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Abstract 

Introduction: Individuals with treatment resistant depression (TRD) are those with severe major depressive disorder who 

fail to respond to conventional pharmacological treatment. As a result, novel technologies in the field of neuromodulation 

have been investigated to alleviate depressive symptoms in this population. One such neuromodulation therapy is deep brain 

stimulation (DBS), in which electrodes are neurosurgically implanted into target regions of the brain associated with 

depression, such as the subgenual anterior cingulate cortex (sgACC). While previous studies have explored the use of DBS as 

a therapy for TRD, few studies with adequate statistical power have explored the sustained antidepressant effects of DBS 

when targeting the sgACC of the brain. 

Methods: This study aims to explore the long-term effects in DBS patients for TRD by measuring changes in cerebral blood 

flow and cerebral metabolic rate in the sgACC, and its correlation to changes in self-reported depressive symptoms. Forty-

five participants will be enlisted into this study. Psychometric evaluation and positron-emission topography imaging will be 

conducted prior to neurosurgery. Electrodes will be implanted into the sgACC, with extension wires attaching the electrodes 

to the internal pulse generator. In the six-week blinded phase, progressive increases in stimulation will be administered 

within the blinded group and sham stimulation in controls. The three-month open label phase will administer the same degree 

of high-frequency biphasic stimulation to the control and blinded groups and assess depression scores, neuroimaging, and 

adverse events. After cessation of active stimulation, a one-year, three-year, seven-year, and ten-year follow-up will monitor 

changes in antidepressant effects of DBS using simple linear contrasts and paired-sample t-tests. 

Expected Results: This study expects to find a sustained antidepressant response marked by decreases in sgACC metabolism 

and cerebral blood flow, and a reduction in self-report depression scores. 

Discussion: The use of DBS shows promise as a successful treatment intervention with sustained long-term effects for 

individuals with TRD. Additional secondary outcomes to be expected are improved quality of life and health behaviours. 

Conclusion: Though minor fluctuations are expected due to the presence of comorbidities, this study expects to showcase the 

long-term efficacy of deep brain stimulation for treatment resistant depression. 
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Introduction 

Major depressive disorder (MDD) is a multifactorial 

psychiatric condition involved with significant functional 

impairment to psychosocial outcomes and quality of life 

(QoL). It is marked by its primary symptom of anhedonia 

(reduced hedonic capacity), however, the range of cognitive 

(impaired memory, slowed thinking and motor movements, 

difficulty concentrating, poor decision making or 

prioritization), mood (sadness, apathy, low self-esteem, 

diminished confidence, guilt or worthlessness, suicidal 

ideation), and physical symptoms (lethargy, decreased 

activity, difficulty sleeping or insomnia, fatigue, disrupted 

sleep patterns, agitation or restlessness, weight loss, anorexia, 

low libido) experienced within MDD can vary between 

individuals [1,2]. The average lifetime prevalence of MDD is 

12% globally; this rate is doubled in women compared to men 

due to the differences in hormonal and childbirth effects, 

psychosocial stressors, and behavioural models of learned 

helplessness [3]. These poor outcomes are exacerbated with 

limited clinical resources, resulting in economic and social 

burdens. As a result, MDD acts as the global leading cause of 

disability and ranks third in the global burden of disease [4]. 

Extensive clinical research has been aimed to 

designing effective treatments for this condition [3]. 

Conventional methods of care for MDD involve 

pharmaceutical interventions and cognitive-behavioural 

therapy. Antidepressants such as selective serotonin 

reuptake inhibitors (SSRIs) and tricyclic antidepressants 

(TCAs) are considered the first line of care when a 

patient is newly diagnosed with MDD [3]. However, up 
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to 30% of individuals fail to respond to these 

conventional treatment methods [5]. When this occurs, 

the individual’s MDD diagnosis is referred to as 

treatment resistant depression (TRD). 

TRD is a common phenomenon observed within 

individuals diagnosed with MDD in which standard-dose 

pharmaceutical care, psychiatric care, and other conventional 

forms of treatment illicit unsuccessful responses from the 

individuals [6]. Despite the lack of a standardized definition 

for TRD criteria within the medical community, it acts a 

major contributor to the global burden of disease for MDD. 

Its high burden is attributed to its rampant prevalence, early 

symptom onset — predominantly during late adolescents — 

inadequate or undertreatment, high exposure to hereditary 

and environmental stressors, with severe underdiagnoses and 

a lack of prioritisation of prevention strategies for relapse 

despite a high frequency [7]. Furthermore, in the United 

States alone, it was estimated in the year 2020 that TRD 

represented the total annual burden of medicated-treated 

MDD at 47.2% despite its unsuccessfulness, which 

contributes to the high burden of health care (56.6%; $25.8 

billion USD), unemployment burden (47.7%; $8.7 billion 

USD), and productivity burden (32.2%; $9.3 billion USD). 

The extensive healthcare and economic costs of TRD 

reinforce the need for effective treatment measures that do 

not exacerbate burden of disease for these individuals, both 

financially and physiologically [8]. 

