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ABSTRACT

Background: To explore the long-term efficacy and resting-state functional magnetic resonance imaging (fMRI) changes of lateral
habenula nucleus (LHb) deep brain stimulation (DBS; LHb-DBS) for treatment-resistant bipolar disorder (TRBD).

Methods: An 18-year-old woman with TRBD received bilateral LHb-DBS. We assessed changes in Hamilton Depression Scale-
17 (HDRS-17), Bech-Rafaelsen Melancholia Scale (BRMS), Hamilton Anxiety Scale (HAMA), and Pittsburgh Sleep Quality
Scale (PSQI) scores from preoperative baseline to postoperative continuous 24-month follow-up. Brain activity and resting-state
functional connectivity (rsFC) were examined off-stimulation at 0.6 and 15 months post-LHb-DBS. Overall improvement and
adverse events were analyzed.

Results: Continuous 24-month follow-up showed average improvements from baseline of 65.33%, 54.90%, 63.33%, and 48.72%
for HDRS-17, BRMS, HAMA, and PSQI scores, respectively. At the final follow-up, improvement was 96.00%, 88.24%, 84.85%, and
69.23%, respectively. Resting-state fMRI results revealed an increase in fractional amplitude of low-frequency fluctuations (fALFF)
within the putamen, ventral tegmental area (VTA), and substantia nigra pars compacta (SNc) over 15 months of continuous
bilateral LHb stimulation when DBS was off. From baseline to 15 months, fALFF in the putamen, VTA, and SNc increased by
1.68%, 6.36%, and 1.10%, respectively. Consistently reduction in rsFC was observed between the left nucleus accumbens (NAcc)
and left hippocampus. Over the 15 months of continuous stimulation, rsFC decreased by 72% from baseline.

Conclusions: Long-term LHb-DBS can control symptoms and improve the quality of life in patients with TRBD. This may be
attributed to an increase in fALFF in the putamen, VTA, and SNc, and a reduction in rsFC between the left NAcc and left
hippocampus.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is properly
cited.
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1 | Introduction

Bipolar disorder (BD) is a multifaceted mental health condition
characterized by the cyclical occurrence of depressive, manic,
and mixed episodes, which can be stratified into BD I, BD II,
BD predominantly mixed-episode presentations, or BD with psy-
chotic features. Notably, depression often constitutes the foremost
manifestation of the BD (Nierenberg et al. 2023; Tondo et al.
2017). Pharmacotherapy (Sachs et al. 2011) and psychotherapy
(Swartz and Swanson 2014) serve as primary treatment modalities
for BD. Treatment resistance in bipolar disorder (TRBD) lacks a
universally standardized definition but is often clinically defined
by a failure to achieve sustained remission despite adequate
trials of at least two evidence-based pharmacological classes,
including mood stabilizers (e.g., lithium and valproate) and
second-generation antipsychotics, often in combination with psy-
chotherapy (Sachs 1996; Fountoulakis et al. 2017). This definition
aligns with the rationale for considering advanced interventions,
such as deep brain stimulation (DBS), in severe, refractory cases.
Recently, there has been a shift toward exploring advanced brain
stimulation techniques for the treatment of BD, such as electro-
convulsive therapy, repetitive transcranial magnetic stimulation
(rTMS), transcranial direct current stimulation, magnetic seizure
therapy, vagus nerve stimulation, and DBS (Mutz 2023). DBS has
become an established treatment for patients with a wide variety
of conditions, which include movement disorders, psychiatric
disorders, epilepsy, and pain (Schulder et al. 2023). However,
despite its growing recognition, there is limited empirical evi-
dence delineating target sites for the application of DBS for
BD treatment. The most prominent targets are the subcallosal
cingulate (SCC) (Cha et al. 2024), ventral capsule/ventral striatum
(VC/VS) (Malone et al. 2009), superolateral branch of the medial
forebrain bundle (Schlaepfer et al. 2013), ventral anterior limb
of the internal capsule (VALIC) (Graat et al. 2020), and the
lateral habenula nucleus (LHb) (C. Zhang et al. 2022). The safety
profile and therapeutic efficacy of such DBS targets in BD remain
subjects of ongoing inquiry and debate.

