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Non-invasive brain stimulation is designed to target accessible brain regions that
underlie many psychiatric disorders. One such method, transcranial magnetic
stimulation (TMS), is commonly used in patients with treatment-resistant
depression (TRD). However, for non-responders, the choice of an alternative
therapy is unclear and often decided empirically without detailed knowledge
of precise circuit dysfunction. This is also true of invasive therapies, such as
deep brain stimulation (DBS), in which responses in TRD patients are linked to
circuit activity that varies in each individual. If the functional networks affected
by these approaches were better understood, a theoretical basis for selection of
interventions could be developed to guide psychiatric treatment pathways. The
mechanistic understanding of TMS is that it promotes long-term potentiation
of cortical targets, such as dorsolateral prefrontal cortex (DLPFC), which are
attenuated in depression. DLPFC is highly interconnected with other networks
related to mood and cognition, thus TMS likely alters activity remote from DLPFC,
such as in the central executive, salience and default mode networks. When
deeper structures such as subcallosal cingulate cortex (SCC) are targeted using
DBS for TRD, response efficacy has depended on proximity to white matter
pathways that similarly engage emotion regulation and reward. Many have begun
to question whether these networks, targeted by different modalities, overlap or
are, in fact, the same. A major goal of current functional and structural imaging in
patients with TRD is to elucidate neuromodulatory effects on the aforementioned
networks so that treatment of intractable psychiatric conditions may become
more predictable and targeted using the optimal technique with fewer iterations.
Here, we describe several therapeutic approaches to TRD and review clinical
studies of functional imaging and tractography that identify the diverse loci of
modulation. We discuss differentiating factors associated with responders and
non-responders to these stimulation modalities, with a focus on mechanisms of
action for non-invasive and intracranial stimulation modalities. We advance the
hypothesis that non-invasive and invasive neuromodulation approaches for TRD
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are likely impacting shared networks and critical nodes important for alleviating
symptoms associated with this disorder. We close by describing a therapeutic
framework that leverages personalized connectome-guided target identification
for a stepwise neuromodulation paradigm.

deep brain stimulation, epidural cortical stimulation, neuromodulation, transcranial
magnetic stimulation (repetitive), salience network, treatment-resistant depression,
electroconvulsive therapy

Introduction

Treatment-resistant depression (TRD) is defined as major
depressive disorder (MDD) unresponsive to one or more
conscripted treatments (Souery et al., 2006). Estimated failure rates
of MDD treatment are as high as 10-30%, however, the type
and number of treatments as well as the length of administration
required for TRD diagnosis are inconsistently defined in the
literature (Al-Harbi, 2012). Only 30% of TRD patients ever achieve
remission using other means, and another 30% attempt suicide at
least once in their lifetime (Bergfeld et al., 2018; Cole et al., 2022).

Measuring connectivity of brain networks for psychiatric
disorders has become an increasingly used analytical technique,
because it has the potential to illuminate neuromodulation targets
for both non-invasive, e.g., TMS and invasive, e.g., DBS, approaches
(Hollunder et al, 2022). This is especially critical since both
modalities have considerable drawbacks. TMS for TRD requires
up to 6 weeks of daily treatment sessions, and DBS may not show
consistent efficacy in some patients until a year or more after
implantation. Thus, an algorithm that helps clinicians identify and
define TRD subtypes and suggests patient-specific treatments is
needed.