Neuromodulation is a novel therapeutic intervention 

being investigated for the use of treating TRD, in which 

individuals receive electrical stimulation to influence 

depolarization and hyperpolarization of neurons using low-

electrical voltages on localized areas of the brain to 

overcome electrical imbalances of neurological activity [9]. 

While previous research has highlighted the success of 

neuromodulatory therapies in treating movement-based 

disorder (tremors, Parkinson’s disease), little research has 

explored its usage in neurological disorders and specifically 

treatment-resistant psychiatric disorders. Different 

neuromodulation therapies include transcranial direct 

current stimulation (tDCS) which is a non-invasive 

technique typically used for schizophrenia, addiction, 

depression [10-12]; transcranial magnetic stimulation 

(TMS), a non-invasive technique for medication refractory 

depression, schizophrenia, stroke rehabilitation [13,14]; 

electroconvulsive therapy (ECT), a neurosurgical procedure 

that initiates a brief seizure using electrical currents through 

the brain, and typically used to treat conditions such as 

catatonia, agitation and aggression in dementia, 

schizophrenia, and epilepsy [15-18]; and deep brain 

stimulation (DBS). 

Deep brain stimulation (DBS) is a neurosurgical 

procedure in which electrodes (“leads”) are implanted into 

targeted brain regions which are stimulated using low-

electrical voltages to manipulate neuronal activity. This 

procedure is reserved for treating a variety of neurological 

conditions such as Parkinson’s disease and tremors, or 

treatment-resistant psychiatric disorders, such as obsessive-

compulsive disorder (OCD) and major depressive disorder 

(MDD). Unlike other neuromodulation techniques, such as 

ECT, which has been associated with persistent memory 

and other cognitive deficits, adverse events in DBS have 

been demonstrated to be both rare and transient [19-21]. 

Luo and colleagues’ investigation on the usage of DBS in 

resolving TRD through specific regional targeting in rat 

models is one example from the limited studies that explore 

the usage of DBS for TRD [22]. While studies involving 

DBS to human in vitro brain splices [23] and rodent pre-

clinical studies have been extensively explored, in vivo 

human studies in the efficacy of utilizing DBS specifically 

in the treatment of TRD is lacking. The purpose of this 

research is to determine the potency of DBS in treating 

TRD in humans. 

Previous neuropathological studies involving 18F-

fluorodeoxy-D-glucose Positron Emission Tomography 

(18F-FDG PET) scans were used to determine the status of 

brain metabolism changes in neuropsychiatric conditions. 

In a study conducted by Bak and colleagues, 18F-FDG PET 

(BiographmCT 128 scanner) was used 60 minutes after 

injecting patients with 185 mBq of 18F-FDG intravenously 

[24]. Each scan was conducted from the vertex to the skull 

for 10 minutes, and imaging was reconstructed using 

iterative reconstructive algorithms with attenuated 

correction to visualize brain metabolism. The results of 

these scans indicated a decrease in dorsomedial prefrontal 

cortex (PFC) and dorsal-anterolateral PFC activity by 

assessing the cerebral metabolic rate (CMR) of glucose in 

depressive patients [24]. A particular region of interest was 

the posterior subgenual anterior cingulate cortex (sgACC) 

of the ventromedial PFC, typically referred to as Brodmann 

area 25. The sgACC is one of the most interconnected 

components of the amygdala-ACC network, with its 

primary role pertaining to regulating emotional arousal and 

autonomic states [25]. The executive functions of the 

sgACC area are considered top-down and often described 

as “hot” executive functions due to their pertinence towards 

emotional processing (fear, emotional regulation, 

gratification, reward and punishment) [26]. Previous studies 

investigating the role of the sgACC in mood disorders 

found the mean grey matter volume of this region was 

reduced and the cerebral metabolic rate was increased 

compared to neighbouring regions of the PFC [27,28]. This 

region also displayed the largest difference in cerebral 

blood flow. The difference observed was visualized using a 

5 mm FWHM camera for magnitude of variance and 

displayed a decrease in normalized metabolism [24]. 

Associated depressive symptoms have been associated with 

the increased cerebral blood flow (CBF) of the sgACC, 

despite the overall hypometabolism of the neocortex. This 

increased CBF has been theorized to be the cause of the 

maladaptive emotional regulation seen in MDD and TRD, 

with traditionally successful antidepressant effects resulting 

in an increased CMR of the neocortex and decrease CBF of 
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the sgACC area [27,29]. Thus, targeting the sgACC area 

allows researchers to quantify the efficacy of DBS for 

treating TRD by measuring the changes in CBF within the 

sgACC and CMR of the neocortex. 

Targeting subcortical white matter has been shown to 

produce better clinical outcomes within animal studies 

involving rodents and infralimbic (IL) cortex-targeted DBS. 

The IL cortex is considered homologous to the posterior 

sgACC in human brains both structurally and functionally 

[30]. The IL cortex has been seen to project to the same 

cortical and subcortical areas as the sgACC, relating to 

emotion, visceromotor control, and memory [31,32]. 

