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Abstract

Treatment-resistant depression is a severe form of major depressive disorder and deep brain stimulation is currently an
investigational treatment. The stimulation’s therapeutic effect may be explained through the functional and structural con-
nectivities between the stimulated area and other brain regions, or to depression-associated networks. In this longitudinal,
retrospective study, four female patients with treatment-resistant depression were implanted for stimulation in the nucleus
accumbens area at our center. We analyzed the structural and functional connectivity of the stimulation area: the structural
connectivity was investigated with probabilistic tractography; the functional connectivity was estimated by combining patient-
specific stimulation volumes and a normative functional connectome. These structural and functional connectivity profiles
were then related to four clinical outcome scores. At 1-year follow-up, the remission rate was 66%. We observed a consistent
structural connectivity to Brodmann area 25 in the patient with the longest remission phase. The functional connectivity
analysis resulted in patient-specific R-maps describing brain areas significantly correlated with symptom improvement in
this patient, notably the prefrontal cortex. But the connectivity analysis was mixed across patients, calling for confirmation
in a larger cohort and over longer time periods.

Keywords Deep brain stimulation - Treatment-resistant depression - Nucleus accumbens area - Connectivity - Depression
networks - Subgenual anterior cingulate cortex

Introduction

Major depressive disorder (MDD) is characterized by
depressed mood or loss of interest, and often presents a
chronic course [1]. About a third [2] of affected patients
do not respond adequately to conventional pharmaceu-
tical or cognitive behavioral therapy [3, 4] and develop
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treatment-resistant depression (TRD), a particularly debili-
tating subcategory of MDD [5].

Depressive symptoms have been associated with patho-
logical connectivity in at least four brain subnetworks:
the ventral limbic affective network, the dorsal cognitive
control network, the default mode network, and the fron-
tal-striatal reward network [6—8]. The dysregulation of the
reward network has been specifically related to anhedonia
(i.e., loss of interest, motivation, and pleasure) [6, 9-12].

Deep brain stimulation (DBS) is being investigated as
treatment option for TRD patients [10, 13—15]. The anti-
depressant effect of DBS depends on the neuroanatomical
target, the stimulation parameters, and the modulation of
both the target and the connected networks [16]. Several
stimulation targets have been proposed: the subcallosal
cingulate gyrus [13], the medial forebrain bundle [17], the
ventral capsule/ventral striatum or anterior limb of internal
capsule, the lateral habenula, the inferior thalamic pedun-
cle, and the nucleus accumbens (NAc) [16, 18].

These targets presumably improve depressive symptoms
by modulating a common network [19]. A recent study [20]
suggests that not only different DBS targets, but also tran-
scranial magnetic stimulation targets and brain lesions are
interconnected and converge on a common depression net-
work. Likewise, different DBS targets for obsessive—com-
pulsive disorder, a disorder closely related to TRD [17, 21],
converge on one network [22-24]. Still, it is essential to
differentiate the impact of each DBS target and to analyze
longitudinal outcome data to inform more effective DBS for
TRD [25, 26].

The NAc has been investigated as a target because of its
central role in the reward circuitry [27]. Structurally, the
medial forebrain bundle connects the NAc to the ventral
tegmental area, the ventromedial hypothalamus, the lateral
hypothalamus, and the amygdala, with convergence onto the
prefrontal cortex [28, 29], all crucial regions in the pathobi-
ology of depression [6]. In particular, microstructural white-
matter alterations of the medial forebrain bundle have been
associated with symptoms of anhedonia [11]. Functionally,
the serotonin—dopamine—glutamate interactions occurring in
the NAc also make it a candidate target for DBS for MDD.
Moreover, modulation of this area might restore the equilib-
rium between inhibitory and excitatory neurotransmission
necessary for reward processing and mood regulation [27].