Recent studies have shown that the LHb plays a key role in the
etiology of depression, inhibition of the LHb relieves depressive
symptoms (Yang et al. 2018), and LHb-DBS relieves symptoms
in patients with TRBD (C. Zhang et al. 2022). These findings
offer a clinical precedent for the application of LHb-DBS to
TRBD management. The LHb has emerged as a novel target for
ameliorating neuropsychiatric symptoms; however, the precise
role of the LHb in treating refractory neuropsychiatric conditions
requires further investigation (Abraham et al. 2023).

The LHbD is located in the dorsal thalamus and is an important
link between the forebrain and brain stem monoaminergic nuclei,
moreover, it is the source of the negative reward signal of
dopamine neurons (Matsumoto and Hikosaka 2007). The LHb
plays a key role in encoding negative reward and behavioral
motivation (Hu et al. 2020). Dysregulation in reward processing
is crucial in the pathophysiology of BD (Berk et al. 2007), and
neural abnormalities in reward circuits are associated with BD
vulnerability (Nusslock and Alloy 2017). We used resting-state
functional magnetic resonance imaging (fMRI) of the reward
circuit in patients with TRBD undergoing LHb-DBS. We focused
on the basal ganglia, which includes the putamen, nucleus
accumbens (NAcc), and ventral tegmental area (VTA), all of

FIGURE 1 |
from prior self-injurious behavior. During physical examination, scars
were found to have different lengths of 3-5 cm, which were caused when
the patient was self-disabled.

Photograph of scars on the patient’s right thigh resulting

which are crucial for reward processing (Schultz 2016). Research
has shown alterations in the shape (Hwang et al. 2006), size
(Strakowski et al. 2002), and function (Strakowski et al. 2005)
of the basal ganglia in patients with BD. The putamen, which
is vital for motor control and reward processing, exhibits lower
activation in BD patients during manic states than controls (Chen
et al. 2011). The VTA and substantia nigra pars compacta (SNc),
rich in dopaminergic neurons, are essential for reward processing
and reinforcement learning. DBS targeting the striatum impacts
the VTA and SNc owing to their interconnectedness within the
reward circuit (Stamatakis et al. 2013; Hikosaka 2010). Although
definitive evidence of disrupted connectivity between the NAcc
and hippocampus during manic episodes is lacking, research has
suggested that patients with BD have aberrant functional cou-
pling between the NAcc and various cerebral loci. This disrupted
connectivity may be related to manic symptoms. Indeed, it has
been reported that increased structural connectivity of the NAcc,
correlates with a propensity for hypomania (Damme et al. 2017).

In this paper, we report the long-term efficacy and resting-state
fMRI changes in a patient with TRBD who underwent LHb-DBS.

2 | Methods

2.1 | Patient

This case report details the long-term outcomes of a single patient
with severe TRBD who underwent LHb-DBS. The patient was an
18-year-old woman who had experienced persistent low mood for
over 5 years, which had continuously worsened over the past 3
years. In April 2020, the patient experienced recurrent episodes of
emotional agitation accompanied by self-injurious behavior and
received a dual diagnosis of major depressive disorder and BD.
During subsequent follow-ups, the patient consistently reported
feelings of depression, tension, and anxiety, which resulted in
episodes of uncontrollable weeping and self-harm (Figure 1). She
had been treated with a regimen of medications, which included
psychotropic drugs such as venlafaxine hydrochloride, sodium
valproate, and lorazepam, as well as psychological therapy and
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repetitive TMS. Despite these interventions, the therapeutic
response was poor, and the patient was unable to resume her
normal academic pursuits. In light of these challenges, the patient
sought further treatment and was admitted to our hospital for
inpatient care. Following comprehensive evaluations by two
psychiatrists, the patient was definitively diagnosed with BD
with a concurrent depressive episode. We conducted a series
of psychometric assessments and the patients scored 25 on the
Hamilton Depression Rating Scale (HDRS), 33 on the Hamilton
Anxiety Scale (HAMA), and 25 on Bech-Rafaelsen Melancholia
Scale (BRMS). A detailed physical examination and MRI scan
were performed according to inclusion and exclusion criteria,
and other psychiatric diagnoses were ruled out in accordance
with the Diagnostic and Statistical Manual, Fifth Edition (DSM-5)
(Svenaeus 2014). Upon admission, the patient was on the follow-
ing medications: magnesium valproate sustained-release tablets
1.5 g/day, tandospirone citrate 30 mg/day, and other Chinese
patent medicines. The patient and her family provided informed
consent to participate in the clinical trial, which was approved by
the Ethics Committee of the Chinese People’s Liberation Army
General Hospital (Chinese Clinical Trials 2100045363).

