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Abstract
Deep brain stimulation (DBS) to the superolateral branch of the medial forebrain bundle (MFB) has been reported to
lead to rapid antidepressant effects. In this longitudinal study, we expand upon the initial results we reported at
26 weeks (Fenoy et al., 2016), showing sustained antidepressant effects of MFB DBS on six patients with treatment-
resistant depression (TRD) over 1 year. The Montgomery-Åsberg Depression Rating Scale (MADRS) was used as the
primary assessment tool. Deterministic fiber tracking was used to individually map the target area; analysis was
performed to compare modulated fiber tracts between patients. Intraoperatively, upon stimulation at target,
responders reported immediate increases in energy and motivation. An insertional effect was seen during the 4-week
sham stimulation phase from baseline (28% mean MADRS reduction, p= 0.02). However, after 1 week of initiating
stimulation, three of six patients had a > 50% decrease in MADRS scores relative to baseline (43% mean MADRS
reduction, p= 0.005). One patient withdrew from study participation. At 52 weeks, four of remaining five patients
have > 70% decrease in MADRS scores relative to baseline (73% mean MADRS reduction, p= 0.007). Evaluation of
modulated fiber tracts reveals significant common orbitofrontal connectivity to the target region in all responders.
Neuropsychological testing and 18F-fluoro-deoxyglucose-positron emission tomography cerebral metabolism
evaluations performed at baseline and at 52 weeks showed minimal changes and verified safety. This longitudinal
evaluation of MFB DBS demonstrated rapid antidepressant effects, as initially reported by Schlaepfer et al. (2013), and
supports the use of DBS for TRD.

Introduction
Treatment resistance is an extremely unfortunate1,2, not

uncommon condition afflicting millions of depression
patients worldwide3,4, leading to increased healthcare
costs and overall high morbidity and mortality5. Various
trials of deep brain stimulation (DBS) have been borne out
of the need to help such patients, using historical ablative
targets as a guide improved upon by the use of

neuroimaging and tractography to identify possible dys-
functional circuits. Such DBS trials in treatment-resistant
depression (TRD) have targeted the subcallosal cingulate
gyrus (Cg25)6–9, ventral capsule/ventral striatum10,11,
ventral anterior limb of the internal capsule12, and the
nucleus accumbens (NAc)13, some with promising results
over long-term stimulation but diminished by significant
concerns of insertional effects7. A recent study targeting
the superolateral branch of the medial forebrain bundle
(MFB) reported a rapid antidepressant response in four of
seven patients within 1 week increasing to six of seven
patients within 4 weeks of stimulation2, which has been
sustained over years14. Such rapid response is believed to
be owing to the fact that the MFB lies at the center of the
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reward pathway connecting dopaminergic inputs from the
ventral tegmental area (VTA)15–17 with the prefrontal
cortex. We have since sought to replicate such effects,
observing two of three patients at 26 weeks post stimu-
lation onset to have > 80% improvement of depression
symptoms1.
The goal of this longitudinal study is to elaborate upon

the sustained antidepressant effects of MFB DBS on our
patients with TRD over 1 year. This marks a continuation
of work since our previous publication1 with more
enrolled patients and following those initially reported
upon for 1 year, and concludes our pilot study on efficacy
and safety as part of an Food and Drug Administration
(FDA)-approved clinical trial. Importantly, here we con-
trolled for placebo/insertion effects after implantation,
which was not planned in the Bonn study2. We also report
on the associated neuropsychological and brain metabolic
changes that occurred over the 52 weeks of this study.

Materials and methods
This study has approval from both the University of

Texas Houston Institutional Review Board (IRB) (HSC-
MS-13-0004) and FDA Investigational Device Exemption
(IDE) (#G130215) for the use of DBS Activa system
(Medtronic, Inc., Minneapolis, MN, USA); it is registered
at ClinicalTrials.gov (identifier: NCT02046330).

Participant patients
Participants are identical to those discussed previously1.

In brief, they were referred from local area hospitals,
clinics, or ClinicalTrials.gov. Screening of candidates was
performed using the Structured Clinical Interview for
DSM-IV-TR (SCID-I)18 and all clinical records were
assessed to obtain an accurate patient history.
Patients were considered eligible for the study if they

met the following inclusion criteria, similar to that of
other studies on DBS for TRD:2,6–10 (a) Major depression,
severe, unipolar, diagnosed by SCID-I;18 (b) Hamilton
Depression Rating Scale (HDRS29)

19 score > 21 on the
first set of items; (c) MADRS20 score > 21; (d) Global
Assessment of Function21 score of < 45; (e) a recurrent ( ≥
4 episodes) or chronic (episode duration ≥ 2 y) course and

a minimum of 5 y since the onset of the first depressive
episode; (f) age 22–65 y; (g) refractory to > 6 weeks of
multiple medication regimens; (h) refractory to > 20 ses-
sions psychotherapy; (i) refractory to a trial of electro-
convulsive therapy ( ≥ 6 bilateral treatments). Exclusion
criteria were the following: (a) current or past bipolar
disorder, non-affective psychotic disorder, schizophrenia,
or schizoaffective disorder; (b) severe personality disorder
as assessed by SCID-II22 and Millon Clinical Multiaxial
Inventory-III (MCMI-III);23 (c) significant neurological
disorder; (d) previous surgery to destroy the target region
of the brain; (e) surgical contraindications to DBS.
Recruitment for the subjects described herein began in

October 2014 and concluded in June 2016; the inclusion
of Patient 6 was in August 2016. Owing to a change in our
IRB agreement, the latter patients in our study required
insurance authorization prior to enrollment, which
delayed quick inclusion.