NAc gray-matter alterations have been associated with
MDD symptoms and lifetime occurrence of the disease [30].
Additionally, reduced responses to rewarding stimuli in the
NAc have been reported in patients with MDD [27, 31]; and
anhedonia has been correlated with functional connectivity
of specific NAc subregions [32]. Finally, clinical and neu-
robiological studies demonstrated that DBS of the NAc area
reduces anhedonia [14, 33, 34].
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The objective of the current study was to correlate clini-
cal improvement related to DBS of the NAc area with the
area’s structural and functional connectivity, measured
through diffusion MRI (dMRI) and functional MRI (fMRI).
We hypothesized a correlation between DBS connectivity to
the reward network and clinical improvement. Furthermore,
we expected beneficial NAc area DBS to be functionally
and/or structurally connected to other nodes of the depres-
sion network.

Materials and methods
Patients and data

Four patients with TRD from the University Hospital Bern
(Bern, Switzerland) were initially included in this retrospec-
tive study. The local ethics committee approved the study
(2020-02392), and patient consent was obtained prior to the
treatment. After DBS implantation, the patients agreed to
have their data used in this post hoc analysis. Such con-
sent was given to the neurology department during their
standard pre-surgical workup. Patients 1, 3, and 4 were
diagnosed with recurrent MDD, while patient 2 had bipo-
lar disorder with predominantly depressive episodes. None
of the patients had medical or neurological comorbidities.
All underwent cycles of standard antidepressants (more
than three, including tricyclics), lithium, ketamine, specific
psychotherapy interventions for TRD [cognitive behavioral
therapy and cognitive behavioral analysis system of psycho-
therapy (CBASP)], and electro-convulsive therapy prior to
surgery, yet failed to reach remission. The study participants
were the only patients who received bilateral DBS surgery
for depression at our center between 2017 and 2020.
Targeting of the NAc area was performed on structural
MRI and dMRI sequences with tractography of the medial
forebrain bundle. The target was placed just posterior to the
NAc in order to include the afferent fibers of the medial fore-
brain bundle before reaching the anterior limb of the internal
capsule (Supplementary Fig. 1). Table 1 reports the diagno-
sis, sex, age, and baseline depression scores of the patients
at the time of implantation. Patient 4 was excluded from the
rest of the analysis due to the lack of patient-specific dMRI.

Clinical assessments

Patients were routinely assessed after surgery with weekly
sessions initially that became less frequent afterwards. Four
standardized MDD assessments were adopted: HAMD-21
(21-Item Hamilton Depression Rating Scale) [35], MADRS
(Montgomery—Asberg Depression Rating Scale) [36],
SHAPS (Snaith—-Hamilton Pleasure Scale) [37], and SOFAS
(Social and Occupational Functioning Assessment Scale)
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Table 1. Diagnosis, age, sex, Diagnosis Age atimplan-  Sex HAMD-21 MADRS SHAPS SOFAS
and rating scale scores at tation (0-65) (0-60) 0-14)  (100-0)
baseline, prior to implantation
Patient 1 MDD 40 Female 28 37 11 30
Patient 2 BD 51 Female 24 29 5 40
Patient 3 MDD 63 Female 14 29 8 30
Patient 4 MDD 47 Female 26 37 12 15

The scale range from no symptoms to severe depression is reported in parenthesis

HAMD-21 21-Item Hamilton Depression Rating Scale, MADRS Montgomery—Asberg Depression Rating
Scale, SHAPS Snaith—Hamilton Pleasure Scale, SOFAS Social and Occupational Functioning Assessment
Scale, MDD major depressive disorder, BD bipolar disorder with predominant depression

[38]. The SHAPS scale specifically describes anhedonia
and is appropriate to describe the modulation of the NAc
area because of this structure’s role in the reward system
[39]. The traditionally used HAMD-21 scale is unbalanced
towards sleep and circadian dysregulations [40, 41], while
the MADRS is considered to be well balanced across the dif-
ferent MDD somatic and cognitive symptoms [42]. Psychi-
atric assessments were completed by LS, FW, CS, and MS,
senior psychiatrists and clinical psychologists with exten-
sive experience and training in assessing psychopathology,
including the HAMD and MADRS. They were supervised
by SW.

To ease comparison, all scales were normalized onto a
scale of 0—100, with high values indicating severe depres-
sion. The percentage improvement with respect to baseline
was recorded at each clinical assessment and considered
as the effect of the most recent DBS parameters applied.
The stimulation parameters were fine-tuned to minimize the
symptoms and achieve remission (HAMD-21 < 8) or at least
response (> 50% improvement of the HAMD-21 score from
baseline). The follow-up period was at least 18 months but
variable across patients. The number of assessment sessions
was 36 for patient 1, 11 for patient 2, and 14 for patient 3,
respectively. In each session, the ongoing DBS parameters
were recorded.