Though many neural networks exhibit dysfunction in the
setting of TRD, a close reading of the psychiatric literature
consistently correlates default mode, salience, and central executive
network dysfunction with TRD presentation and may suggest
etiology (Hamilton et al., 2013). In contrast, a close reading
of the neurosurgical literature for TRD highlights cortico-basal
ganglia limbic circuits as well as cognitive control, reward and
other networks that might be targeted based on specific symptom
domains, including affect and attention (Williams et al., 2021).
Compounding the problem of separate taxonomies in the literature
is the fact that there is not enough crosstalk between the

Abbreviations: TMS, transcranial magnetic stimulation; TRD, treatment-
resistant depression; DBS, deep brain stimulation; DLPFC, dorsal lateral
prefrontal cortex; SCC, subcallosal cingulate cortex; MDD, major depression;
BDNF, brain-derived neurotrophic factor; GABA, gamma-aminobutyric
acid; NMDA, N-Nitrosodimethylamine; HRSD, Hamilton Rating Scale
for Depression; iTBS, intermittent theta-burst stimulation; MADRS,
Montgomery-Asberg Depression Scale; RCT, randomized control trial; DWI,
diffusion weighted imaging; ACC, anterior cingulate cortex; CEN, central
executive network; DMN, default mode network; SN, salience network;
EpCS, epidural cortical stimulation; ECT, electroconvulsive therapy; sEEG,
stereotactic electroencephalogram; MRI, magnetic resonance imaging;
dACC, dorsal anterior cingulate cortex; pgCC, pregenual cingulate cortex;
VC/VS, ventral capsule/ventral striatum; STN, subthalamic nucleus;
ATN, anterior thalamic nucleus; GPi, globus pallidus internus; VMPFC,
ventromedial prefrontal cortex; PCC, posterior cingulate cortex.
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two disciplines, threatening to extend the semantic confusion
surrounding these topics. Fortunately, the overall impression from
examining these two bodies of literature is that the structures
and networks described are very similar, if not the same,
being targeted using these different approaches. As an example,
functional connectivity studies show that DLPFC and subcallosal
cingulate cortex (SCC), the two most common targets of TMS
and DBS, respectively, are co-activated during effective treatment
of TRD patients (Anderson et al., 2016). The implication is that
a convergence of network anatomy and connectivity relationships
among various neuromodulation treatments for TRD are needed
to highlight similarities between them and advance care of TRD
patients in a meaningful way.

In this review, we discuss the evidence accumulated in favor
of pursuing a neuromodulatory approach for TRD. Putative
mechanisms for both TMS and DBS are reviewed as well
as an alternative procedure, epidural cortical stimulation, that
likely engages similar circuitry. We conclude with a synthesis
of network topology and argue that this may form the basis
for developing a stepwise interventional approach to TRD,
increasing in invasiveness only when a less invasive approach
fails. In summary, much more work is needed to define clinical
outcomes associated with a network-centric approach to treating
TRD, however, this paper lays the important groundwork for
consolidating the concepts and terminology for future trans-
disciplinary discourse and action.

Neurobiology of transcranial
magnetic stimulation

TMS is a non-invasive modality that has been FDA-approved
in the United States for the management of treatment-resistant
depression, smoking cessation and obsessive compulsive disorder,
and is being investigated for numerous other psychiatric disorders
such as addiction, chronic pain, anxiety, panic, and post-traumatic
stress disorder (Cohen et al, 2022). Delivery of therapy is
accomplished using a pulsatile electromagnetic field induced in
a coil held at the surface of the scalp that stimulates underlying
cortex (Barker et al., 1985). Electrophysiological simulations and
patch-clamp studies suggest TMS-induced action potentials occur
at or near somata rather than the axon hillock, the axon itself, or
dendrites (Pashut et al., 2011). Computational modeling has shown
that fibers running parallel to the surface of the scalp are more
likely to be stimulated compared to oblique fibers, and vertical
fibers are most resistant to stimulation (Tofts, 1990). Somatic
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depolarization drives both orthodromic and antidromic action
potential propagation. Orthodromic propagation causes action
potentials and activity-dependent plasticity in an anterograde
manner. Antidromic propagation promotes dendritic spine growth
of stimulated neurons through a local Ca?T spike, leading to
increased presynaptic connectivity (Pashut et al, 2011). White
matter architecture changes also occur over time via synaptic
strengthening and pruning (Anderson et al., 2016).