Study protocol
Informed consent was obtained from all subjects prior

to participation. Patients were required to maintain their
same medication for 6 weeks before and 6 months after
surgery. Six patients were enrolled into this study; five
completed the 52-week protocol, with one patient drop-
ping out after 6 weeks. Psychiatric assessments were
performed on a weekly basis by a psychiatrist independent
of the programmer starting one week following implan-
tation. All assessments were performed in person at the
University of Texas, Houston Behavioral and Biomedical
Sciences Building; Patient 2 suddenly withdrew from the
study to attend to family circumstances 3000 miles away.
For the initial 4 weeks following surgery, the patients
entered a single-blind sham stimulation phase. At the
conclusion of this period, they were unblinded and sti-
mulation initiated (Fig. 1). At baseline and repeated at
12 months, cognitive functioning was assessed in study
patients by a standardized comprehensive neuropsycho-
logical test battery (see Supplementary Table 1).
The primary outcome measure was the antidepressant

response on the Montgomery-Åsberg Depression Rating
Scale (MADRS), with a 50% reduction of depressive

Fig. 1 Study protocol. DBS, deep brain stimulation; SE, side effects; PET, positron emission tomography; Hz, Hertz; us, microseconds; V, volts; MADRS,
Montgomery-Åsburg Depression Rating Scale, HAM-A, Hamilton Anxiety Scale; YMRS, Young Mania Rating Scale; CGI, Clinical Global Impressions
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symptom severity being interpreted as a positive response.
Secondary outcome measures included the Hamilton
Anxiety Scale (HAM-A)24, the Young Mania Rating Scale
(YMRS)25, and the Clinical Global Impressions (CGI)26.
Each was collected during the weekly assessment; the 29
point HDRS29

19 was completed at baseline and at 6 and
12 months and the GAF21 was completed at baseline and
at 12 months.
Safety information and adverse events regarding the

treatment method were recorded in a standardized
document according to FDA regulations. Safety testing
included neuropsychological evaluation to rule out cog-
nitive effects of DBS.

Imaging and targeting protocol
Pre-operatively, diffusion, T2, and T1-weighted post-

gadolinium sequences were acquired on a 3-Tesla mag-
netic resonance imaging (MRI) system, as described
previously1.
Each patient’s MFB was individually mapped by means

of deterministic fiber tracking using diffusion sequences.
An area lateral to the VTA, anterior to the red nucleus,
and posterior to the mammillary bodies was used as the
seed region, as described by Coenen et al.27. Using
StealthViz software (Medtronic, Inc.), such mapping
resulted in clear projections of the slMFB through to the
medial prefrontal cortex. Results of such fiber tracking
were then transferred to the stereotactic planning soft-
ware (Framelink, Medtronic, Inc.), where the center of
this fiber bundle superolateral to the VTA was used as the
target for the DBS electrode, as previously described1,2.

Surgical procedure and electrode positions
DBS surgery was performed using the Leksell frame

(Elekta, Sweden) and following our standard protocol28,29,
with the patient awake and predominantly under local
anesthesia by use of mild sedation with propofol (Dipri-
van, AstraZeneca, London) during burr hole placement.
Two or three microelectrodes (FHC, Bowdoin, ME) were
descended down to target simultaneously and recording
performed. Commencement with a right or left sided
brain trajectory was alternated.
Intraoperative test stimulation was then performed at

the target point through a chosen microelectrode (con-
tinuous 5 min of monopolar macrostimulation through
the microelectrode cannula: 125 Hz, 75 μs, 2–3mA) to
test for acute mood and behavioral changes as well as to
identify the threshold of oculomotor side effects (diplo-
pia). As described previously1,2, an increase in “appetitive
motivation” (visual contact, friendly conversation, feelings
of energy) and mood improvement typically occurred
following proper electrode positioning; if no such effects
were observed or if threshold of side effects (diplopia) was
too low, a change in microelectrode test position was

made (still within the tractography-defined seed region).
Self-report ratings were obtained on the Positive and
Negative Affect Scale (PANAS)30 at baseline and repeated
at the culmination of a 5-min stimulation session; major
increases in positive totals and decreases in negative totals
were seen in most patients and predicted proper target
location and/or future response, as previously described
(Supplemental Fig. 1). The Medtronic 3389 electrode was
then placed and secured without further testing. Impor-
tantly, intraoperative effects of appetitive motivation
experienced during stimulation at proper target location
on the first side were not seen to carry over when testing
the contralateral side; patients returned to their baseline
levels as assessed by repeat PANAS and by subjective
report. For each side, intraoperative 3D imaging was then
performed (O-Arm Surgical Imaging System (Medtronic,
Inc.)) to detect deviations of electrode from target tra-
jectory, prior to removal of frame and then placement of
lead extensions and Activa PC pulse generator.