Patient-specific imaging

Pre-implantation neuroimaging was performed on a 3T
scanner (Magnetom Skyra Fit, Siemens, Germany) using
a 32-channel head receiver coil. The protocol included
T1-weighted (TR =2020 ms, TE =3.49 ms, voxel reso-
lution 1x 1x 1 mm?) and T2-weighted (TR =2400 ms,
TE =225 ms, voxel resolution 1 X 1x 1 mm3) sequences,
and a dMRI sequence acquired in the Siemens q-space
mode (repetition time =5900 ms, echo time=111 ms,
voxel resolution 2.2 X 2.2 x 2.2 mm?, in-plane acceleration
GRAPPA factor of 2, partial Fourier 7/8, field of view
211x211 mm?). Diffusion weighting, with b-values in the
range of 0-3000 s/mm? was applied along 123 directions

uniformly distributed on the sphere. Postoperative CT or
MRI scans were also acquired.

Functional imaging

Minimally pre-processed resting-state fMRI acquisi-
tions of 30 random healthy subjects (15 females) from
the Human Connectome Project (HCP) database were
included to build a reference functional connectome
(Supplementary Table 1) [43]. While our clinical sample
differed in age and consisted exclusively of females, our
random selection of HCP subjects was driven by practical
and scientific considerations. The HCP data represents a
widely utilized neuroimaging database, including young
adults aged 22-35. Furthermore, as TRD can affect both
genders, opting for a sex-balanced dataset was justified.
Although a larger sample size might have been useful, we
limited our sample size to 30 subjects due to computa-
tional constraints (analysis took up to 3 days per subject).

The resting-state data consisted of four sessions of
approximately 15 min each. Acquisition parameters are
described in (https://db.humanconnectome.org). Further
pre-processing was performed as in [44], including spatial
smoothing and remotion of the first ten volumes, detrend-
ing, regressing of nuisance variables (head translation
and rotation along the three axes, average cerebrospinal
fluid, and white-matter signal) and band-pass filtering
[0.01-0.15 Hz]. To avoid well-known artifactual negative
correlations induced by global signal regression and the
removal of signal of neural origin that might be of interest
for the analysis [45, 46], we chose here to be conservative
and not perform global signal regression. We obtained a
V-by-T data matrix for each subject containing the pre-
processed BOLD time-courses, with V the number of
voxels and T the number of timepoints. The four sessions
were then concatenated temporally to obtain a V-by-4T
matrix for each subject [47].
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Lead localization and volume of activated tissue
(VAT) estimation

Lead localization was performed with the Lead-DBS toolbox
(version 2.5.2) [48] in MATLAB 2020b (The Mathworks,
Natick, MA, USA) (Supplementary Fig. 2). Using an early
postoperative high-resolution CT or MRI scan, DBS leads
were semi-automatically localized either with the PACER
[49] or with the TRAC/CORE [50] algorithm (postopera-
tive CT or MRI case, respectively). For postoperative CTs,
the orientation was determined with DiODe [51]. For post-
operative MRIs, the orientation was determined with early
postoperative X-rays.

Volumes of Activated Tissue (VATs) were estimated
with the SimBio/Fieldtrip pipeline in Lead-DBS with
default parameters for the conductivity of gray and white
matter and electric field threshold [52]. During the clini-
cal assessments, stimulation parameters for each DBS lead
were recorded, including the contact and stimulation inten-
sity. These parameters (Supplementary Table 2) were used
to generate the corresponding VATs (Fig. 1A). The VATs
were computed for the left and right leads. In total, there
were 122 VATs or 61 bilateral VATSs.