2.2 | Target Coordinates, Surgical Path, and
Surgical Method

We utilized the Leksell stereotactic planning system (Elekta,
Stockholm, Sweden) to fuse the T1- and T2-weighted images,
to design the target and needle track, and obtain the target
coordinates left: x=2,y = -12,z=2;right: x=2,y =-13,z=0.To
ensure the safety of implantation, we avoid the caudate nucleus,
lateral ventricle, precentral gyrus, pyramidal tract, and cortical
and thalamic vessels. The surgical path design and detailed
surgical methods have been reported previously (Cui et al. 2023).

2.3 | Programming Control, Efficacy Evaluation,
and Follow-Up

The patient underwent outpatient programming control 1 month
after surgery, head computed tomography was reviewed before
startup, and the fused images were compared with preoperative
MRI images to determine the accuracy of the electrode position
(Figure 2). Stimulation parameters were based on the unipolar
test results, and the patient themselves feedback themselves.
The pulse width was 90 ps, the frequency was 160 Hz, and
the bilateral voltage was 1.5-3.0 V. The subsequent parameters
were optimized according to the patient’s symptoms (Table 1).
We used the following scales to assess postoperative symp-
toms: the HDRS-17 (Hamilton 1960) (symptom improvement
criterion: 25%-49% improvement = improvement; 50% improve-
ment = response; a score of 8 = remission), BRMS (Bech
2002), HAMA (Hamilton 1959), Montgomery Depression Scale
(MADRS) (Montgomery and Asberg 1979), Quick Inventory of
Depressive Symptomatology-Self-Rated (QIDS-SR) (Rush et al.
2003), and Pittsburgh Sleep Quality Scale (PSQI) (Buysse et al.
1989). The improvement rate of the above scales was measured
using to the following formula: improvement rate = (preoperative
score — postoperative score) / preoperative score X 100%.

FIGURE 2 | Achieved electrode positions in the lateral habenula
nucleus (LHb). Fusion of postoperative CT (electrode artifacts white dots)
with preoperative functional MRI. The Hb is visible (with the intersection
of the white dotted line indicating the center of the left Hb) in 3D Ti-
weighted MR images. (A) Axial; (B) coronal; (C) whole-brain imaging;
(D) sagittal.

2.4 | MRI Acquisition

Similar to our previous reported, during the DBS shutdown
state both preoperative baseline and postoperative structural and
fMRI images at 0.6 and 15-month follow-ups were acquired on
a 3.0 Tesla Prisma (Siemens, Erlangen, Germany) MRI scanner
equipped with a 64-channel head coil. The patient underwent a
preoperative baseline scan with structural MRI and six resting-
state fMRI runs, and postoperative scans with structural MRI,
three fMRI runs without stimulation, and three fMRI runs with
stimulation, respectively. There was a 30-min wash-out period
before each DBS-off acquisition. Structural images were acquired
using a sagittal magnetization-prepared rapid gradient echo T1-
weighted sequence (0.7 mm isotropic resolution, field of view
[FOV] = 224, FOV phase = 100%, slice thickness = 0.7 mm,
repetition time [TR] = 2200 ms, echo time [TE] = 2.48 ms, and
flip angle = 8°). Functional images were acquired using an echo-
planar imaging sequence (voxel size = 3.0 X 3.0 X 3.0 mm, FOV =
216, FOV phase = 100%, slice thickness = 3.0 mm, TR = 3000 ms,
TE = 30 ms, and flip angle = 85°).

2.4.1 | Resting-State fMRI Data Preprocessing

We conducted preprocessing of the fMRI data using the CONN
toolbox (22.a) (RRID: SCR_009550) (Whitfield-Gabrieli 2012) in
conjunction with customized MATLAB R2021B (The Mathworks,
Natick, MA, USA) scripts. The preprocessing pipeline comprised
slice timing correction, head motion realignment, coregistration
of structural and functional images, and spatial normalization
to the standard Montreal Neurological Institute space with voxel
size resampled to 3 x 3 x 3 mm?. Spatial smoothing was applied
using a Gaussian kernel with a full-width-half-maximum of
4 x 4 x 4mm?>. Nuisance regression was performed to remove
motion artifacts and physiological noise, which involved regres-
sion of the Friston 24 motion parameters and signals from white
matter and cerebrospinal fluid (Friston et al. 1996), as well as the
removal of linear trends.
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2.4.2 | Fractional Amplitude of Low-Frequency
Fluctuations (FALFF) and Resting-State Functional
Connectivity (rsFC) Calculation