Therefore, the applicability of rodent-designed studies 

offers a promising recourse of utilizing the sgACC area to 

target TRD in human studies. Luo & Kiss’s research in 

positron electrode neuromodulation in the IL white matter 

recorded rapid long-lasting effects resulting in plastic 

changes in the layer-5 pyramidal neurons [33]. If the 

findings of this research can be applied to the human 

homologue of the IL, this means DBS stimulation can result 

in potentially long-lasting antidepressant effects by 

inducing neuroplasticity in individuals with TRD. Human 

studies targeting the sgACC white matter should undergo 

neuroimaging prior to electrical stimulation and use 18-F-

FDG PET scans to observe changes in CMR and CBF over 

the course of treatment. 

Currently, there is a gap in longitudinal studies with 

adequate sample power to confidently draw associations 

between DBS treatment in effective long-term clinical 

outcomes in patients with TRD. Though previous studies 

exist that follow DBS patients naturalistically over the 

course of 3-9 years [34], these studies rather pertain to 

different targeted regions of the brain, such as the ventral 

anterior limb of internal capsule (vALIC), superolateral 

medial forebrain bundle (MFB), and the nucleus accumbens 

(nACC) [30,34,35], to smaller sample sizes, or to smaller 

follow-up times [36-38]. This study aims to bridge this gap 

by offering clinical evidence over a longitudinal period of 

time to measure the effectiveness of sgACC-targeted DBS 

treatment in relieving depressive symptoms and providing 

long-term antidepressant effects in individuals with TRD. 

This will be achieved through restimulation of sgACC 

neurons and subsequently normalizing abnormal CMR and 

CBF in depressive patients. 

 

Primary Outcome 

The primary outcome of this study is to observe a 

percentage change improvement in the Hamilton 

Depression Rating Scale (HDRS-17) compared to baseline 

results and increased CMR within the sgACC region. 

Baseline HDRS-17 is characterized by the screening score 

obtained 4 weeks prior to DBS surgery. CMR baseline 

refers to the mean CMR as visualized using 18-F-FDG-PET 

scanning 4 weeks prior to DBS surgery. Baseline HDRS-17 

scores should be a minimum of 18 to meet the eligibility 

criteria. 

Methods 

Participants 

Patients will be recruited through clinical referrals 

detailing previous TRD intervention attempts, patient 

registries, as well as through advertisements in relevant 

community message boards. Patients will be invited to the 

study if they meet the following inclusion criteria: exhibit a 

minimum of four symptoms of major depression according 

to the DSM-V, are currently experiencing a depressive 

episode for at least 12 months, have a maximum Global 

Assessment Functioning of 50, have an HDRS-17 score of 

at least 18, have undergone a minimum of four 4-week 

courses of pharmacological treatment with little-to-no 

improvement (exhibiting symptoms of moderate depression 

after treatment course), are capable of undergoing 

neurosurgical treatment involving general anesthesia, MRI, 

and PET scans, and are between the ages of 20-65 years. 

Although DBS surgery does not have an absolute age 

range, this demographic was selected as treatment efficacy 

was reported to be lower in patients above the age of 65 

years old [39]. Patients below the age of 20, or who have 

experienced alleviation of depression symptoms with 

pharmacological intervention, have a history of angina, 

coronary vascular disease, hypertension, diabetes, and/or 

increased risk of perioperative complications will be 

excluded from the study. Signed informed consent will be 

obtained from each patient prior to data collection. 

 

Sample Size 

A double-blind, sham-controlled study of 45 patients 

with TRD will be included in the study and given DBS 

treatment to the white matter of the sgACC region of the 

cortex. This sample size was calculated using the standard 

deviation of sgACC CMR in patients with MDD (SD = 8.5) 

using previous experimental evidence within literature [40] 

and the calculated Z score with a significance level of a = 

0.05. The effect size of this experiment was calculated as 

0.588, thus the sample size for adequate study power 

requires a minimum of 45 participants. 

 

Measures and Procedure 

Recruited participants will undergo pre-operative 

screening by a trained research coordinator and a licensed 

psychiatrist for eligibility criteria (see Appendix 1.0). 

Informed consent will be obtained once participants have 

been deemed eligible for this experiment. The study will be 

divided into two phases: the blinded phase and the open 

label phase. The blinded phase will occur 8 weeks post-

operation for a duration of 12 weeks, in which participants 

in the sham group will have their stimulators turned off 

(receiving no electrical transmissions) and participants in 

the case group will have their stimulators turned on 

(receiving electrical stimulation). Participants will be 

blinded to the status of their stimulators, as a means to 

ameliorate potential participant biases in DBS therapy 
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efficacy [31]. The distribution of the sham and case group 

will be randomized in a 1:1 ratio. 

The open-label phase will occur for a duration of 8-

weeks (week 12 to week 20, post-operative), in which DBS 

treatment will be administered to participants. Participants 

will visit the clinic to receive electrical stimulation. Short 

term immediate effects of the stimulation will be recorded 

quantitatively, using CMR levels, fMRI/PET brain activity 

measured with 18F-FDG biomarkers, and changes in the 

psychiatric depression rating scale scores (see Appendix 

1.0). Long-term observations will be collected at the end of 

the treatment course for comparison of data. Additionally, a 

one-year, three-year, and ten-year follow-up will be used to 

analyze the efficacy of DBS for long-term antidepressant 

clinical outcomes. To prevent participants from discovering 

blinding status through sensations associated with electrical 

stimulation, non-contact voltage testing should be used to 

administer the charges [41]. 