DBS connectivity
Structural connectivity

The structural connectivity analysis was performed in
MRtrix3 (https://www.mrtrix.org/) [53]. Preprocessing
steps included: denoising [54], unringing [55], distortion
correction with the Synb0-DisCo tool [56], eddy-currents
and subject movement correction [57]. To obtain whole-
brain probabilistic tractography, we first estimated the
individual multi-shell multi-tissue response functions
[58]. Based on the population-averaged response func-
tions, we derived the patient-specific fiber orientation
distribution through constrained spherical deconvolution

[59] and performed intensity normalization [60]. Next,
using anatomically constrained tractography [61] we gen-
erated 10 million streamlines (Fig. 1B). Finally, by apply-
ing the filtering algorithm SIFT?2 [62], each streamline got
a weight assigned. Since the SIFT2 algorithm considers
all generated streamlines, it provides the tractogram with
quantitative properties [63] and is, thus, a more accu-
rate metric of structural connectivity than the stream-
lines’ count [64] or voxel-based structural connectivity
approaches [65].

From each patient’s whole-brain tractogram, we
selected only the streamlines passing through the bilateral
VAT (Fig. 1C). Next, we identified the end points of these
streamlines and assigned them to a parcellation contain-
ing cortical and subcortical structures (Fig. 1D). Cortical
areas were defined with the Broadman parcellation [66],
and subcortical areas (including NAc area, amygdala, cer-
ebellum, hippocampus, pallidum, putamen, and thalamus)
were defined with FreeSurfer (https://surfer.nmr.mgh.
harvard.edu/). Streamlines whose end points were not in
any of the defined areas were discarded.

The structural connectivity strength between a VAT and
a parcellation area was measured as the sum of the weights
of the streamlines that connected the VAT with that area and
normalized to the total sum of weights of the streamlines in
that VAT. We calculated the structural connectivity strength
profile for each VAT, as expressed by Eq. (1):

Structural connectivity strength (%)yar— area

Y weights of VAT streamlines ending in area,

wo. D

= Y weights of VAT streamlines assigned in parcellation

Finally, the structural connectivity strengths of left and
right VATs were combined. As the effect of unilateral
stimulation was not evaluated during the assessment ses-
sions, we considered the bilateral VAT from the same ses-
sion as a single stimulated volume and combined bilateral
areas of the parcellation.

Fig.1 Structural connectivity analysis pipeline. A Lead localization
in patient space and generation of the bilateral VAT (red volumes)
based on individual stimulation parameters. B Generation of patient-
specific whole-brain tractogram. C Selection of streamlines included
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in the bilateral VAT. D Assignment of streamlines’ endpoints to a
Brodmann and subcortical parcellation. VAT volume of activated tis-
sue
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Functional connectivity

We computed the seed-to-voxel functional connectivity
similar to [22, 65]. In particular, we used the fMRI data
from 30 Human Connectome Project (HCP) subjects and
the patient-specific bilateral VATSs as regions of interest.
For each clinical assessment and the corresponding bilateral
VAT, we performed the following steps to generate the func-
tional connectivity profile, in which each voxel represented
the functional connectivity strength between the bilateral
VAT and the considered target voxel (A).

1. Average the activity across all voxels of a bilateral VAT.
Compute the Pearson’s correlation coefficient between
a bilateral VAT’s average activity and each non-VAT
voxel.

Repeat step (2) for each of the 30 HCP subjects.

4. For each voxel, average the Pearson’s correlation coef-
ficient across the 30 HCP subjects.

5. Apply Fisher z-transform to obtain a normal distribu-
tion of Pearson’s correlation coefficients, to yield a VAT-
specific population-averaged connectivity map, what we
call functional connectivity profile.

e

The connectivity profile was coupled with the clinical
assessment to derive a patient-specific, voxel-wise connec-
tivity R-map, as described in the following example with the
SHAPS scale (Fig. 2B).

First, we obtained the vector of SHAPS improvement
with respect to baseline across clinical assessment sessions
for a patient. Since each session corresponds to a functional
connectivity profile, we considered all the patient’s func-
tional profiles and, for each voxel, stored its bilateral VAT
connectivity across sessions. The correlation between every
voxel connectivity vector and the vector of SHAPS score
changes resulted in an R-map. The procedure, adopted from
[22], was used to obtain an R-map for all MDD assessment
scales. These personalized R-maps are spatial indicators of
“optimal” bilateral VAT functional connectivity: positive

voxels indicate areas that, when functionally connected to
the bilateral VAT, relate to improvement as measured in the
corresponding scale. The opposite holds for negative voxels.