Evolution of clinical experience with
TMS in treatment-resistant
depression

George et al. (2000) were the first to publish results of a double-
blind, sham-controlled study showing the antidepressant potential
of TMS over left DLPFC in randomized subjects (George et al,
2000). TMS had been introduced years earlier by Pascual-Leone
for motor cortical stimulation (Pascual-Leone et al., 1994). In the
George study, 30 medication-free patients with major depressive
and bipolar disorder were treated with TMS daily for 2 weeks.
Twenty patients were assigned to the active TMS group, whereas
10 were assigned to the sham group. TMS sessions lasted for
20 min and occurred each weekday. All patients underwent cerebral
blood flow single photon emission computed tomography (SPECT)
at the start (1 day), middle (5 day), and 3 days after the end
of the study. The authors concluded that daily TMS over left
DLPFC produced a significant antidepressant response, defined as
greater than 50% improvement in baseline Hamilton Rating Scale
for Depression (HRSD) scores. In the same year, Berman et al.
also assessed the efficacy of TMS in unmedicated TRD patients
using a randomized, double-blind design. TRD patients enrolled
in the trial were assigned to either active TMS (N = 10) or sham
(N = 10) treatment. The active TMS group received 20 2 s trains
of 20 Hz with 58 s intervals daily over a 2 week course (Berman
et al,, 2000). As in George’s study, results showed statistically
significant reductions in depressive symptoms compared to the
sham group. These two important papers instigated a groundswell
of interest in TMS for depression and many other psychiatric
disorders.

Today, TMS is practiced globally, and TRD remains the
primary indication. The procedure is well tolerated; individuals
who receive TMS report a > 50% decrease in symptom severity
(Lisanby et al, 2009; George et al., 2010; O’Reardon et al,
2010). Despite this, one obstacle that has remained in scaling
its deployment even further is the burdensome requirement for
multiple treatments. For example, an initial treatment regimen
consists of 40-60 min sessions of active treatment, 5 days per
week for 3-6 weeks (Holtzheimer et al., 2010). Because of this,
innumerable attempts have been made in the two decades since
George’s study to modify the TMS protocol with the goal of
shortening the amount of therapy needed. In 2018, the US Food
and Drug Administration (FDA) approved intermittent theta-burst
stimulation (iTBS) as a new variant of TMS for the treatment of
TRD (Mendlowitz et al., 2019). FDA approval was contingent on
several new studies of theta-burst stimulation, including a multi-
center clinical trial by Blumberger et al. (2018) that compared
the efficacy of iTBS to conventional TMS in patients with TRD
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(Blumberger et al., 2018). In their study, TRD patients were
randomized to iTBS (N = 209) or 10 Hz TMS (N = 205).
Patients were treated with the modality they were randomized
to for 5 days a week for 4-6 weeks. The 10 Hz TMS sessions
lasted 37 min and consisted of 3,000 pulses per session. The iTBS
session consisted of triplet 50 Hz pulses repeated at 5 Hz for
600 pulses over only 3 min. The HRSD was administered after
each of the sessions and 1-, 4-, and 12 weeks after treatment.
They observed that scores significantly improved in both iTBS
and TMS groups (overall reduction in HRSD-17 scores was
10.1 points in the iTBS group and 9.9 points in the 10 Hz
TMS group) at baseline and 1 week after treatment. This trial
became the formative study establishing iTBS as a safe, tolerable,
and effective treatment for people with TRD. Furthermore, iTBS
sessions last only a few min and are less costly than conventional
TMS.