 

Psychometric Evaluation (Appendix 1.0) 

A full diagnostic evaluation will be conducted with 

each patient with a licensed psychologist leading 

evaluation. Researchers will observe scores after all tests 

results have been collected to assess each patient’s level of 

severity of depression, alongside note for any existing 

comorbidities to consider when analyzing the results of this 

study. The Minnesota Multiphasic Personality Inventory 2nd 

edition (MMPI-II) [42], Raskin Depression Rating Score 

(RDRS) [43], and Hamilton Depression Rating Scale 

(HDRS-17) [44] will be used for psychological evaluation. 

Patients with scores greater than 18 on the HDRS-17, 

greater than 8 on the RDRS, and a T-score greater than 70 

on the depression (D-) category of the MMPI-II test will be 

included in the study. T-scores greater than 70 are 

considered statistically significant and therefore indicative 

of active depressive symptoms within participants [45]. 

 

Neuroimaging 

Procedures relating to neurological imaging were 

designed in reference to previous similar studies [24,28]. 

Prior to DBS therapy, neurological imaging will be 

conducted for a post-assessment comparison of changes in 

CMR. An 18F-FDG-PET scanner will be used to collect low 

resolution images (full width, half maximum 17mm 

imaging) in the region of interest, i.e., the sgACC of the 

prefrontal cortex. Prior to 18F-FDG-PET scanning, patients 

will be required to fast for 6 hours. Blood glucose levels 

should be stabilized for 30 minutes at <150.0 mg/dl prior to 

injecting 185 mBQ of 18-F-FDG intravenously to allow for 

uptake into circulation. Scans will occur for 10 minutes 

from the vertex of the skull to the base. After all scans are 

completely, iterative reconstruction will allow for 

visualization of CMR in localized brain regions. CMR will 

be measured per voxel and calculated by dividing each 

voxel to the local variance. Pre-operative CMR mean scores 

will be recorded for statistical comparison post-operatively. 

Neurosurgical Procedure 

The neurosurgical procedures preceding DBS 

treatment will be divided into two stages: stage 1 will 

consist of mapping electrode trajectories and inserted, 

whereas stage 2 will implant the pulse generator and 

extension wires. These procedures are designed in reference 

to previous neurosurgical procedures of DBS [28,46]. Stage 

1 of the neurosurgical DBS procedure involves 

implantation of the electrodes into the targeted sgACC 

region of the brain. Patients will undergo surgery whilst 

conscious and under general anesthesia. The procedure will 

begin by fixing a Leksell stereotactic to the patient’s head 

to utilize in a frameless stereotactic neuronavigational 

system. Five bone marker screws, MRI, and CT scans will 

be used to map out the best electrode trajectory for 

stimulation to the sgACC [46]. 

Once the stereotactic has been established, the patient’s 

head will be clipped in preparation for the surgery, 

disinfected with betadine solution, and placed in a semi-

recumbent position. The target of DBS therapy is the 

sgACC, 7 cm right of the midline, 43 cm anterior to the 

anterior commissure, and 6 cm dorsal to the horizontal 

plane (7; 43; 6 stereotaxic spatial coordinates) [28]. 

Stereotaxic navigation and MRI imaging will be used to aid 

in insertion of the guide cannula 1.5 cm above the sgACC. 

Identification of the dorsal-ventral borders and the 

electrophysiological signature of the sgACC are collected 

from microelectrodes to determine an effective tract. 

Macroelectrodes are then permanently placed into the 

sgACC tract and clinical simulations are tested to determine 

side effects and efficacy. The fixing of the electrode is 

verified using an intraoperative fluoroscopy before closing 

the incision. 

Stage 2 of the neurosurgical procedure occurs 10-14 

days following Stage 1, in which the neurostimulator is 

implanted and connected to the target electrodes of the 

sgACC using extension wires. Patients will be under 

general anesthesia for this procedure. Distal ends of the 

sgACC electrodes will hook into subcutaneous extension 

wires travelling behind the ear towards the clavicle, where 

the secondary incision will be made. A subfascial pocket 

for the internal pulse generator will be implanted 3 cm 

below the clavicle and connected to the extension wires. 

Test clinical stimulations are conducted to determine proper 

conduction. Post-operatively, patients will be allowed 

discharge after two nights of inpatient surveillance. After 6-

8 weeks, the patient can return to clinic and DBS therapy 

can initiate [46]. 