Statistics

For structural connectivity, we obtained structural con-
nectivity strengths, or profiles. Then, we computed the
Spearman’s correlation coefficients between the connectiv-
ity strengths to individual areas in the parcellation and the
assessment scores. We repeated the analysis for each MDD
scale used. We performed this correlation analysis for the
three patients individually. We used false discovery rate-
adjusted p-values to determine the statistically significant
structural connections. The correlation analysis and false
discovery rate corrections were performed in Python (ver-
sion 3.9.2) with the scipy (version 1.9) and statsmodels (ver-
sion 0.13.2) libraries, respectively.

Likewise for functional connectivity, we obtained func-
tional connectivity strengths, or profiles. Then we tested
their association with clinical outcomes by computing
patient-specific R-maps. To test the statistical significance
of the R-maps, we adopted the non-parametric permutation
test with custom code in MATLAB 2020b as described in
[67] and detailed in the supplementary material.

Results
Longitudinal analysis

The follow-up period was at least 18 months in all cases
and contained the assessments of the HAMD-21, MADRS,
SHAPS, and SOFAS scales. One year after implantation, 2
out of 3 patients were in remission.

For patient 1, an improvement was noticeable at
2.5 months post-implantation (session 10), especially
on the SHAPS scale. From 9 months post-implantation
(session 25), the improvement was observed across all

A

RECONSTRUCT ELECTRODES &
ESTIMATE VATs

CORRELATE TIMECOURSES

B CORRELATE PROFILES &
INDIVIDUAL SHAPS IMPROVEMENTS

A

R-MAP

FUNCTIONAL
CONNECTIVITY
PROFILE

CONNEC- % SHAPS
TIVITY  IMPROVE-
TO VAT MENT

=\

®
b

Fig.2 Functional connectivity analysis pipeline. A VAT reconstruc-
tion and creation of VAT-specific functional connectivity profile. Uni-
lateral, rather than bilateral, VAT is shown for simplicity. B Creation
of a patient-specific R-map describing the relation between functional

connectivity and symptoms’ improvement. Adapted, with permission,
from [22]. VAT volume of activated tissue, HCP Human Connectome
Project
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scales, corresponding to a prolonged remission period
of 10 months. In the last three sessions, a worsening on
the HAMD scale occurred, marking the end of remission
(Fig. 3A).

For patients 2 and 3, a similarly strong improvement
across scales was not observed. But for these patients
the number of assessments was lower, covering a
period of 19 and 26 months, respectively. For patient
3, a remission period of 16 months started at 9 months
post-implantation (session 11), with improvements on
the MADRS and SOFAS scales. Improvements in the
SHAPS scales occurred from month 22 post-implanta-
tion (session 13).

A. Clinical course

Structural connectivity

First, we analyzed the structural connectivity over the fol-
low-up period. The three patients’ structural connectivity
profiles from the bilateral VATs to the Brodmann Areas
(BAs) shared, with different intensities, strong cortical con-
nections to emotional (BA 11, 38, 47), attentional (BA 7),
visual (BA 17-19), memory (BA 20, 35, 36, 37) and execu-
tive (BA 10) areas (Fig. 3B). In patient 1, we observed a
strong connectivity to the subgenual anterior cingulate
cortex (BA 25) and the temporopolar area (BA 38). The
connectivity to these areas was stable across the bilateral
VATs, with a median value of 10.4% (Inter-quartile range,

