the treatment, there is a percentage who fail to respond,
resulting in an estimated prevalence of 1-3% of treat-
ment-resistant depression (TRD) [5]. TRD is established
when there is a failure of three established treatment
modalities including antidepressants, psychotherapy,
and electroconvulsive therapy [3, 5]. TRD is associated
with more comorbid mental disorders, a higher number
of hospitalizations, and more frequent suicide attempts
(30% of patients with TRD attempt suicide) [6]. Patients
with TRD show a higher demand for treatment options
like vagus nerve stimulation (VNS) and repetitive tran-
scranial magnetic stimulation (rTMS); however, there
are no firm recommendations [7-9]. The latest promising
but most invasive treatment modality for TRD patients is
deep brain stimulation (DBS), which can be the last op-
tion for patients who fail to respond to other, less inva-
sive, treatment modalities [10].

THE PIVOTAL ROLE OF THE MEDIAL
FOREBRAIN BUNDLE IN MAJOR
DEPRESSIVE DISORDER

The medial forebrain bundle (MFB) is the central
component of the mesolimbic dopamine reward sys-
tem that is regarded to be dysfunctional in affective
disorders and addiction [11]. The MFB connects mul-
tiple brain regions involved in reward processing such
as the ventral tegmental area (VTA), lateral and medial
hypothalamus, ventral striatum, lateral and medial pre-
optic region, nucleus accumbens, septal area, and limbic
prefrontal cortex [12]. All these structures are dysfunc-
tional in TRD [12, 13].
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The MFB has two distinct tracts: the inferomedial
MFB (imMFB) and superolateral MFB (sIMFB) [14].
The imMFB follows the lateral wall of the third ventri-
cle into the lateral hypothalamus ending in the olfactory
bulb. The sIMFB lies beneath the thalamus, moving lat-
erally toward the anterior limb of the internal capsule
in its ventral portion that extends into the nucleus ac-
cumbens. The sIMFB parallels other white matter bun-
dles, mainly the inferior thalamic peduncle (ITP) [14].
Both structures (sIMFB and ITP) connect the VTA
along the ventral striatum with prefrontal brain areas
including the orbitofrontal cortex and dorsolateral pre-
frontal cortex [14]. Moreover, some projections from
the limbic territory of the subthalamic nucleus (STN)
travel within the MFB which activates the hypothala-
mus and nucleus accumbens, producing the hypoman-
ic or manic states observed in bipolar disorder [14].
This implies the possibility that the MFB may be hyper-
active in manic states [15]. The sIMFB can be responsi-
ble for the activation of nucleus accumbens and asso-
ciated craving rewards, while the imMFB may produce
behavioral responses associated with being pleased with
obtained rewards [14, 15].

The MFB has strong connections with well-known
brain areas that have been targeted in patients with MDD
or TRD [16]. These areas include the anterior limb of the
internal capsule, nucleus accumbens, or subcallosal cingu-
late cortex [17-21]. These arguments for choosing this neu-
ronal structure as a target in treating TRD have a strong
neuroanatomical and functional rationale [13, 14]. DBS
at the MFB that is an integrating hub for different tar-
gets of the limbic system might produce similar or better
antidepressant effects [13, 16].

DEEP BRAIN STIMULATION
AS A TREATMENT FOR MAJOR
DEPRESSIVE DISORDER

The deep brain stimulation procedure involves the ste-
reotactic implantation of thin electrodes in deep brain
structures constituting the elements of the reward circuit
to treat major depressive disorder. Up to now, several
possible stereotactic targets for DBS in TRD have been
identified, including the subgenual anterior cingulate cor-
tex, the ventral capsule/ventral striatum, the nucleus ac-
cumbens, the lateral habenula, the anterior limb of the in-
ternal capsule, the inferior thalamic peduncle, the medial
forebrain bundle, and the bed nucleus of the stria termi-
nalis [22, 23]. The intracerebral electrodes are connect-
ed through wires placed subcutaneously in the neck and
upper chest region and attached to an implantable pulse
generator located in a subcutaneous pocket at the chest
wall [24]. Stimulation is generally applied at a high fre-
quency above 100 Hz, usually at 130 Hz, with increasing
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voltage to 3 or 4 V and pulse width around 60 to 90 micro-
seconds or more, depending on the targeted structure
[17, 19, 20, 25]. The whole system implanted in an in-
dividual patient is seen in Figure I. The system contains
two deep brain stimulation electrodes, two connecting
wires, and a single dual-channel or two single-channel
implantable pulse generators located subcutaneously in
the upper infraclavicular chest region. There are two types
of implantable pulse generators: rechargeable and non-
rechargeable. Non-rechargeable implantable pulse genera-
tors need to be surgically replaced every few years due to
battery depletion, whereas rechargeable implantable pulse
generators require frequent recharging.