Post-operative imaging analysis
Using a deterministic tractography algorithm (Stealth-

Viz), all pathways intersecting a volume of tissue activa-
tion (VTA) were modeled by a spherical region around
the therapeutic electrode contacts. This was accomplished
by first localizing the cathodal contact center on a thin
slice (1 mm) CT volume following co-registration to the
pre-surgical T2 anatomical volume. The radius of the
VTA was estimated using therapeutic cathodal electrode
contact parameters and an isotropic model as proposed by
Butson et al.31, which was then used as the seed region of
interest. The fibers passing through this region give an
estimate of modulated fiber tracts that could be compared
with the pre-operatively targeted tracts.

PET protocol
A baseline 18F-fluoro-deoxyglucose (FDG)-PET mea-

surement of regional cerebral glucose metabolism was
obtained during the week before surgery on each patient
and was repeated at 12 months post surgery. One patient
had only the baseline study, and was therefore excluded
from the PET analysis. FDG-PET scans were performed
on a 3D PET/CT scanner (General Electric (GE) Dis-
covery ST) at Memorial Hermann Hospital, Houston. All
patients were fasting and were asked to refrain from coffee
and alcohol for a period of 4 h before each session. All
scans were performed between 9 AM and noon. Each scan
started ~ 30 min after intravenous injection of 11.3 ±
2.4 mCi of 18F-FDG (range, 8.6–15mCi). A low-dose CT
for attenuation correction was first performed. Then,
emission data were acquired during a 35-min period, with
a voxel size of 2.34 × 2.34 × 3.27 mm. The preprocessing
of the brain images (such as the segmentation of the MRI
and the co-registration of the PET to the MRI) and the
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calculation of the uptake in the regions of interest was
done with the Pneuro pipeline implemented in Pmod 3.9
(Pmod technologies, Zurich, Switzerland), using the
Hammers atlas32. Glucose metabolism was studied in
seven preselected regions (frontal lobes, cingulate region,
caudate, putamen, substantia nigra, nucleus accumbens,
and hippocampus) on the basis of prior studies2,8. The
frontal lobe included all subregions of the frontal lobe,
except the precentral gyrus, and the cingulate region
included the anterior and posterior cingulum, as well as
the subgenual cortex. Each region was the average of the
left and right region, and its uptake was normalized over
that of the cerebellum. The uptake in the PET regions was
compared with paired t tests with Bonferroni correction
for multiple comparisons.

Stimulation onset and parameter adjustments
After implantation, each patient was single-blinded to

stimulation onset for a 4-week period. Weekly assess-
ments occurred between the patient and psychiatry team.
During this 4-week sham stimulation phase, each contact
was individually explored to assess for threshold of side
effects (oculomotor effects, dizziness). Such contact
assessment/programming sessions were limited to 5 min
and were useful in promoting patients’ “blindedness”
regarding their stimulation status, as each patient parti-
cipated with the contact exploration; all patients were
uniformly turned off at the end of each session. By
4 weeks post stimulation, each patient was unblinded to
stimulation status and all received open-label active
stimulation.
Choice of configuration and parameters occurred dur-

ing the sham stimulation phase once post-operative
deterministic tractography was performed, using the
actual electrode location to decide, which contact(s)
would best modulate the target fibers for a specified VTA,
which from our previous report1 seemed to have extensive
orbitofrontal cortex (OFC) projections in responder
patients. In most cases, comparison of the estimated
modulated fiber tracts with the pre-operatively targeted
tracts showed largely overlapping territories. Based on this
analysis, the initial electrode configuration and parameter
choice for most patients was identical to that used by
Schlaepfer et al.:2 1+ 2–3-, 130 Hz, 60 µs, 3 V. Constant
voltage stimulation was applied. Oculomotor side effects,
if observed, led to a smaller starting amplitude; these side
effects abated with parameter change. Adjustments in
parameters (amplitude and pulse width, not frequency)
and/or configuration (with contacts still within the target
area tractographic map) were made for some patients over
the course of the study if there was an increase in MADRS
scores or lack of antidepressant response for 2 or more
consecutive weeks. PANAS self-report ratings were
completed during each programming change.

Medication was kept constant to the degree possible in
all patients. For Patient 1 and Patient 3, antidepressant
medication changes were made after 6 weeks and were
reported to the IRB and FDA. There were no adjunctive
psychotherapy treatment measures administered to any
patient.