Patient 1 Patient 2 Patient 3
80
SHAPS lllllll 1 En lllllllllll | H EEN EEm seldle
Assessment MADRS TeRNEe X —
scales HAMD u onnon XXX 0 >
SOFAS ‘e O Xy | v
@
. . o
B. Course of structural connectivity profiles 20 3
o
]
Attention 3; I}
[
11 -20 a
‘ 13 ¢
Emotional 25 AEEEEEEEEEEEEEEEEEEEEEEE NN s
3 IINEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE 0 =
4; ENEEEEEEEEEEEE 2
[
10 £
Executi 24 -20¢
xecutive 44 g.
45
46 a0
Insular 16
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Memory 27
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a4
Motor g 35
2 30
Olfactory 34 i
123 2
5
Somatosensory ié 20 9
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Sound 41,4252 g
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3 6 9
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Fig.3 Longitudinal analysis of clinical scales and structural con-
nectivity strengths. A Course of clinical rating scale scores. Clini-
cal improvement was obtained as the percentage of improvement
with respect to the baseline. HAMD-21 21-Item Hamilton Depres-
sion Rating Scale, MADRS Montgomery—Asberg Depression Rating
Scale, SHAPS Snaith—Hamilton Pleasure Scale, and SOFAS Social
and Occupational Functioning Assessment Scale. Remission state
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is indicated with 4. B Bilateral VATs structural connectivity pro-
files to Brodmann areas (1-47) and subcortical structures (nucleus
accumbens, amygdala, cerebellum, hippocampus, pallidum, puta-
men, and thalamus). Each column represents the connectivity from a
bilateral VAT to the different parcellation areas. Bilateral VATs were
estimated from the stimulation settings at each of the assessment ses-
sions. VAT volume of activated tissue
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IQR 9.8-11.5) for BA 25 and 8.2% (IQR 8.1-8.3) for BA
38. In patients 2 and 3, a strong connectivity to BA 25 was
not observed, but the median connectivity to BA 38 was
3.3% (IQR 2.7-4.3) and 2.7% (IQR 2.3-2.7), respectively
(Fig. 3B). In these two patients, we also observed enhanced
connectivity to the prefrontal cortex (BA 10) and orbitofron-
tal area (BA11) compared to patient 1, but less than for the
previously mentioned areas.

Structural connectivity to the subcortical structures was
also relevant (Fig. 3B). The three patients shared a strong
connectivity to the thalamus, putamen and accumbens area,
while patients 2 and 3 also had a strong connectivity to the
pallidum. The median thalamic connectivity of patient 1
(23.2%, IQR 22.9-24) was more stable across the bilateral
VATs and stronger than for patient 2 (22.2%, IQR 17.9-25.6)
or patient 3 (17.2%, IQR 15.5-21.2).

Second, we analyzed correlations between the structural
connectivity and the clinical outcome. In patient 1, structural
connectivity to the motor (BA 32), executive (BA 10 and
44), and emotional (BA 11 and 47) cortices was positively
correlated with improved outcomes (Fig. 4). Connectivity
to the amygdala, cerebellum, hippocampus, and putamen

was also positively correlated with improved outcomes. In
contrast, in patients 2 and 3, the structural connectivity was
not significantly correlated with outcome (Fig. 4).

Functional connectivity

For patient 1, some areas demonstrated significant cor-
relations between functional connectivity and symptoms
improvement (Fig. 5). The red areas in Fig. 5, correspond-
ing mainly to executive areas (BA 9 and 10), were cor-
related with improvement on the SHAPS and MADRS
scales. Conversely, blue areas were negatively correlated
to improvement on these two scales. These mainly cor-
responded to visual (BA 18 and 19) and attentional areas
(BA 7). Across scales, the areas of positive and negative
correlation to improvement were similar in location, but
the size of the areas varied.

The in-depth voxel-wise analysis of the significant
R-maps is shown in Supplementary Tables 3 and 4. The
functional connectivity analyses of patients 2 and 3 were
non-significant. For these patients, no brain area was sig-
nificantly correlated with improvement on any of the scales.
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Fig.4 Spearman’s correlations between the assessment scores and
the structural connectivity strength from the bilateral VATSs to the
parcellation areas. Correlation coefficients were calculated for each
patient individually. Significant correlations after correcting for type
I errors with false discovery rate are marked with an asterisk. Brod-

mann areas in the parcellation (1-47) are grouped into functional
areas (e.g., somatosensory, motor, executive, emotional, insular,
attention, memory, visual, olfactory, sound). VAT volume of activated
tissue
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Left
Right

Right

0.8560

Fig.5 Functional connectivity R-maps of patient 1, visualized with BrainNet Viewer [88]. A SHAPS (Snaith—-Hamilton Pleasure Scale); B

MADRS (Montgomery—Asberg Depression Rating Scale)

Discussion

In this retrospective case series of TRD patients implanted
with DBS in the NAc, no serious adverse events were
noted. The structural and functional connectivity profiles
of the VATs were mixed across patients.