Cole and colleagues addressed another well-known challenge
with TMS protocols: overall treatment duration. In the SAINT
study, patients with TRD were enrolled (N = 22) and received
5 days of iTBS (Cole et al., 2020). Each day consisted of ten
daily sessions, for a total of 18,000 pulses per day. Functional
MRI identified individualized targets for iTBS in each patient -
the region of left DLPFC most anticorrelated with SCC activity.
Intent-to-treat analysis revealed 86.4% (N = 19) of patients
met remission criteria, without negative cognitive effects. In
the follow-up double-blind RCT SNT study (2022), patients
with TRD were enrolled and randomly assigned to one of two
groups: sham (N = 15) or iTBS stimulation (N = 14) (Cole
et al, 2022). At baseline and 4 weeks following treatment,
patients completed the Montgomery-Asberg Depression Scale
(MADRS). Patients in the stimulation group experienced a
52% reduction in depression scores. Compared to conventional
TMS, the discovery of iTBS and new accelerated protocols
may result in substantial clinical responses in a shorter time
frame.

Structural and functional
connectivity of neural networks in
depression: Salience as a key
switching mechanism

Diftusion-weighted imaging (DWI) is a structural MR
that
properties within the brain. These imaging markers can be

technique derives several important physical tissue
used to extract brain network profiles and regions important for
TRD pathophysiology. Fractional anisotropy and mean diffusivity,
two of the most frequently reported metrics, provide information
on microstructural architecture and integrity of white matter. Both
metrics are obtained using diffusion tensor imaging, the analytical
method forming the basis of tractography (Basser and Pierpaoli,
1996). Another variant of diffusion-weighted imaging is diffusion
kurtosis imaging which quantifies the non-Gaussian quality of
water diffusion (Jensen et al., 2005). Diffusion imaging has been
used extensively to investigate how structural connectivity differs
in TRD patients. Peng and colleagues conducted a double-blind,

randomized study aimed at ascertaining whether white matter
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TABLE 1 Intrinsic connectivity networks in treatment-resistant depression (TRD).

Network

Default mode
network

Component brain
regions

VMPEC, DMPFC, PCC, inferior
parietal lobe, hippocampal
formation

Function

e Decreased activity in goal-directed tasks
o Increased activity during self-referential
processing and resting state

Connectivity in TRD

o Hyperconnectivity within
DMN and between DMN and
thalamus

e Hypoconnectivity between
DMN and bilateral caudate

10.3389/fnhum.2023.1125074

References

Greicius et al., 2007; Buckner
etal., 2008; Andrews-Hanna et al.,
2010; Liston et al., 2014; Kaiser
etal., 2015; Anderson et al., 2016

Central executive
network

DLPEFC, lateral posterior parietal
cortex, ventrolateral prefrontal
cortex, thalamus

o Increased activity during goal-directed tasks
requiring sustained attention and working
memory

e Hypoconnectivity or
Hyperconnectivity within the
CEN

Fox et al., 2005; Seeley et al., 2007;
Alexopoulos et al., 2012; Liston
et al., 2014; Kaiser et al., 2015;
Anderson et al., 2016

Salience network

dACC, frontoinsular cortex,
amygdala, VTA

o Detection of personally salient and
rewarding stimuli

o Integration of external and internal
emotional, homeostatic, and cognitive nature
o Guiding of appropriate behavioral responses

o Hypoconnectivity within
the SN relative to symptom
severity

e Overactivity of dACC,
insula, and amygdala when
presented with stimuli of
negative affect

Seeley et al., 2007; Menon, 2011;
Hamilton et al., 2013; Goulden
et al., 2014; Manoliu et al., 2014;
Uddin, 2015; Anderson et al.,
2016

VMPEC, ventromedial prefrontal cortex; DMPFC, dorsomedial prefrontal cortex; PCC, posterior cingulate cortex;

cortex; VTA, ventral tegmental area.

TABLE 2 Network connectivity changes in treatment-resistant depression (TRD) and resultant symptoms.