Regions of interest (ROIs) related to reward circuits were defined
using the Anatomical Atlas Labeling version 3 (AAL3) atlas
(https://www.oxcns.org/aal3.html), ROIs were bilateral medial
and lateral orbital gyri, bilateral putamen, bilateral NAcc, VTA,
SNc, and raphe nuclei. The fALFF of each ROI was computed by
averaging voxel-wise fALFF values within the region at baseline,
Months 0, 6, and 15. The computation off ALFF values was
conducted using the DPABI V7.0 230110 software (http://rfmri.
org/dpabi) (Yan et al. 2016). The time series for each voxel was
transformed using the Fast Fourier Transform to obtain the power
spectrum followed by the calculation of the square root of the
power spectrum at each frequency. The fALFF value for each
voxel was derived by computing the ratio of the power spectrum
within a predefined frequency band (i.e. 0.01-0.10 Hz) to that of
the entire frequency range (0-0.167Hz).

The rsFC analysis was conducted using the DPABI V7.0 230110
software (http://rfmri.org/dpabi) (Yan et al. 2016). We extracted
the time courses of each ROI by averaging the time courses
of all voxels within each ROI. Pearson’s correlation coefficients
were computed between every pair of ROIs and subsequently
converted into Z-scores using Fisher’s z transformation. Graphs
were produced using BrainNet Viewer (Xia et al. 2013) and
GraphPad PRISM 8.0 (GraphPad Software, Inc, CA).

3 | Results

3.1 | Postoperative Efficacy of LHb-DBS

Following a comprehensive 24-months postoperative follow-up
period, substantial improvement was observed across a wide
range of psychiatric manifestations, including depression, anx-
iety, and mania. This improvement translated into a marked
enhancement in the patient’s individual’s quality of life. The
HDRS-17 score showed a mean improvement of 65.33% from
the baseline scores. Symptoms of anxiety decreased considerably,
alongside concomitant elevations in both quality of life and
sleep quality. The MADRS and QIDS-SR scores showed mean
improvement rates of 66.01% and 36.02%, respectively; at the
final follow-up, the improvements were 94.12% and 78.95%,
respectively. Similarly, the HAMA score showed mean and final
follow-up improvement rates of 63.30% and 84.85%, respectively.
The PSQI score showed a mean improvement of 48.72% and a final
follow-up improvement rate of 69.23% (Table 1).

The BRMS scores improvement on average by 54.90% over the
24-month postoperative period, which culminated in a final
follow-up improvement rate of 88.24%. The patient’s mother
had recounted that during periods of acute distress, the patient
would lock herself in her room, occasionally erupt into fits of
rage accompanied by vehement verbal outbursts toward family
members, and engage in self-harm that left numerous scars mea-
suring 3-5 cm on the patient’s forearms and shins. However, after
the 24-month postoperative follow-up, there had been a marked
discernible reduction in manic and depressive episodes, with no
further instances of self-injurious behavior. The patient reported

Putamen
O VTA
O SNe

FIGURE 3 | Chronic stimulation induced rsFC changes of the puta-
men, VTA, and SNc during baseline to 15 months. (A) The location of
putamen; (B) the location of VTA; (C) the location of SNc; (D) individual
data showed that the fALFF of putamen, VTA, and SNc increased at 15
months when DBS was off.

a greater sense of control over these emotional fluctuations
and expressed satisfaction with the surgical outcome. Following
the administration of LHb-DBS therapy, the patient exhibited
effective management of depressive symptoms, with progressive
improvement in overall health status. This enabled the patient
to reintegrate into academic life, which led to a successful
transition into higher education following the national college
entrance examination. The patient reported notable improve-
ment in concentration and interpersonal interactions compared
with those before the surgery. Importantly, the commencement
of stimulation did not provoke any adverse sequelae commonly
linked to neurosurgical interventions or long-term stimulatory
protocols. Apart from a fleeting episode of vertigo upon initial
stimulation, which abated following subsequent to meticulous
parameter adjustment, there were no complications during the
perioperative period.