Structural connectivity

Our study highlighted a structural connectivity of the bilat-
eral VATS to the subgenual anterior cingulate cortex (BA 25)
in patient 1, who had the longest remission period. This con-
nection was expected from both dissection [68] and tractog-
raphy studies [69]. BA 25 has been implicated in persistent
sad mood [70], circadian dysregulations [13] and rumination
[71] and is a key node of the affective network [6]. This
area is metabolically hyperactive in MDD patients [72], and
successful treatment through medication (e.g., fluoxetine,
venlafaxine), electro-convulsive therapy, cognitive behavio-
ral therapy, and repetitive transcranial magnetic stimulation
has been associated with a reduction in its activity [73, 74].
Interestingly, for patients 2 and 3, the structural connectivity
to BA 25 was less prominent and coincided with less clinical
improvements.

Asin [13, 70, 75], we hypothesized a correlation between
this area’s connectivity to the bilateral VATs and clinical
improvement. In patient 1, the structural connectivity was
strongest to BA 25 and it was stable across sessions. In this
subject, structural connectivity to this area was positively
correlated to the outcome, but was statistically non-signifi-
cant. The limited intrasubject changes in BA 25 connectivity
could derive from the very few changes in the DBS contact
selection and from the time-invariance assumption of the
whole-brain tractogram (i.e., assuming the tractogram does
not change with implantation nor over time).
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Riva-Posse et al. [76] identified four bundles whose acti-
vation was correlated with clinical response to DBS in BA
25 for TRD: bilateral forceps minor, bilateral cingulum bun-
dles, dorsal and medial midcingulate cortices, and uncinate
fasciculus. The uncinate fasciculus interconnects the lateral
orbitofrontal cortex and BA10 to the limbic regions of the
anterior temporal lobes. The structural connectivity of our
best responder (patient 1) also highlighted connection to
the temporopolar area (BA 38). The structural connectivity
between our target site (i.e., NAc area) and the temporopolar
area suggests activation of the uncinate fasciculus bundle,
thus agreeing with [76]. The structural connectivity profiles
of patients 2 and 3 also showed connectivity to BA 38; but
in the correlation analysis, connectivity to this area was not
positively correlated with clinical improvement.

GABA-ergic and dopaminergic connections between
the NAc, amygdala, and hippocampus seem to be related to
the regulation of emotional responses [27, 77]. In our best
responder, patient 1, we observed a higher structural con-
nectivity to the amygdala and hippocampus; and in the cor-
relation analysis, these areas were positively correlated with
the outcome. This finding in patient 1 is in line with a recent
DBS study using network mapping and biomarker discovery,
which also highlighted the connectivity to the amygdala as
an indicator of symptom improvement [77].

Functional connectivity

The optimal connectivity maps obtained allowed us to relate
the bilateral VATS’ functional connectivity to the outcomes.
The cortical areas most strongly correlated to a positive out-
come were all belonging to the prefrontal cortex (BA 8, 9,
10, 24, 32, 45, 46). The prefrontal cortex is thought to give
rise to the psychomotor and cognitive aspects of TRD [78,
79] and is a commonly used repetitive transcranial magnetic
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stimulation target for TRD [80]. In the functional connec-
tivity maps, BA 25 either showed an average correlation
coefficient close to zero or had a low number of significant
voxels. This agrees with our structural connectivity analysis
that BA 25 is structurally connected to the bilateral VATs
irrespective of the outcome. For patients 2 and 3, there was
no significant voxel after the permutation test. This might
have a twofold explanation. First, these patients only had 11
and 14 assessment sessions, respectively, while patient 1 had
36. Besides, the sessions of patients 2 and 3 did not show
a large variability in outcomes. Therefore, the creation of
functional connectivity maps may crucially depend on the
availability of larger and more variable patient outcome data.

Nucleus accumbens area as a DBS target

Our study expands the literature on the NAc as DBS target.
The NAc seems to be at the center of a limbic corticostriatal
loop, between the emotional system, the cognitive system
and the motor control system [74]. Given the area’s cortical
and subcortical connections, we included both in the par-
cellation used to study the structural connectivity profiles
of DBS. Because of its role in the reward network [81], the
NAc is an established DBS target for TRD and it is espe-
cially suited for depression types with prevailing anhedonia
[25].