 

DBS Electrical Transmission 

Further parameters of DBS have been informed based 

on findings from animal studies. Luo and Kiss’s 

investigation on applying high frequency stimulation (HSF) 

to rats is of particular relevance to this present study, as it 

explores the difference in clinical outcomes when white 

matter is targeted over grey matter in the rat brain 
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homologue to the sgACC area [33]. Utilizing this study as a 

reference, as many other DBS studies have done with 

alternative animal study literature, can assist in the creation 

of target parameters for electrical transmission. Based on 

Kiss and Luo’s study, high frequency stimulation (HFS= 

130 Hz) has been seen to produce more effective results in 

the sgACC region. There have been no observed 

differences in delivering stimulation unilaterally on the left-

side of the brain compared to bilaterally. However, targets 

to white matter have been reported as more clinically 

effective at treating depression in rats than targeting grey 

matter [33]. 

With this knowledge, this study will target subcortical 

white matter in stimulation trains of 10/30/60 seconds at a 

frequency of 130 Hz and 0.1 µs PW square-wave biphasic 

pulses to achieve the best clinical outcomes whilst 

minimizing the risk of electric-induced damage to the 

neural tissue. The charge-balanced HSF biphasic pulses 

should be orthodromic to prevent induction of spreading 

depolarization in the neural tissue. Continuous monophasic 

pulse sequences will not be applied in this study due to their 

increased risk of irreversible reactions or tissue damage 

reported in previous literature [47]. 

 

Expected Results 

Statistical Analysis 

Paired-sample t-tests will be used to compare scores on 

the HDRS-17, RDRS, and MMPI-II scores obtained from 

baseline to corresponding scores at the 8-week, 12-week, 

20-week, and 1-year follow-up. Simple linear contrasts will 

be used during the longitudinal phase of this study to assess 

changes in the antidepressant effects during the one-year, 

three-year, seven-year, and ten-year follow-up. CBF 

changes observed in 18F-FDG-PET scans will also be 

compared with paired-sample t-tests. All data will be 

presented as mean ± SD. Normality will be tested using a 

Shapiro-Wilk test prior to data analysis. A 95% confidence 

interval will be reported. Non-parametric data will be 

analyzed using Wilcoxon Signed-Rank and Kruskal Wallis 

tests. Statistical significance will be considered at p <0.05. 

All analyses will be conducted using IBM SPSS software. 

 

Administration of Stimulation Parameters 

After a full recovery is made from postoperative 

patients, patients will undergo the blinded phase of the 

study, in which the blinded group will be administered 

progressive increases in voltage between 0.0-9.0 Volts, 10-

130 Hz biweekly. By this design, the blinded group will 

experience 120 Hz and 6.0 Volts by week 12 of the study, 

when the open-label phase begins. From here, both groups 

will be administered equivalent dosage of treatment 

(10/30/60 seconds, 130 Hz, 0.1 µs PW square-wave 

biphasic pulses) and act as their own controls. Researchers 

will be comparing HDRS-17, RDRS, and MMPI-II scores 

at week 8 (postoperative), week 12 (end of blinded phase), 

week 20 (end of open-label phase), and one-year 

postoperative. Additionally, each assessment will measure 

changes in the CBF of the sgACC area using 18F-FDG/PET 

scanning. Both psychiatric scores and neuroimaging results 

should continue to be followed-up at the three-, five-, eight-

, and ten-year mark, as to assess the long-term efficacy of 

DBS in TRD. 

 

Adverse Events 

Several studies reported a commonality of adverse 

events that occurred during the course of the study, some of 

which were a direct consequence of DBS, whilst others did 

not have any evidence of causation. Common adverse 

events included hospitalization due to a variety of medical 

reasons (e.g., psychiatric worsening, suicidal ideation, 

homolytic uremic syndrome, pancreatitis, colon cancer), 

hardware infections due to technical complications, 

seizures, lead problems, and mortality [48-52]. Kennedy et 

al.’s study reported two patients who were hospitalized due 

relapse and worsening of depressive symptoms (including 

suicide ideation) following DBS cessation but were not 

directly attributed to end of treatment [50]. The frequency 

of TRD and comorbidities added to the higher rates of 

adverse events, with most hospitalizations and mortalities 

reported occurring due to non-psychiatric related 

conditions, such as a knee-replacement surgery, homolytic 

uremic syndrome, and colon cancer – and not due to DBS 

itself. None of these adverse events had evidence of relation 

to DBS malfunctioning, hardware concerns, or other 

stimulation related causes. Though previous studies have 

drawn associations between suicidality and DBS [50], they 

have been exclusively observed in patients with Parkinson’s 

disease and therefore do not represent the same stimulated 

brain regions as DBS for TRD. Nevertheless, suicidal 

ideation is an important factor to consider when assessing 

the high mortality risk associated with DBS interventions. 

Lozano et al.’s [49] study showcased similar 

occurrences of adverse events as Kennedy et al. [50], with 

the addition of worsened mood and irritability, headaches 

or pain at the site of the pulse generator postoperatively, 

perioperative seizures, and wound infections. Seven of the 

twenty patients did not experience any adverse effects, and 

there were no reported cases of hypomania in any of these 

patients. 

Overall, the occurrence of adverse events caused by 

DBS are predominantly associated with neurosurgical 

complications and risks, or consequences of comorbidities. 

There were no significant reporting of DBS directly causing 

any serious adverse effects in patients. 