3.2 | fMRI Outcomes

We examined fALFF within the predefined ROIs at baseline,
Months 0, 6, and 12 when DBS was turned off. Although
fluctuations were observed at various time points, we found an
increase in fALFF in the putamen, VTA, and SNc over the 15
months of continuous bilateral LHb-DBS (Figure 3). Specifically,
fALFF in the putamen, VTA, and SNc increased by 1.68%, 6.36%,
1.10% from baseline, when DBS was turn off at month 15.

A consistently reduction rsFC was observed between the left
NAcc and left hippocampus from preoperative baseline to 15
months during which DBS was turned off at all time points (0
months, 6 months, and 15 months). Specifically, rsFC Z-scores
between the left NAcc and left hippocampus were 0.72 at baseline,
0.52 at Month 0, 0.47 at Month 6, and 0.12 at Month 15. The rsFC of
left NAcc-left hippocampus showed a 72% decrease from baseline
to 15 months of continuous stimulation (Figure 4).

4 | Discussion

The management of TRBD remains a significant clinical chal-
lenge, as conventional treatments often yield suboptimal out-
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FIGURE 4 | Chronic stimulation induced rsFC changes of the left
NAcc-left hippocampus during baseline to 15 months. (A) The rsFC of left
NAcc-left hippocampus; (B) individual data showed consistent decreases
in the rsFC of left NAcc-left hippocampus from baseline to 15 months
when DBS was off.

comes in a subset of severely ill patients (McIntyre et al. 2020).
In this case report, we observed that long-term bilateral LHb-
DBS was associated with substantial and sustained improvements
in depressive, anxious, and manic symptoms, as well as sleep
quality, in a patient with severe TRBD. Furthermore, resting-state
fMRI revealed potential neuroplastic changes within the reward
circuit accompanying these clinical benefits.

4.1 | Depression Symptoms, Anxiety Symptoms,
and Sleep Quality Following LHb-DBS

In a pioneering study examining the utility of SCC-DBS for
treatment-resistant depression (TRD), a cohort of unipolar
depression (n = 10) and BD (n = 7) patients were subjected to an
open-label, chronic stimulation intervention protocol (monopo-
lar stimulation, frequency = 130 Hz, pulse width =91 ps, current =
6 mA) initiated 1 month postoperatively. A striking 50% reduction
in HDRS-17 scores was achieved for all 17 patients after 6 months
of uninterrupted stimulation (Cha et al. 2024). Similarly, our
patient exhibited a 44% decline in HDRS-17 scores over the
same period, which is consistent with the therapeutic gains
reported previously. These findings substantiate the consistent
effectiveness of SCC-DBS in alleviating depressive symptoms in
BD patients. It is worth noting that our initial approach involved
synchronous bilateral stimulation (frequency = 160 Hz, pulse
width = 90 ps).

Besides, revealed progressive reductions in HDRS-17 scores at
24 weeks (n = 17), 1 year (n = 14), and 2 years (n = 12),
averaging 43.6%, 43.0%, and 70.1% from baseline, respectively
(Cha et al. 2024). In contrast, we observed recorded escalating
improvement rates of HDRS-17 score of 44.0% at 6 months, 88.0%
at 12 months, and 96.0% at 24 months, which indicates superior
long-term efficacy of LHb-DBS over SCC-DBS for the treatment
of BD. Another LHb-DBS study targeting TRD that involved six
BD patients and one TRD patient, yielded fluctuating HDRS-17
improvement rates of 49% at 1 month (n = 7), 56% at 3 months (n =
5), 46% at 6 months (n =5), and 64% at 12 months (n = 3) (C. Zhang
et al. 2022). Our patient mirrored this pattern with HDRS-17 score
improvements rates of 8%, 60%, 44%, and 88% at corresponding

intervals, which demonstrates similar amelioration of depressive
symptoms.

Regarding anxiety symptoms, the aforementioned study noted
enhancements of 49%, 61%, 48%, and 70% at 1, 3, 6, and 12 months,
whereas our patients demonstrated more modest short-term
gains of 12.12%, 39.39%, and 30.30% at 1, 3, and 6 months, respec-
tively (C. Zhang et al. 2022). Nonetheless, long-term improvement
rates surged to 81.82% at 12 months, which surpassed the findings
of previous reports. This suggests that LHb-DBS offers delayed yet
favorable outcomes for BD-related anxiety.