Statistical analysis
Weekly clinical data (MADRS, HAM-A, YMRS, CGI)

were analyzed with descriptive methods (mean, standard
deviation, frequency). Paired Student’s t test was used to
compare data across different time points. FDR (false
discovery rate) correction (neuropsychological data) and
Bonferroni correction (PET data) were applied for mul-
tiple comparisons.

Results
All six patients were diagnosed with severe, treatment-

resistant depression, having multiple major depressive
episodes and a mean length of current major depressive
episode of 5.7 years (SD= 2.1 y). At the time of implan-
tation, the mean number of antidepressant medications
was 2.5 (SD= 1.0) with mean lifetime use of 14.8 (SD=
5.9). All patients had received electroconvulsive therapy
and psychotherapy without lasting or sufficient treatment
response (Table 1).

Clinical outcomes
Intraoperative test stimulation at target incurred in each

responder increased vigilance, eye contact, and engage-
ment in conversation, as well as self-reported feelings of
energy and motivation concordant with mood improve-
ment, similar to that described by Schlaepfer et al.2.
Patient 3 did not experience any effects from intrao-
perative stimulation aside from oculomotor effects
(diplopia). All patients were uniformly OFF during the
initial 4 weeks post surgery (sham stimulation phase).
During this phase, there was a significant mean change in
mood, where the mean difference in MADRS score
between baseline and the end of sham stimulation was 10
points (28% reduction, p= 0.02). See Fig. 2. After initi-
ating stimulation, 3 of 6 patients had a > 50% decrease in
MADRS scores relative to baseline at 7 days. The differ-
ence in MADRS score over the 1 week between the end of
sham stimulation and the first active stimulation assess-
ment was significant (mean change= 5 points, 20%
reduction, p= 0.05) as was the difference between base-
line and 1 week of active stimulation (mean change= 15
points, 43% reduction, p= 0.005). The difference in
MADRS score between baseline and week 2 of active
stimulation was further significant (mean change= 17
points, 49% reduction, p= 0.001), at which time point
four of six patients had ≥ 50% decrease in MADRS scores
relative to baseline. As discussed previously, one of these
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patients (Patient 2) withdrew from study participation
after 2 weeks after stimulation onset for family reasons.
At 12 weeks post stimulation onset, four of the five

remaining patients had ≥ 60% reduction in MADRS scores
from baseline and were classified as responders (Fig. 2).
There was fluctuation in response seen over time. Patients
1 and 5 had acute exacerbations of their depression-
related to stressors in their lives (family related), leading
to periodic worsening of symptoms. During successive
weeks of worsening mood, stimulation increases were
performed in both patients, with medication changes
made to Patient 1. Ultimately, all four responder patients
had > 50% of their evaluations meeting response criteria
of ≥ 50% reduction in MADRS scores from baseline (Fig.
2). At 52 weeks, these same patients continued to have >
70% reduction in MADRS scores from baseline (73%
mean MADRS reduction, p= 0.007). These four respon-
der patients meet criteria for remission with HAM-D
scores < 7 at 52 weeks. No negative neuropsychological
effects were demonstrated, with most scores stable com-
pared with baseline for the five patients (see Supple-
mentary Table 1).
YMRS, CGI, HAM-A results for baseline and after 1, 26,

and 52 weeks of stimulation are shown in Table 1. The
group mean interval difference was not significantly differ-
ent from baseline in YMRS. CGI scores were significantly

reduced in all patients from a mean score of 5.2 (SD= 0.4)
to 2.2 (SD= 1.6) over 52 weeks, mean change= 3 points (p
= 0.02). If only the four responders are considered, there
was a mean change of 3.7 points at 52 weeks (final mean
score 1.5, SD= 0.6, p < 0.001). Overall mean scores were
significantly reduced in the HAM-A, from a mean score of
18.7 (SD= 6.0) to 4.8 (SD= 4.8) over 52 weeks, mean
change= 13.9 points (p= 0.04). However, regarding the
four responders, scores in the HAM-A showed a significant
49% reduction from baseline (mean= 19.5 points, SD= 5)
at week 1 (mean= 10, SD= 3.6, p= 0.01), increasing to an
85% reduction from baseline at 52 weeks (mean= 2.8
points, SD= 1.7, p= 0.003).

Contact location and parameters
For the five patients that completed the study, at

52 weeks the mean amplitude of stimulation was 3.8 V
(SD= 1.2) and the mean pulse width was 64 µs (SD= 8.4);
frequency was uniformly kept at 130 Hz in all patients.
Patient 2 departed the study with parameters 130 Hz, 60
µs, 3 V. Please refer to Fig. 3, depicting locations of the six
active cathodal contacts.*-

Adverse events
The most common adverse event was diplopia, usually

vertical, seen in all patients upon larger parameter

Fig. 2 MADRS scores recorded over time. Initiation= bilateral DBS ON at t= 4w OFF following MADRS assessment. End-sham= 4w OFF. DBS
initiation begun after End-Sham assessment. Mean % change MADRS baseline–12 w ON= 64%; mean % change MADRS baseline–52 w= 73%.
MADRS, Montgomery-Åsburg Depression Rating Scale. Insert: Chronology of > 50% treatment response by month ( ±) for each patient for 12 months
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changes and with specific contact use, which was tran-
sient and remitted upon selection to a different
setting. There were no incidences of post-operative
hemorrhage or infection; headache was transient in
some patients.