Network

DLPFC, dorsolateral prefrontal cortex; dACC, dorsal anterior cingulate

References

Default mode network

Connectivity increase or decrease in TRD

Associated symptom

1. 1 Connectivity within default mode network

1. Rumination

Sheline et al., 2010; Hamilton et al., 2015;
Williams, 2016

Central executive
network

1. | DLPFC-parietal cortex
2. | ACC-DLPFC

1. Inattention, false alarm errors
2. Cognitive dysfunction, latency

Qiu et al,, 2011; Sylvester et al., 2012; Forster
et al., 2015; Williams, 2016

Salience network

1. 1 Insula-amygdala

2.} Insula-ACC

3. | Amygdala-subcallosal and ventral ACC
4. Striatal hypoactivation

6. Anxious avoidance
7. Negative Bias

8. Threat dysregulation
9. Anhedonia

Matthews et al., 2008; Stuhrmann et al., 2011;
Treadway and Zald, 2011; Klumpp et al., 2013;
Zhang et al., 2013; Mulders et al., 2015;
Williams et al., 2016

5. ACC hyperactivation

10. Context insensitivity

TRD, treatment resistant depression; ACC, anterior cingulate cortex; DLPFC, dorsolateral prefrontal cortex.

abnormalities cause network dysfunction in TRD patients (Peng
et al,, 2012). This group enrolled 30 TRD patients and randomized
subjects to sham or active TMS treatment. The investigators
acquired diffusion imaging and found significant reductions in
FA in the left middle frontal gyrus not observed in the sham
group. Korgaonkar et al. (2014) analyzed 102 MDD patients
and found that the anterior cingulate cortex (ACC) limbic white
matter is a useful predictor of antidepressant treatment outcome
(Korgaonkar et al., 2014). Thus, based on DWI, FA could provide
a glimpse into which patients with depression might be responsive
to treatment.

Measurement of gray and white matter thickness using voxel-
based morphometry (VBM) as well as connectivity between brain
regions, inferred as specific white matter tracts or networks, can
be extracted using a combination of structural and diffusion-
weighted imaging. For example, the default mode network
(DMN), which is distributed over many cortical regions, and
the frontoparietal central executive network (CEN), have been
shown to be dysregulated in patients with depression (Liston
et al, 2014). DLPFC is in fact a node within the CEN.
However, tractography studies were inconclusive as to whether
DLPFC modulates connectivity between the two networks.
Liston et al. (2014) sought to address this knowledge gap
utilizing resting-state functional MRI (Liston et al., 2014). They
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enrolled 17 patients with depression and 35 healthy controls.
The patients received 25 sessions of TMS over a 5 week
period. Clinical scales assessing depression were completed at
baseline and 1-3 days after completing the treatment period.
Structural and diffusion-weighted scans were acquired before and
after treatment. Functional connectivity maps were generated
between the CEN, and DMN, using DLPFC as a seeding
region. The authors observed that TMS of the DLPFC leads
to connectivity changes in the DMN. This supports the idea
that structures remote from the DLPFC such as DMN are
also affected by TMS, suggesting a model based on knowledge
of structural connectomics. However, very few studies have
combined tractography and connectivity analyses in the same
cohort with DWI and fMRI to determine the correlation between
the two methods, particularly with respect to DLPFC and
TMS.

The salience network (SN) is also dysfunctional in TRD,
though it appears to have certain predictive characteristics
for TMS response not seen in DMN or CEN. Fan et al
(2019) enrolled subjects with MDD and twenty healthy controls
(Fan
were

et al, 2019). Twenty real and sham sessions of TMS
administered to the DLPFC 5 days per week. Resting
state fMRI sessions were performed before and after the

TMS sessions, while clinical scales measuring depression were
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TABLE 3 Transcranial magnetic stimulation (TMS) studies focusing on salience network.