In terms of sleep quality, previous studies exhibited improvement
rates of 42% versus 53.85%, 30% versus 30.77%, 28% versus 53.85%,
and 28% versus 84.62% at 1, 3, 6, and 12 months, respectively (C.
Zhang et al. 2022). Our cohort marginally outperformed the first
study in terms of overall improvement in sleep quality. However,
the limited sample size did not allow statistical validation,
and individual variability must be considered. Nevertheless, our
observations support current evidence endorsing LHb-DBS as a
modality for treating depression, anxiety, and sleep disturbances
in patients with BD.

Zhang et al. reported in their case study on LHb-DBS in a BD
patient that high-frequency stimulation (3 V, 120 us, 130 Hz)
effectively alleviated depressive symptoms. Furthermore, sub-
sequent adjustment to low-frequency stimulation (2 V, 60 ps,
60 Hz) 3 months later led to better control of depression and
concurrent improvement in sleep quality (C. Zhang et al. 2019).
These findings suggest that low-frequency Hb-DBS may offer
comparable therapeutic benefits for patients with BD. However,
without explicit reporting of improvement rates, it is not possible
to perform comparative analyses. Future investigations with
larger samples are needed to rigorously compare the efficacy of
low- and high-frequency LHb-DBS protocols for treating BD.

4.2 | Mania Symptoms Following LHb-DBS

The patient displayed marked improvement in manic symptoms.
This improvement was characterized by increased emotional
equilibrium and a pronounced reduction in the irritability and the
incidence of manic episodes. This was accompanied by enhanced
emotional self-regulation, circumventing the symptom intensi-
fication frequently observed upon DBS initiation. Torres et al.
(2017) demonstrated the successful amelioration of depressive
symptoms in BD-I patients using CG24/25-DBS without exac-
erbating hypomania symptoms. Furthermore, three additional
studies, involving a total of nine BD-II patients, reported that
DBS efficiently curtailed depressive symptoms, and only one
patient exhibited the emergence of hypomania. Upon cessation
of stimulation, the hypomanic symptoms abated entirely, which
demonstrated that DBS is a safe and efficacious treatment for
BD that does not exacerbate hypomanic symptoms (Malone et al.
2009; Schlaepfer et al. 2013; Holtzheimer et al. 2012).

In a vALIC-DBS study (n = 5), four patients experienced transient
hypomanic exacerbations, which resolved after the adjustment
of stimulation parameters and pharmacotherapy. Notably, no
significant alterations in Young Mania Rating Scale scores were
observed (Graat et al. 2020). In a study investigating the applica-
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tion of LHb-DBS to the treatment of TRD (n =1) and BD (n = 6),
three BD patients exhibited substantial symptomatic remission
12 months after the intervention, which corresponded to a 100%
improvement rate (C. Zhang et al. 2022). In contrast, our patient
achieved a 47.06% improvement rate at the 12-month follow-
up and an 88.24% improvement at the 24-month follow-up on
the Bipolar Mania Rating Scale, which parallels the favorable
outcomes reported in previous studies. Taken together, these
observations underscore the efficacy of LHb-DBS in mitigating
the manic symptoms of BD. The choice of an invasive procedure
like DBS over noninvasive techniques such as rTMS warrants
discussion. While rTMS is a valuable, well-tolerated treatment
for depressive episodes in BD, its efficacy in the most severe,
chronic, and multi-episodic forms of TRBD can be limited and
often transient (Nguyen et al. 2021). In this case, the patient
had exhausted multiple pharmacological regimens, psychother-
apy, and a trial of rTMS without sustained benefit, rendering
her condition profoundly treatment-resistant. The rationale for
opting for LHb-DBS was based on its potential for continuous,
high-precision modulation of a deep brain circuit implicated
in the pathophysiology of BD, which is not directly accessible
with noninvasive methods (C. Zhang et al. 2022; Sartorius and
Henn 2007). The habenula is a key node in the reward and
monoamine systems, and its dysregulation is strongly linked to
depressive phenotypes, making it a rationally compelling target
for neuromodulation (Abraham et al. 2023; Germann et al. 2021).
This potential for sustained efficacy must be balanced against the
inherent risks of neurosurgery (e.g., hemorrhage and infection)
and hardware-related complications (Rabins et al. 2009). For
this patient, after extensive multidisciplinary evaluation and
informed consent, the potential benefits of achieving long-term
stability and functional recovery were deemed to outweigh the
risks.