Connectivity patterns
Each patient’s individual deterministic diffusion tensor

imaging was used to define their individual target site (Fig.
3). After implantation, we used the post-op CT-defined
location of the active electrode contact to estimate
modulated fiber tracts (see Methods). All but the non-
responder have strong connectivity between the target
location of the active cathodal contact and the OFC,
similar to their individual planning images. The non-
responder patient has limited, sparse connectivity
between the seed region and the prefrontal cortex on both
targeting images and upon modeling (Fig. 4).

PET results
PET data did not show significant changes in glucose

metabolism 12 months after DBS, compared with base-
line. There was a significant post-treatment reduction of
the 18FDG uptake in the caudate (p= 0.027), but it did not
survive correction for multiple comparisons. No other
regions showed a significant change.

Discussion
These longitudinal results support our preliminary

ones1 in demonstrating that MFB DBS incurs a rapid
antidepressant effect, as evidenced in three patients after
just 1 week of stimulation. By 26 weeks and continued
through 1 year, four of the five patients completing this
study have a sustained > 70% reduction of depression
scores from baseline. This 80% response rate is significant,
and gives credence to the efficacy of MFB DBS and to the

rapidity of response. These results confirm the observa-
tions of Schlaepfer et al.2.
In this study, patients were single-blinded to stimulation

onset to control for possible insertional effects that might
occur after implantation in the DBS-OFF condition,
which was not evaluated by Schlaepfer et al.2 There was a
significant (p= 0.02) mean decrease in MADRS scores
between baseline and end-sham stimulation, however, this
was not seen in all patients. Such an “insertion effect” was
seen to be significant in other DBS studies with a similar
4-week sham stimulation period7, possibly owing to acute
inflammatory mediators33, or glial released neuro-
transmitters34,35. It is possible that whatever neuro-
chemical change that occurs from insertion and which
induces mood improvement may take longer than 4 weeks
to subside. Interestingly, although such “insertion effects”
may provide a confound, after only 1 week of active sti-
mulation there was again a significant decrease in
MADRS score from end of sham (mean change= 5
points, p= 0.05) with a more marked difference from
baseline (mean change= 15 points, 43% reduction, p=
0.005; Fig. 2). A longer sham stimulation phase would
better separate any insertion effect from treatment effect.
However, it is highly unlikely that the response rate seen
at 52 weeks is attributed to placebo.
Observed and self-reported intraoperative effects (i.e.,

motivational comments, alertness, energy level) as well as
changes in PANAS ratings were striking after 5min of sti-
mulation at target and were used to help choose trajectory.
Such effects were seen upon unilateral right or left MFB
stimulation and correlated well with ultimate response.

Connectivity analysis
As before, we used individual deterministic fiber

tracking of each patient’s diffusion tensor sequence to
individually map the target of the MFB, as described1,27,

Fig. 3 Representation of active cathodal contacts in two planes for each of the six patients presented in this series, superimposed upon
the deterministic tractography-defined target of the medial forebrain bundle for Patient 1; this is presented on adaptations of
stereotactic atlas slices from Schaltenbrand and Wahren50. a H.v. 4.5, axial view b F.p. 3.0, Coronal view. STN= subthalamic nucleus; RN= red
nucleus; SNr= substantia nigra; Mmt=mammillothalamic tract; Fx= fornix; V3= 3rd ventricle
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and then evaluated the modulated fibers from an esti-
mated VTA model. In the responder patients, there was
significant fiber tract modulation that closely approxi-
mated the targeted fibers (Fig. 4), with extensive con-
nectivity to the OFC and Brodmann Area (BA) 10. There
appears to be common involvement of the forceps minor
among other white matter tracts connecting the target
region to the OFC, as seen in other DBS studies in TRD
involving other targeted locations36. It is possible that
such modulation of specific cortical structures, including

BA 10, and involvement of certain white matter tracts is a
commonality universally required for antidepressant
effect. In the non-responder (Patient 3), both the targeted
and modulated fibers lack extensive connectivity to the
OFC, which could be an underlying contributor for the
lack of response.