References

Study type

Modality

Region or network
of interest

Key findings

Wada et al., 2022 N/A TMS-EEG and 60 patients with DLPEC, SN In patients with TRD, signal transmission from the left
MRI TRD and 30 healthy DLPEC to the salience network was reduced in the 6 and
controls a bands.
Iwabuchi et al,, 2019 | Randomized study | TMS and fMRI 27 patients with TRD | DLPFC, SN, Fronto-insular | Early response to rTMS in TRD can be predicted by
fronto-insular and salience-network connections.
Hawco et al., 2018 N/A TMS-fMRI 26 healthy young DLPFC, SN Changes induced by TMS following stimulation of the
adults DLPEC are associated with resting state connectivity,
particularly when the DLPFC target is engaged with SN.
Philip et al., 2018 Prospective trial | TMS and fMRI 33 adults receiving | SCC, DLPFC, SN After TMS, symptom reduction was associated with
care at reduced connectivity between the SCC and the default
neuromodulation mode network, left dorsolateral prefrontal cortex,
clinics at Brown and insula, and reduced connectivity between the
University-affiliated hippocampus and the salience network.
hospitals.
Schluter et al.,, 2018 | Randomized, HF-TMS 45 healthy controls | LFPN, RFPN, DMN, SN, and | The salience network had less functional connection
single-blind trial RN when the left DLPFC was stimulated, but this network
had more functional connectivity when the right
DLPFC was stimulated.

MDD, major depression disorder; DMN, default mode network; SN, salience network; FPN, fronto-parietal network; CON, cingulo-opercular network; MRN, memory retrieval network;
pDMN, posterior default mode network; SCC, subcallosal cingulate cortex; PCC, posterior cingulate cortex; FPN, fronto-parietal network; HF-TMS, high-frequency TMS; LFPN, left

frontoparietal network; RFPN, right frontoparietal network; RN, reward network.

administered weekly. Segregation analyses were performed to
index connections between and within networks. Using these
analyses, the authors observed that segregation of the SN
predicts symptom improvement after TMS, which adds to our
understanding of the pathophysiology of depressive symptoms.
Several other authors have hypothesized that SN performs a
switching mechanism during effective treatment of depression,
since it appears to refocus maladaptive ruminative behavior
driven by DMN towards purposeful executive function and
planning behavior driven by CEN (Sridharan et al., 2008;
Menon, 2011; Goulden et al., 2014; Anderson et al., 2016).
Tables 1, 2 summarize the changes in DMN, CEN, and SN
associated with TRD.

Epidural cortical stimulation for
treatment-resistant depression:
Which is more effective — unilateral
or bilateral stimulation of DLPFC?

Given the success and US FDA approval of TMS for MDD
in 2008, epidural cortical stimulation (EpCS) followed as an
expansion of neuromodulation tools explored for the treatment
of TRD. In an open-label study of EpCS as an adjunctive
therapy for TRD, 5 patients were enrolled who had previously
failed electroconvulsive therapy (ECT), TMS, and vagus nerve
stimulation (VNS). Each patient underwent implantation of
bilateral paddle leads positioned epidurally over Brodmann’s areas
10 (frontopolar prefrontal cortex) and 46 (dorsolateral prefrontal
cortex) (Nahas et al., 2010). After 7 months of follow-up, patients
experienced significant improvement in depressive symptoms,
compared to the pre-implantation baseline—with over 50% mean
improvement in metrics of depression severity and 80% of the
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cohort achieving remission (Nahas et al., 2010; Williams et al,,
2016, 2018). Remission was sustained at the 3 and 5 year follow-
up timepoints, highlighting the potential of EpCS as an adjunctive
therapy for TRD, following the failure of other modalities of
neuromodulation.

Similar to TMS, EpCS generates peak electric fields at the
gyral crown, subjacent to the stimulation site (Wongsarnpigoon
and Grill, 2008). This suggests that the antidepressive effects
may depend on direct activation of gray matter, recruitment of
deeper white matter and subcortical structures or both. In a meta-
analysis of resting state functional imaging studies, patients with
depression displayed hypoactivation of the pregenual cingulate
cortex (pgCC), dorsal anterior cingulate cortex (dACC), and
insula (Fitzgerald et al, 2008). Interestingly, hypoactivity was
significant for bilateral dorsolateral prefrontal cortices (DLPFC)
in that study (Fitzgerald et al., 2008). In addition, Salomons et
al. targeted bilateral prefrontal cortices and observed changes in
connectivity between SN, CEN, and DMN networks following
20 sessions of 10 Hz TMS (Salomons et al., 2014; Anderson
et al, 2016). These findings support the Nahas and Williams
trials which resulted in up to 80% sustained remission (Nahas
et al,, 2010; Williams et al., 2016, 2018) while, in a separate study,
unilateral (left-sided) conventional DLPFC stimulation produced
an average of 30% remission (Kopell et al, 2011). This also
highlights the potential to utilize EpCS as an alternative approach
in TRD patients non-responsive to TMS, perhaps drawing on
similar key mechanisms (Fitzgerald et al,, 2008; Grimm et al,
2008).