4.3 | Changes in fALFF Following LHb-DBS
Previous research has consistently highlighted that abnormalities
in the reward processing circuity are a core feature of BD patho-
physiology (Johnson et al. 2012; Alloy et al. 2015). In addition,
emerging evidence has suggested that individuals at risk for BD
exhibit abnormalities in reward-related brain function (Nusslock
et al. 2014). Therefore, we focused specifically on regions within
the reward circuit.

The fALFF score is a sensitive indicator of resting-state brain
activity (K. Zhang et al. 2017). Previous studies have reported
abnormal functional activation in the limbic system of BD
patients (Townsend and Altshuler 2012; Ahmed et al. 2023).
Recent research using LHb-DBS in rat models of depression
has highlighted the crucial role of limbic and monoaminergic
system activation in the induction of rapid antidepressant effects
(Li et al. 2023). Monoaminergic systems, involving dopamine
(DA), serotonin (5-HT), noradrenaline (NA), and histamine, are
involved in virtually all cerebral functions (Di Giovanni et al.
2016). These systems include dopaminergic neurons in the VTA
and SNc (Di Giovanni et al. 2016). A core feature of BD is the
vulnerability toward switching between low (depression) and
high activity (mania) (Young and Dulcis 2015). The midbrain DA
cell system, which consists of two major groups of projection
cells in the substantia nigra and VTA (Grison et al. 2014), may

exhibit instability in activity regulation (Loonen et al. 2017). A
mouse model of mania showed that normalizing DA activity in
the VTA can reverse anxiety-related behaviors (Coque et al. 2011).
Although few studies have focused specifically on the SNc in BD,
normalization of SNc activity, an area predominantly composed
of densely packed dopaminergic neurons (Carmichael et al. 2021),
may be associated with symptom relief. The putamen, which
is part of the basal nuclei involved in limbic system functions
(Lanciego et al. 2012), is less active in BD patients than in controls
(Chen et al. 2011). Our results reveal that chronic LHb-DBS
increases the activation of key regions such as the putamen, SNc,
and VTA. This suggests that high-frequency LHb-DBS in BD
patients enhances brain activity within the reward system, and
normalizes activity in the putamen, VTA, and SNc, which leads
to symptom improvement.

4.4 | Changes in rsFC Following LHb-DBS

The NAcc plays a central role within the reward network
(Whittaker et al. 2018), and its intrinsic connectivity with the hip-
pocampus is well-documented (Lisman et al. 2011; Shohamy and
Adcock 2010). Previous studies have linked heightened structural
connectivity of the NAcc with a propensity for hypomania, which
suggests that increased connectivity of the NAcc predict manic
tendencies in BD (Damme et al. 2017). We found a consistent
decrease in rsFC between the left NAcc and the left hippocampus
following stimulation. This decline may indicate mitigation of
excessive activation after 15 months of stimulation. The reduced
connectivity may have contributed to the improvement manic
symptoms. Specifically, the changes in fALFF and rsFC from
baseline with DBS off to 15 months may reflect the neuroplastic
changes due to 15 months of LHb-DBS.

The application of LHb-DBS to the treatment of TRBD represents
a novel therapeutic approach with numerous advantages. First,
this technique is recognized for its inherent safety and reversibil-
ity, which enables the modulation of patient symptomatology via
fine adjustments of stimulation parameters. Such refinements
enable the effective management of mood fluctuations and the
concomitant enhancement of quality of life. Second, LHb-DBS
induces minimal adverse effects in patients, while avoiding the
side effects of pharmacological interventions. Finally, LHb-DBS
offers a superior long-term prognosis, with the potential to
significantly elevate the quality of life of individuals with TRBD.

5 | Limitations

Our research has certain limitations. First, the single-case design
and the lack of a control experiment limit the generalizability of
our findings and may render our results susceptible to bias. Sec-
ond, the patient remained on a stable regimen of mood stabilizers
throughout the study. While this consistency allows for observing
the added effect of DBS, it remains a potential confound, making
it challenging to absolutely isolate the effects of DBS from those of
concurrent pharmacotherapy. Future studies with larger samples
and designed medication tapers would be valuable to address this.
We aim to improve and refine our experimental design in future
studies.
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6 | Conclusions

In our study, we found that long-term LHb-DBS can control
symptoms and improve the quality of life of patients with TRBD.
The mechanism underlying the therapeutic effect may be an
increase in fALFF in the putamen, VTA, and SNc, and a reduction
in rsFC between the left NAcc and left hippocampus.
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