Mechanisms of efficacy
The MFB is a key structure of the mesolimbic-

dopamine reward system37, connecting the VTA with

Fig. 4 Depiction of modulated fiber tracts (assuming an isotropic model) from active cathodal contacts in patients #1–#6. Chronological
order of implantation. Significant orbitofrontal connectivity to the MFB target region seen in all responder patients but minimally seen in the non-
responder Patient no. 3
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the lateral hypothalamus and the NAc, which then con-
nects to the limbic PFC38,39. The VTA is an important
relay station in this dopaminergic reward circuit40–44.
Optogenetic studies have confirmed that dopaminergic
cell firing from the VTA can regulate depressive beha-
vior45 and that inhibition of the VTA-mPFC projection
promotes depression susceptibility46. It is believed that
modulation of the MFB via DBS may recruit the des-
cending glutamatergic fibers from the mPFC to the VTA
and may indirectly regulate VTA dopaminergic firing47 as
well as modulate upstream cortical regions2. Although
such fiber tracts have been identified in humans using
dTi27, there has been no functional imaging analysis to
verify modulation-induced reward network change and
remains speculative.
Notably, we did not find any statistically significant

changes (corrected for multiple comparisons) in FDG
uptake after DBS, as measured by PET. This could be
explained by the low number of subjects or by the fact
that DBS did not affect the metabolism of glucose. It
should also be noted that a lack of correlation between
clinical and PET outcome measures is not uncommon in
depression studies48,49.

Limitations
This is a longitudinal report on six patients at 1 year

post stimulation, and marks the conclusion of our pilot
study on efficacy and safety. As one patient withdrew
from the study, only five patients completed 1 year and
provide longitudinal observational data. Owing to a small
sample size, limited conclusions can be drawn from this
data set to generalize its overall efficacy. Nonetheless, four
of five patients were responders at 12 weeks post stimu-
lation onset. Fluctuation of response was seen in some
patients throughout the time course of the study, but at 1
year all responders met remission criteria without adverse
effects, which is very encouraging.

Conclusion
This report concludes our pilot study of our FDA-

approved clinical trial on the safety and efficacy of MFB
DBS in TRD, and has provided very encouraging
results. Four out of five patients had > 70% decrease in
MADRS scores within 12 weeks of stimulation onset,
where three of these patients met response criteria
within 1 week of stimulation. There was also significant
improvement in HAM-A and CGI, which suggest
reduced severity of overall symptoms. The fact that
these effects occur early but are sustained through 1
year argue against placebo, but the “insertional effect”
before stimulation cannot be ignored. Structural con-
nectivity analysis has elucidated that there seems to be
essential, common tracts that are modulated in all
responder patients, especially connectivity to OFC from

the midbrain. We will use these data as a basis to devise
further studies with increased enrollment to confirm
such rapid efficacy, to better define the insertional
effect, and to confirm the cortical areas involved in
treatment response.

Acknowledgements
We greatly thank the Dunn Foundation for providing us with funding to
pursue this pilot study.

Author details
1Department of Neurosurgery, McGovern Medical School, University of Texas
Health Science Center at Houston, Houston, TX, USA. 2Department of
Neurology, McGovern Medical School, University of Texas Health Science
Center at Houston, Houston, TX, USA. 3Center of Excellence on Mood
Disorders, Department of Psychiatry and Behavioral Sciences, McGovern
Medical School, University of Texas Health Science Center at Houston,
Houston, TX, USA. 4Department of Neurology, Houston Methodist Research
Institute and Weill Cornell Medicine, Houston, TX, USA

Conflict of interest
Dr. Soares receives grant/research support from Bristol-Meyers Squibb, Forest
Laboratories, Merck and Elan Pharmaceuticals, and is a consultant for Pfizer,
Abbot, and Astellas Pharma, Inc. Dr. Zanotti-Fregonara has received fees as a
speaker for Eli Lilly. The remaining authors declare no conflict of interest.

Publisher's note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Supplementary Information accompanies this paper at (https://doi.org/
10.1038/s41398-018-0160-4).

Received: 1 March 2018 Accepted: 15 April 2018

References
1. Fenoy, A. J. et al. Deep brain stimulation of the medial forebrain bundle:

distinctive responses in resistant depression. J. Affect. Disord. 203, 143–151
(2016).

2. Schlaepfer, T. E., Bewernick, B. H., Kayser, S., Madler, B. & Coenen, V. A. Rapid
effects of deep brain stimulation for treatment-resistant major depression. Biol.
Psychiatry 73, 1204–1212 (2013).

3. Nemeroff, C. B. Prevalence and management of treatment-resistant depres-
sion. J. Clin. Psychiatry 68(Suppl 8), 17–25 (2007).

4. Rush, A. J. et al. Combining medications to enhance depression outcomes
(CO-MED): acute and long-term outcomes of a single-blind randomized study.
Am. J. Psychiatry 168, 689–701 (2011).

5. Berlim, M. T. & Turecki, G. Definition, assessment, and staging of treatment-
resistant refractory major depression: a review of current concepts and
methods. Can. J. Psychiatry 52, 46–54 (2007).

6. Lozano, A. M. et al. Subcallosal cingulate gyrus deep brain stimulation for
treatment-resistant depression. Biol. Psychiatry 64, 461–467 (2008).