With this background, the DBS of MFB gains impor-
tance in the treatment of depression and the evidence
regarding its safety and efficacy is rapidly growing. This
narrative literature review aims to present clinical out-
comes of MFB DBS in the treatment of TRD.

THE CLINICAL TRIALS OF MEDIAL
FOREBRAIN BUNDLE DEEP BRAIN
STIMULATION FOR MAJOR DEPRESSIVE
DISORDER

The first open-label clinical trial of sIMFB DBS as-
sessed its safety and efficacy in seven patients with TRD
[25]. The stereotactic target was, according to the authors,
individualized on the basis of preoperative tractography
because it cannot be identified with conventional mag-
netic resonance imaging [25]. Treatment improvement
to bilateral sSIMFB was fast: six patients improved with-
in 2 days, and four met the criterion for treatment re-
sponse after one week. At the last follow-up ranging up
to 33 weeks, 86% were responders (50% reduction from
baseline in the Montgomery-Asberg Depression Rating
Scale (MADRS) score) and 57% were remitters (MADRS
total score < 10) [25]. These initial antidepressant effects
encouraged the authors to present long-term results in-
cluding one more patient with TRD [26]. At 12 months
follow-up, six of eight patients were responders, four
of whom were in remission [26]. Some patients were fol-
lowed up to 50 months with a stable and durable response.

Also, another researcher group investigated the effica-
cy and safety of sSsIMFB DBS for MDD and the preliminary
work data including four patients have been published
[27]. One week after surgery the patients entered a sin-
gle sham stimulation blinded period lasting four weeks,
after which they were unblinded for the subsequent
12 months [27]. Within one week of active stimulation,
three of the four patients met the criterion of response.
One patient was lost in the early postoperative peri-
od for further follow-up. At 6 months, two responders
continued to improve. This researcher group reported
longer follow-up results including two additional pa-

Figure |. Anterior-posterior X-ray of the head, neck, and up-
per chest region showing the implanted deep brain stimu-
lation system consisting of two infracerebral electrodes (E),
connecting wires (CW), and an implantable pulse genera-
tor (IPG) for simultaneous stimulation of both hemispheres

tients with TRD [28]. As in the study by Schleapfer et al.
and Berwenick et al., the MADRS was used as the pri-
mary assessment tool. Deterministic tractography was
used to map the sIMFB. After one week of stimulation
three patients were classified as responders with more
than 50% improvement in MADRS scores compared to
baseline scores. One patient withdrew from the study.
At 52 weeks, the longest follow-up, four of the remain-
ing five patients had more than a 70% improvement in
MADRS scores [28]. The authors concluded that the rap-
id - effective within a week - and strong antidepressant
effects are maintained over the ensuing follow-up period,
as initially reported by Schlaepfer et al. [25]. The authors
supported the use of bilateral sSIMFB DBS for the treat-
ment of TRD. The largest study to date includes 16 patients
with TRD, with encoring results of all patients classified
as responders and 50% remitters at the last follow-up visit
12 months postoperatively [29]. Case reports of MFB
DBS with 1-2 patients have been conducted, usually with
unclear targeting method and lack of surgery description
[30-32]. Most of the patients reported in case studies suf-
fered from comorbid obsessive-compulsive disorder or
anorexia nervosa [30-33].

In the above-mentioned studies of sSIMFB DBS, the
response and remission rates were based on the Montgo-
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Figure II. Axial T2-weighted brain image at the level of the
maximal diameter of the red nucleus. The stimulated region
is located between the mammillary bodies, the red nucle-
us, and the most anterior aspect of the subthalamic nucle-
us. RN - red nucleus, MB — mammillary body, STN - subtha-
lamic nucleus. The white dot indicates the area ftargeted
and containing the superolateral branch of the medial
forebrain bundle (sSIMFB). The utilization of tractography is
mandatory in proper targeting of this white matter bundle
constituting the neu-roanatomical substrate of the target

mery-Asberg Depression Rating Scale (MADRS) instead
of the Hamilton Depression Rating Scale (HDRS) [25-28].
Comparison of MADRS and HDRS postoperative scores
may indicate that the use of the MADRS led to a higher
proportion of patients meeting the criteria for response
and remission. The MADRS is most sensitive in measur-
ing symptom changes as a consequence of treatment [34].
The different outcome measures might have an impact
on the outcomes and more unification of depression rat-
ing scales between different targets stimulated for TRD
is warranted. The clinical outcomes, surgical techniques
used and response and remission rates of SIMFB DBS are
presented in Table 1.