Our response rate was in line with the open-label NAc
DBS studies of Bewernick et al. [33, 34], which reported a
50% response rate and a 30% remission rate at 1-year follow-
up, and 45.5% and 9.1% at 2-year follow-up. These response
rates were comparable to those of other DBS targets for TRD
such as the medial forebrain bundle [82, 83], the subgenual
anterior cingulate cortex target [84, 85], and the inferior tha-
lamic peduncle [86, 87].

The improvements observed in our best responder may
have a twofold explanation. On the one hand, there was
structural and functional connectivity from the VATs to
nodes of the depression network such as BA 25, the thal-
amus, amygdala, or the prefrontal cortex. On the other
hand, the cortical connectivity of our target site suggests
a possible overlap with the medial forebrain bundle or
ventral tegmental area projection pathway, which has been
proposed as a DBS target [88]. The tract is highly similar
to the NAc crossing bundle described by [23], which has
been related to improvement for obsessive—compulsive
disorder, a condition sharing many features with MDD.
Since single-target clinical studies failed to prove efficacy,
we might argue, as in [19, 76, 89], that the stimulation of
a unique target is insufficient for remission, and future
protocols should aim to engage the distributed depression
network instead.

Study limitations

The present work has several limitations. First, it is restricted
to three subjects, some assessed in few sessions. The study
was open label and did not have standardized time intervals
during long-term follow-ups. The stimulation parameters
were changed based on the previous symptom’s evolution
in a trial-and-error fashion, potentially introducing a placebo
effect. However, typically, the placebo effects are less pro-
nounced in subjects with severe or chronic depression [90].

Second, our analysis did not consider medications or
external life events. These are likely to affect the clinical
outcome but may not be reflected in the connectivity pro-
files or R-maps. We acknowledge that the assumption of
DBS as the unique or main source of clinical outcome is a
simplification.

Lastly, we used fMRI data from the Human Connectome
Project, rather than patient-specific fMRI, to create func-
tional connectivity R-maps. Normative connectomes have
been leveraged for the study of many psychological condi-
tions. In the DBS field, the use of normative data has been a
key to identify patterns of beneficial connectivity [22, 65].
While the patient data should be more accurate in describing
pathological connections, a recent study suggests that the
difference is minimal and counterbalanced by the quality of
large datasets such as the Human Connectome Project [91].

Conclusions and outlook

We have leveraged patient-specific diffusion images and
probabilistic tractography to quantify the structural connec-
tivity of NAc area DBS to cortical and subcortical brain
areas. The subgenual anterior cingulate cortex (BA 25),
known for its involvement in depression, was consistently
and strongly connected to bilateral VATs in the patient expe-
riencing extended periods of remission. This suggests that
effective NAc area DBS for TRD may modulate a network
shared also with other DBS targets.

We created statistically significant R-maps associating the
bilateral VATSs’ functional connectivity and improvements.
Their analysis revealed that connectivity to the prefrontal
cortex was associated with improvement in one patient.
Once validated with more MRI data and statistical tests,
these maps could have important clinical applications and
could suggest stimulation parameters, thus becoming valu-
able features for personalized closed-loop DBS [92]. Fur-
thermore, they could guide complementary TRD therapies
that would only engage areas linked to improvement.

Our work adopts the much needed [19] patient-centric
approach in the description of DBS connectivity. Overall,
the results were variable among the three patients and could

@ Springer



694

European Archives of Psychiatry and Clinical Neuroscience (2024) 274:685-696

only partially describe the observed clinical TRD progres-
sion. Further studies, including more patients over longer
time periods, are needed to better understand the connectiv-
ity of effective DBS for TRD. In particular, we encourage
prospective NAc DBS studies to adopt blinded multidimen-
sional assessment of MDD symptoms, including longitu-
dinal ambulatory assessments using ecological momentary
assessments, and to include other neuroimaging data, e.g.,
fMRI and EEG, repeated over multiple sessions.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00406-023-01683-x.
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