7. Holtzheimer, P. E. et al. Subcallosal cingulate deep brain stimulation for
treatment-resistant unipolar and bipolar depression. Arch. Gen. Psychiatry 69,
150–158 (2012).

8. Mayberg, H. S. et al. Deep brain stimulation for treatment-resistant depression.
Neuron 45, 651–660 (2005).

9. Holtzheimer, P. E. et al. Subcallosal cingulate deep brain stimulation for
treatment-resistant depression: a multisite, randomised, sham-controlled trial.
Lancet Psychiatry 4, 839–849 (2017).

10. Maloney, D. A. Jr et al. Deep brain stimulation of the ventral capsule/ventral
striatum for treatment-resistant depression. Biol. Psychiatry 65, 267–275 (2009).

11. Dougherty, D. D. et al. A randomized sham-controlled trial of deep brain
stimulation of the ventral capsule/ventral striatum for chronic treatment-
resistant depression. Biol. Psychiatry 78, 240–248 (2015).

Fenoy et al. Translational Psychiatry  (2018) 8:111 Page 10 of 11

https://doi.org/10.1038/s41398-018-0160-4
https://doi.org/10.1038/s41398-018-0160-4


12. Bergfeld, I. O. et al. Deep brain stimulation of the ventral anterior limb of the
internal capsule for treatment-resistant depression: a randomized clinical trial.
JAMA Psychiatry 73, 456–464 (2016).

13. Bewernick, B. H. et al. Nucleus accumbens deep brain stimulation decreases
ratings of depression and anxiety in treatment-resistant depression. Biol. Psy-
chiatry 67, 110–116 (2010).

14. Bewernick, B. H. et al. Deep brain stimulation to the medial forebrain bundle
for depression- long-term outcomes and a novel data analysis strategy. Brain
Stimul. 10, 664–671 (2017).

15. Gálvez, J. F. et al. The medial forebrain bundle as a deep brain stimulation
target for treatment resistant depression: a review of published data. Prog.
Neuropsychopharmacol. Biol. Psychiatry 58, 59–70 (2015).

16. Nestler, E. J. & Carlezon, W. A. Jr The mesolimbic dopamine reward circuit in
depression. Biol. Psychiatry 59, 1151–1159 (2006).

17. Russo, S. J. & Nestler, E. J. The brain reward circuitry in mood disorders. Nat.
Rev. Neurosci. 14, 609–625 (2013).

18. First, M. B., Spitzer, R. L., Gibbon, M. & Williams, J. B. W. Structured clinical
interview for DSM-IV axis I disorders (SCID I). American Psychiatric Press,
Washington DC(1997).

19. Hamilton, M. Development of a rating scale for primary depressive illness. Br. J.
Soc. Clin. Psychol. 6, 278–296 (1967).

20. Montgomery, S. A. & Asberg, M. A new depression scale designed to be
sensitive to change. Br. J. Psychiatry 134, 382–389 (1979).

21. Jones, S. H., Thornicroft, G., Coffey, M. & Dunn, G. A brief mental health
outcome scale-reliability and validity of the Global Assessment of Functioning
(GAF). Br. J. Psychiatry 166, 654–659 (1995).

22. First, M. B., Spitzer, R. L., Gibbon, M., Williams, J. B. W. & Benjamin, L. S. Structured
clinical interview for DSM-IV Axis II personality disorders (SCID II). American Psy-
chiatric Press, Washington, DC (1996).

23. Millon, T., Millon, C. & Davis, R. Millon Clinical Multiaxial Inventory-III (MCMI-III)
manual. National Computer Systems, Minneapolis, MN (1994).

24. Hamilton M. (1976). Hamilton Anxiety Scale. In: Guy W. (ed) ECDEU Assess-
ment Manual for Psychopharmacology. RevEd, Rockville, MD, 193–198.

25. Young, R. C., Biggs, J. T., Ziegler, V. E. & Meyer, D. A. A rating scale for
mania: reliability, validity and sensitivity. Br. J. Psychiatry 133, 429–435
(1978).

26. Busner, J. & Targum, S. D. The Clinical Global Impressions Scale: applying a
Research Tool in Clinical Practice. Psychiatry 4, 28–37 (2007).

27. Coenen, V. A., Panksepp, J., Hurwitz, T. A., Urbach, H. & Mädler, B. Human
medial forebrain bundle (MFB) and anterior thalamic radiation (ATR): imaging
of two major subcortical pathways and the dynamic balance of opposite
affects in understanding depression. J. Neuropsychiatry Clin. Neurosci. 24,
223–236 (2012).

28. Fenoy, A. J. & Simpson, R. K. Jr. Management of device-related wound com-
plications in deep brain stimulation surgery. J. Neurosurg. 11, 1324–1332
(2012).