The first authors to introduce MFB DBS have de-
scribed in detail surgical techniques stressing the im-
portance of implementing preoperative tractography in
targeting the sIMFB [35]. The authors of these studies
emphasized the fact that the sSIMFB is the first target for
DBS defined by tractography [35-37]. Coenen et al. in-
troduced the term therapeutic triangle, as identified on
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T2 weighted high-resolution magnetic resonance imag-
es. The therapeutic triangle (area stimulated) is shown in
Figure II and is located between the mammillary bodies,
the red nucleus, and the anterior aspect of the subthalam-
ic nucleus. The fibers of the oculomotor nerve are close
to this region and transverse the ventral tegmental area
laterally. Their stimulation produces often-encountered
oculomotor side effects [28-30, 35].

COMPLICATIONS RELATED TO
SUPEROLATERAL MEDIAL FOREBRAIN
BUNDLE DEEP BRAIN STIMULATION FOR
TREATMENT-RESISTANT DEPRESSION

Complications of DBS procedures are divided into
three categories, primarily surgery-related, hardware-re-
lated, and stimulation-induced complications. Surgery-
related complications were minor, usually transient, and
without profound impact on the affected patient’s health.
There was only one intracranial hemorrhage, which re-
sulted in transient hemiparesis and dysarthria [25]. There
were no deaths reported in the literature due to a sSIMBD
DBS procedure in TRD patients [25-33]. There was one
suicide attempt and one urgent hospitalization due to
stimulation-induced hyperkinesia which resolved af-
ter reprograming the stimulation parameters [29]. Two
patients were affected by infections at the internal pulse
generator site. After infection resolution, new pulse gen-
erators were reimplanted [29].

The most common complications in TRD patients
who underwent sSIMFB DBS were stimulation-related and
specific to this stimulated brain area [25-29]. The most fre-
quent stimulation-related adverse events were oculomotor
disturbances caused by the spread of stimulating current
on the oculomotor fibers running medial to the sIMFB.
Stimulation-related oculomotor symptoms are idiosyn-
cratic for this target region, as the most ventral contact
of the implanted DBS lead is close to the ventral tegmen-
tal area through which the oculomotor fibers pass [25].
The most common oculomotor adverse events were double
vision, blurred vision, and strabismus [25, 29]. To reduce
the spread of current most authors used bipolar stimula-
tion mode, narrowing the brain tissue activated [25-29].
The changing of stimulation contacts for more dorsal
ones, away from ventral contacts located near oculomo-
tor fibers, also reduces incapacitating oculomotor adverse
events. It should be noted that activation of third nerve
fibers is very helpful in guiding the implantation itself.
Other stimulation-related adverse events are rare and
include hypomania, slurred speech, hyperkinesia, impul-
sivity, and impaired cognition [25-29]. The average stim-
ulation parameters, mode of stimulation, and adverse
events related to sSIMFB DBS are presented in Table 1.
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CONCLUSIONS

The clinical trials of sSIMFB DBS for TRD have deliv-
ered some evidence of its acceptable safety and efficacy
profile. The main limitation of sSIMFB DBS is the relative-
ly small number of patients treated. The sSIMFB DBS has
some advantages over previously targeted structures for
MDD when compared to the subcallosal cingulate cor-
tex (SCC), nucleus accumbens (NAc), or anterior limb
of the internal capsule (ALIC) DBS.

Stimulation of sSIMFB may have the fastest antidepres-
sant effect (within a week). This effect may potentiate over
afollow-up period and is sustainable and durable. Another
positive factor are relatively low stimulating parame-
ters, which prolong the duration of internal pulse gen-
erators. These two clinical observations might be related
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to the central role of MFB in the pathogenesis of MDD.
The MFB connects frontal areas including the subcallosal
cingulate cortex (SCC) to the origin of the mesolimbic
dopaminergic reward system in the midbrain ventral teg-
mental area.

Emerging technologies, including preoperative trac-
tography of the targeted region, may enhance clinical
outcomes. Taking into account postoperative episodes
of suicidal ideation and attempted suicides, close postop-
erative follow-up is mandatory in this very ill and vulner-
able patient population incapacitated by TRD. Therefore,
sIMFB DBS for TRD should only be administered in clin-
ical studies driven by multidisciplinary teams including
neurosurgeons, psychiatrists, neuropsychologists, and
radiologists. More studies are needed to replicate these
encouraging clinical outcomes.
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