In addition to direct modulation of hypoactivated DLPFC,
EpCS of DLPFC could improve symptoms of TRD by
altering connectivity with the subcallosal cingulate cortex
(SCC), similar to TMS (Fox et al, 2012) or by indirectly
modulating SN. As mentioned, the SN is hypothesized to
act as a “switch” that serves to transition between other core
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TABLE 4 Deep brain stimulation (DBS) for treatment-resistant depression (TRD) focusing on salience network.

References

Study type

Region or network
of interest

Key findings

Yan et al., 2021 Systematic review | DBS 4 cases of SN, NAcc, ALIC Abnormal pain processing is related to alterations
self-injurious of salience network connectivity which in turn may
behavior influence SIB.

Riva-Posse et al., Randomized trial | DBS 9 patients with TRD | SN, SCC Salience of behavioral responses are associated with

2019 SCC DBS-induced autonomic changes.

Ellard et al., 2018 N/A DBS 35 unipolar SN, DMN, ECN Patients with bipolar disease displayed weaker
depressed patients, functional connectivity between right dorsal Al
24 bipolar depressed and right VLPFC (SN). Greater impairment in
patients, and 39 perceived control in unipolar depression correlated
healthy controls with stronger right dorsal AI - right VLPFC (SN)

functional connectivity.

Downar et al., 2016 | Review DBS N/A SN, dACC, anterior insula Behavioral ~ self-control, emotion regulation, and

social cognition show functional correlations with
SN activity. aCIN, part of the SN, may be a potential
neuropsychiatric DBS target.

Choi et al,, 2015 Case series DBS 9 TRD patients SN, SCC Proximity to bilateral VMFC (via forceps minor and left
undergoing DBS uncinate fasciculus) and CC (via left cingulum bundle)

correlate with higher structural connectivity and clinical
response

Acin, anterior cingulo-insular; NAcc, nucleus accumbens; ALIC, anterior limb of the internal capsule; SIB, self-injurious behavior; SCC, subcallosal cingulate cortex; VMFC, ventromedial
frontal cortex; CC, cingulate cortex; ECN, fronto-parietal executive control; Al anterior insula; SCC, subcallosal cingulate.

functional networks (including CEN and DMN) recruited
during emotion regulation and social cognition. Nodes in
the SN These
regions have been designated “common core” regions with

include dACC and bilateral insular cortices.
aberrant activation in many psychiatric disorders, including

obsessive-compulsive and  post-traumatic stress disorders
(Downar et al.,, 2016). These relationships suggest a functional
interaction between DLPFC and the SN that is possibly
exploited via TMS (Table 3) and EpCS for the modulation
of TRD. DLPFC may act as a superficial access point to
drive modulation of the deeper salience network, functioning
to improve mood regulation by normalizing the activation
balance and promoting transitions between intrinsic and

task-evoked circuits.