29. Fenoy, A. J. & Simpson, R. K. Jr. Risks of common complications in deep brain
stimulation surgery: management and avoidance. J. Neurosurg. 120, 132–139
(2014).

30. Watson, D., Clark, L. A. & Tellegen, A. Development and validation of brief
measures of positive and negative affect: the PANAS Scales. J. Pers. Soc. Psy-
chol. 54, 1063–1070 (1988).

31. Butson, C. R., Cooper, S. E., Henderson, J. M. & McIntyre, C. C. Patient-specific
analysis of the volume of tissue activated during deep brain stimulation.
Neuroimage 34, 661–670 (2007).

32. Hammers, A. et al. Three-dimensional maximum probability atlas of the
human brain, with particular reference to the temporal lobe. Hum. Brain Mapp.
19, 224–247 (2013).

33. Perez-Caballero, L. et al. Early responses to deep brain stimulation in
depression are modulated by anti-inflammatory drugs. Mol. Psychiatry 19,
607–614 (2014).

34. Chang, S. Y., Shon, Y. M., Agnesi, F. & Lee, K. H. Microthalamotomy effect
during deep brain stimulation: potential involvement of adenosine and glu-
tamate efflux. Conf. Proc. IEEE Eng. Med Biol. Soc. 2009, 3294–3297 (2009).

35. Fenoy, A. J., Goetz, L., Chabardès, S. & Xia, Y. Deep brain stimulation: are
astrocytes a key driver behind the scene? CNS Neurosci. Ther. 20, 191–201
(2014).

36. Riva-Posse, P. et al. Defining critical white matter pathways mediating suc-
cessful subcallosal cingulate deep brain stimulation for treatment-resistant
depression. Biol. Psychiatry 76, 963–969 (2014).

37. Panksepp, J. Affective neuroscience: the foundations of human and animal
emotions. (Oxford University Press, Oxford, UK, 1998).

38. le Gros Clark, W. E. The termination of ascending tracts in the thalamus of the
macaque monkey. J. Anat. 71(Pt 1), 7–40 (1936).

39. Parent, A. & Hazrati, L. N. Functional anatomy of the basal ganglia. II. The place
of subthalamic nucleus and external pallidum in basal ganglia circuitry. Brain
Res. Brain Res. Rev. 20, 128–154 (1995).

40. Legault, M., Rompré, P. P. & Wise, R. A. Chemical stimulation of the ventral
hippocampus elevates nucleus accumbens dopamine by activating dopa-
minergic neurons of the ventral tegmental area. J. Neurosci. 20, 1635–1642
(2000).

41. Wise, R. A. Brain reward circuitry: insights from unsensed incentives. Neuron 36,
229–240 (2002).

42. Lammel, S., Lim, B. K. & Malenka, R. C. Reward and aversion in a heterogeneous
midbrain dopamine system. Neuropharmacology 76, 351–359 (2014).

43. Haber, S. N. & Knutson, B. The reward circuit: linking primate anatomy and
human imaging. Neuropyschopharmalcology 35, 4–26 (2010).

44. Russo, S. J. & Nestler, E. J. The brain reward circuitry in mood disorders. Nat.
Rev. Neurosci. 14, 609–625 (2013).

45. Tye, K. M. et al. Dopamine neurons modulate neural encoding and expression
of depression-related behaviour. Nature 493, 537–541 (2013).

46. Chaudhury, D. et al. Rapid regulation of depression-related behaviours by
control of midbrain dopamine neurons. Nature 493, 532–536 (2013).

47. Taber, M. T., Das, S. & Fibiger, H. C. Cortical regulation of subcortical dopamine
release: mediation via the ventral tegmental area. J. Neurochem. 65,
1407–1410 (1995).

48. Fujita, M. et al. Downregulation of brain phosphodiesterase type IV measured
with 11C-(R)-rolipram positron emission tomography in major depressive
disorder. Biol. Psychiatry 72, 548–554 (2012).

49. Yatham, L. N., Clark, C. C. & Zis, A. P. A preliminary study of the effects of
electroconvulsive therapy on regional brain glucose metabolism in patients
with major depression. J. ECT 16, 171–176 (2000).

50. Schaltenbrand, G. & Wahren, W. Atlas for Stereotaxy of the Human Brain, 3rd
edn. Thieme, New York (1977).

Fenoy et al. Translational Psychiatry  (2018) 8:111 Page 11 of 11


	A longitudinal study on deep brain stimulation of the medial forebrain bundle for treatment-resistant depression
	Introduction
	Materials and methods
	Participant patients
	Study protocol
	Imaging and targeting protocol
	Surgical procedure and electrode positions
	Post-operative imaging analysis
	PET protocol
	Stimulation onset and parameter adjustments
	Statistical analysis

	Results
	Clinical outcomes
	Contact location and parameters
	Adverse events
	Connectivity patterns
	PET results

	Discussion
	Connectivity analysis
	Mechanisms of efficacy
	Limitations

	Conclusion
	ACKNOWLEDGMENTS