 

Discussion 

This study is designed to assess the long-term 

implications and efficacy in DBS for TRD. Previous studies 

with similar designs rather had smaller sample sizes, thus 

lacking statistical power, or limited patient follow-ups to 12 

months post-final administration of DBS [38,49,53]. In 

continuing patient follow-up years after DBS cessation, this 
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study aims to answer how DBS specifically holds 

permanence in beneficial antidepressant treatment and 

observe the occurrence of subsequent adverse events as a 

result of DBS treatment. Furthermore, the results of this 

study allow researchers and practitioners to determine the 

long-term efficacy and safety of DBS prior to offering it as 

a reliable therapy for a larger population demographic. In 

establishing this study in a larger sample, this study will be 

able to observe a diverse range of individuals and examine 

different clinical manifestations of DBS treatment in 

individuals. 

Previous studies utilizing DBS with less statistical 

power were used to inform potential expected results from 

DBS treatment. High frequency stimulation of the sgACC 

area using DBS is believed to decrease HDRS-17, RDRS, 

and MMPII scores to reflect a positive therapeutic effect in 

TRD patients. Additionally, elevations in CBF and CMR 

activity within individuals with TRD are believed to 

decrease towards normal levels within the sgACC and 

surrounding areas. In decreasing CBF in the sgACC, DBS 

is predicted to successfully restabilize hyperactive 

metabolic activity within the region, contributing to the 

mood irregularities within TRD and other mood disorders. 

In a clinical study by Mayberg and colleagues [53], six 

patients of both unipolar and bipolar TRD were 

administered double-blinded active stimulation or sham 

stimulation. Sham stimulation used 0 Volts or subthreshold 

stimulation which did not elicit behavioural changes. When 

randomized acute trials of electrical stimulation was 

administered to patients (1-5 minutes), consistent 

behavioural improvements were reported compared to 

depressive baselines. Notably, longer durations and 

stimulation (1-3 hours of active stimulation) marked 

lingering beneficial behaviours (e.g., increased motor 

speed, volume, prosody and changes in positive and 

negative affect rating scores) after the cessation of 

stimulation. No adverse effects were observed with these 

longer stimulations [53]. 

Meanwhile, Zhang et al. [54] discovered a 49% 

reduction in depression and anxiety symptoms alongside 

significant improvements in health status, functional 

impairment, and QoL. These improvements were 

maintained throughout the duration of the 12-month study 

[54]. Additionally, improvements in the secondary 

outcomes associated with severe MDD symptoms, such as 

impaired sleep quality (42% improvement) [55], poor QoL 

[4], and poor general health (75% improvement) were 

observed, predominantly within the first month [54]. 

Mayberg et al. [53] also showcased a >50% decrease in 

HDRS-17 score 1-week post-treatment. After two weeks, 

this decreased HDRS-17 score was mostly sustained, 

though there were increases in HDRS-17 scores from initial 

success, in all but two participants [53]. This substantial 

increase can be ascribed to the cessation of stimulation at 

the two-week period, in which additional studies where 

DBS targeted various different brain regions and white 

matter pathways (vALIC, MFB, nACC) have also reported 

the possibility of relapse in patients [9,30,35]. By the six-

month follow-up, all patients experienced decreases in 

HDRS-17 scores, with only one patient experiencing minor 

reductions (<50%) [53]. Of these 5 patients, 2 experienced 

clinical remission (absolute HDRS score of <8) [53]. 

Furthermore, changes in the sgACC were observed 

using PET scans that were realigned and spatially 

normalized into three-dimensional space respective to the 

anterior commissure. At baseline, regional CBF in the 

sgACC was reported at an elevated level in the five TRD 

patients relative to baseline controls. Decreases in CBF 

were observed between the third and sixth month. 

Additionally, CBF was seen to increase in the prefrontal 

cortex (BA9/46), premotor (BA6), dorsal anterior cingulate 

(BA24), and anterior insula blood. Bilateral reduction 

within these regions have been associated with depressive 

symptoms, thus increased CBF within these regions 

displays promise of the anti-depressive effectiveness of 

DBS-centered interventions for TRD [48,56,57]. Lozano et 

al. further verifies these results using 18F-FDG-PET 

imaging to measure changes in CBF and CBR in the 

sgACC [49]. Decreases in metabolic activity in the orbital 

(BA11), medial frontal cortex (BA10/9/8), and insula were 

reported, alongside increases in the lateral prefrontal cortex 

(BA11/47), parietal (BA40) anterior midcingulate (BA24), 

and posterior cingulate (BA23). Reductions in CBF of the 

sgACC were especially apparent at 6 months, in which both 

white matter and the adjacent caudal subcallosal grey 

matter was also seen to decrease in CMR [58]. 

Mayberg et al. showcases the efficacy of sustained 

decreases in HDRS reduction through sgACC DBS [53]. 

The fluctuations in HDRS scores invites questioning of 

potential cofactors, such as comorbidities, that may have 

impacted patient outcomes. Interestingly, two of the 

patients whom initially experienced large increases in 

HDRS scores with the cessation of all electrical stimuli in 

DBS, actually achieved two of the lowest HDRS scores 

(HDRS-17, 6-month: n3 = 9; n5 = 6), with patient five 

achieving clinical remission [53]. This longitudinal 

outcome may act as evidence to showcase fluctuations in 

patient scores are acute in the adjustment period towards 

achieving patient remission. These results offer promise of 

accomplishing clinical outcomes in patients who initially do 

not respond effectively to sgACC-DBS. 

In the present study, changes in CBF over the duration 

of sgACC-DBS therapy will be analyzed relative to 

baseline, in which elevated levels of sgACC blood flow and 

bilateral decreases in the BA9/46, BA6, BA24, and anterior 

insula blood flow levels are expected to be observed. This 

would be consistent to previous studies measuring CBF in 

depressed patients’ pre-treatment [48,56,57]. The decrease 

in sgACC blood flow after 3-months of DBS correlates 

with the reduced HDRS-17 scores, drawing associations 

between elevated CBF and depressive symptoms within 

patients; the continued reduction of sgACC blood flow in 
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this area thus acts as a reliable predictor of DBS efficacy in 

achieving desired patient outcomes. This effect also 

compares to successful outcomes in conventional 

pharmaceutical therapeutic approaches, in which reduced 

CBF to the sgACC and increased CMR to the BA9/46, 

BA6, BA24, and anterior insula also promoted effective 

patient results and sustained antidepressant outcomes [59]. 

However, unlike antidepressants, patients of DBS therapy 

sustained these CBF and CMR changes 6-months postop, 

when active stimulation to the targeted area had ceased 

[48]. These results indicate the neurobiological basis for 

DBS efficacy. If this present study succeeds in replicating 

these results with a larger sample power and longer 

longitudinal follow-ups, DBS may pose as an effective and 

permanent treatment to depression. 

Secondary outcomes observed in previous studies are 

indicative of potential consequences of the alteration of 

hyperactive sgACC activity. The results of these studies 

include an improvement of patient QoL, health behaviours, 

and sleep disturbances. These results are relevant due to the 

association between depression and these secondary factors. 

Poor QoL is defined as an individual’s self-perception of 

their positionality in their own life, society, and value 

systems in association with their standards and objectives. 

In depression, poor QoL is marked by a reduced 

satisfaction in life, poor living environment, comorbidities 

[58], and various lacking factors in the social determinants 

of health [60]. A naturalistic prospective study on the QoL 

in DBS for depression showcased long-term efficacy of 

sgACC-targeted DBS [34]. This study naturalistically 

followed patients who had received DBS for TRD over the 

course of 6-9 years. The results indicated that positive 

outcomes for QoL improved up until the 7.5-year mark, in 

which reduction had begun to manifest. This observation 

further validates the conclusions of Kennedy et al. [50] and 

Raymaeker et al. [61], who also discovered significant and 

prolonged improvements in QoL. All three studies notably 

remarked the raised satisfaction and daily functioning of 

TRD patients during the follow-up period. 

Health behavioural improvement were also observed in 

Zhang et al.’s study [54]. Health behaviours consist of 

intentional or unintentional actions, daily routines and 

behaviours that impact and individual’s health outcomes, 

morbidities, and mortalities [62]. Examples of these 

behaviours particularly pertaining to depression include 

substance use, diet, physical activity, and sleep disturbances 

[55,63-65]. Thus, the results discovered in Zhang et al.’s 

study are reflective of substantial improvements in 

depression for TRD patients, further validating the efficacy 

of sgACC-DBS as a therapeutic treatment [54]. Improved 

general health status, predominantly in the first month (75% 

improvement) with sustained progression (91% at 12-

month follow-up) has also reflected successful 

antidepressant secondary outcomes [54]. However, in 

regard to measuring dietary improvements towards positive 

health outcomes in DBS treatment for TRD, no such 

associations have been drawn in past studies. Additionally, 

previous literature observing secondary outcomes in DBS 

treatment have not specifically observed the correlation 

between sgACC-DBS in treating TRD and changes in 

substance use dependency. Future studies designed to 

discover associations between TRD behavioural outcomes 

and substance use changes would be a beneficial 

exploration to solidify the impacts of neuronal dysfunction 

and increased risk of substance use dependency. 

This proposed study has various strengths. Foremost, 

its recruitment of a wide and diverse demographic increases 

the generalizability of the results, allowing a multitude of 

populations to be represented within the data. Diversifying 

the sample also allows for the detection of several cofactors 

that require investigation or highlight complications in 

future DBS studies. This allows for modifications to be 

made that improve the overall design of DBS treatment, 

increase safety and efficacy, and increase specificity of the 

targeted nuclei and subsequent outcomes. Moreover, the 

use of the HDRS-17, RDRS, and MMPII-II offers a valid 

and scientifically credible source of psychiatric screening 

conducted by a licensed psychiatrist. These diagnostic tools 

act as the gold-standard for depression screening, which 

ensures the inclusion criteria is met with a high degree of 

accuracy. Additionally, the use of all three diagnostic tools 

takes an extensive approach to examining changes in 

depression scale scores, where previous studies typically 

utilize HDRS-17 scores in isolation. This study also seeks 

to fulfill a gap within neuromodulation studies for DBS, 

which lack the dearth and power required to assess the 

sustained efficacy of DBS treatment for TRD. All previous 

studies measuring long-term outcomes in DBS rather 

lacked significant statistical power due to small sample 

sizes, did not target the sgACC area, or did not measure for 

the treatment of TRD. The result of this study incorporates 

all three missing factors to account for long-term efficacy 

and safety. 

However, this study does contain some limitations that 

should be considered in conduction and analysis. Though 

the efficacy of DBS offers promise in justifying this 

limitation, the invasiveness of the procedure still acts as a 

deterrent and the primary risk in developing complications 

during treatment. All adverse events but one linked to the 

DBS treatment in previous studies were linked to 

neurosurgical complications, infections on electrodes or 

internal pulse generators, or malfunctioning material 

requiring re-surgery [49]. Though the number of studies 

reporting this adverse event are scarce, there have been 

observations of memory loss from DBS [66], a 

consequence of ECT that this present study aims to avoid in 

using DBS. Furthermore, conducting the double-blind 

design of this study may prove difficult, as neurosurgical 

procedures are often too invasive to ethically administer 

sham stimulation for a long duration of the study. Thus, 

placebo effects and control observations are limited to a 

small duration of this longitudinal study. 
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Future Prospects 

Future initiative in the field of neuromodulation for 

TRD should focus on longer follow-up periods, extending 

up to 10 years, to verify the results of this present study in 

the efficacy and sustained antidepressant impacts of 

sgACC-DBS. These studies should screen for the 

development of adverse events relating to DBS, rather 

directly (malfunctioning equipment, sgACC neural 

stimulation causing spreading depression, infections, 

seizures, psychiatric worsening) [47,49] or indirectly 

(worsening of comorbidities that impact individual 

morbidity and mortality, unsuccessful treatment prompting 

suicidal ideation) [50]. In assessing longitudinal adverse 

events, researchers and practitioners will gain a better 

understanding on the ethical consequences of DBS, and 

whether these risks outweigh the significant benefit of long-

term antidepressant treatment. 

Longitudinal studies should also explore the underlying 

mechanisms behind the success of DBS. While a basic 

understanding of how neuromodulation produces effective 

neural activity regulation, animal studies have recently 

begun investigating the role of neuroplasticity through 

neuromodulation, and how its mechanisms are foundational 

to neuromodulatory therapy [67,68]. 

Neuroplasticity is defined as the brain’s susceptibility 

to physiological changes through experience, in which new 

networks will form or old networks will reform based on an 

individual’s lifetime exposures [68]. The hippocampal and 

dentate gyrus regions of the brain are known to be highly 

neuroplastic, which is in congruence to their function of 

memory encoding and consolidation [68]. Studies involving 

neuromodulation to assess neuroplasticity have been 

conducted, such as Falowski and associates’ study on the 

effects of DBS on the neuroplasticity of the nACC within 

rats [69]. Longitudinal studies involving could further 

explore how neuroplasticity is sustained with DBS 

cessation over the course of time. Furthermore, 

understanding the physiological and morphological 

mechanisms behind DBS’s success can help researchers 

understand the biological basis of why neuromodulatory 

therapy fails to illicit beneficial responses in some 

individuals. 

Although DBS is an effective treatment, the necessity 

of neurosurgery makes it an invasive therapy that reduces 

accessibility and increases the frequency of adverse events. 

As the field of neuromodulation continues to be explored 

and generalized, establishing safer protocols that minimizes 

the level of invasiveness, complications, and risk of adverse 

events should be the foremost priority of all future studies. 

 

Conclusions 

The use of sgACC-DBS offers a potential long-term 

treatment for TRD with minimal and rare adverse effects. 

Compared to other forms of neuromodulation, DBS offers 

the safest, most effective therapeutic approach to 

individuals that are nonresponsive to pharmacological 

treatments. Furthermore, sgACC DBS studies for TRD has 

observed significant clinical findings in the link between 

neurostimulation and neuroplasticity of the brain. This 

stimulation-induced neuroplasticity offers insights into the 

mechanism of action for electro-neurological changes in 

targeted brain regions and overall functionality of the brain. 

In examining stimulation-induced neuroplastic effects, 

researchers can begin establishing networks that collaborate 

into manifesting depressive symptoms in people with TRD 

to further understand why the pharmaceutical mechanisms 

fail to elicit successful responses in these individuals. In 

establishing a foundational connection between successful 

DBS and neuroplastic effects in targeted regions, 

researchers can observe potential hereditary indicators or 

biomarkers that can predict the efficacy of certain 

treatments of people with MDD to minimize the adverse 

effects of therapeutics, maximize the antidepressant 

efficacy, duration, and overall QoL of these individuals. 

Overall, the connection between DBS and neuroplasticity 

opens a novel field of exploration in how the effects of 

electrical stimulation impact neurogenesis within the brain. 

 

List of Abbreviations Used 

BA6: premotor cortex 
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