Deep brain stimulation for
treatment-resistant depression:
Novel ideas emerge from clinical
trials

Deep brain stimulation (DBS) is an invasive modality applied
via stereotactic insertion of one or more intracranial leads.
Its initial utility was investigated in the context of movement
disorders, inspired by evidence that high frequency stimulation
(100-200 Hz) of the ventral intermediate thalamic nucleus
could alleviate tremor (Albe Fessard et al, 1963). In 1996,
thalamic DBS received FDA approval in the US for essential
and Parkinsonian tremors. Approvals for subthalamic nucleus
(STN) and globus pallidus internus (GPi) DBS followed in 2003
for Parkinson’s Disease (Miocinovic et al., 2013) and anterior
thalamic nucleus (ATN) DBS for epilepsy in 2018 (Salanova
et al, 2015; Kim et al, 2017). Evidence-based application of
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DBS for TRD has proven complex given the promising outcomes
in open-label investigations that have not been reproduced
in randomized clinical trials (RCT) (Morishita et al., 2014).
In cohort studies of nucleus accumbens DBS, 40-45% of the
TRD cohort responded with > 50% reduction in depressive
symptoms. For ventral capsule/ventral striatum (VC/VS) DBS
cohort studies, response rates were 53% at 12 months, and
71% by the long-term endpoint (mean of 37 months) (Malone
et al, 2009; Malone, 2010). Despite these positive results, the
multicenter RCT of VC/VS DBS failed to meet its primary
endpoint (Dougherty et al,, 2015). Similarly, positive effects
of subcallosal cingulate cortex (SCC) DBS were reported in
multiple case reports (Neimat et al., 2008; Guinjoan et al,
2010; Holtzheimer and Mayberg, 2010; Hamani et al., 2012) and
cohort studies demonstrating > 60% responder rate (Mayberg
et al, 2005; Kennedy et al, 2011). A subsequent multicenter
trial showed a 29% responder rate at 12 months (Lozano
et al., 2012), while a single-blinded study by Holtzheimer et al.
reported 91% response rate and 58% remission rate (Holtzheimer
et al, 2012). Of note the later study utilized higher intensity
stimulation (6-10 mA) than the former (5.2 mA). These led
to the BROADEN trial, which was conducted as a multicenter,
randomized controlled trial for SCC DBS. Subjects underwent
bilateral SCC implantation and were randomized to active or
sham DBS for 6 months. Following the first endpoint of
6 months, no group differences were found, and the study
was discontinued following a futility analysis. Nevertheless, two
novel findings emerged from this study. First, a retrospective
tractography study observed that SCC DBS responders were more
likely to have the active contacts located at the convergence of
four white matter pathways: forceps minor, uncinate fasciculus,
cingulum bundle, and fronto-striatal fibers (Riva-Posse et al,
2014). Second, when subjects were followed longitudinally (2-
8 years), the response and remission rates rose to 81 and
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54%, respectively (Crowell et al,, 2019). These follow-up studies
provide encouragement for the therapeutic potential of DBS
for TRD, as increasing evidence suggests that heterogeneity of
psychiatric disorders may warrant an individualized approach,
including connectomics and tractography, for patient-specific
target identification (Riva-Posse et al., 2018; Allawala et al., 2021;
Hollunder et al., 2022).

DBS antidepressive mechanisms

An advantage of SCC DBS is that it directly targets the
white matter tracts underlying the subgenual cingulate cortex
and thus gains access to functional networks involving the
cingulum bundle. In contrast, the stimulus area accessed by
ECT, TMS and EpCS is less focused. Notwithstanding, Tsolaki
and colleagues demonstrated differences in responsivity to ECT
based on SCC connectivity, again supporting the idea that
non-invasive and invasive modalities share network coupling
dynamics (Tsolaki et al, 2021). DBS contacts apply a three-
dimensional electric field to surrounding tissue, resulting in
depolarization or hyperpolarization of neighboring dendrites
and axons (Mclntyre and Foutz, 2013). The therapeutic effects
are generated via high frequency stimulation (~100-130 Hz)
of a target selected for its ability to modulate an aspect of
neurologic dysfunction such as ATN for epilepsy and STN for
Parkinson’s disease. Initial functional studies in patients with
depression demonstrated increased glucose metabolism in the
SCC and pregenual cingulate cortex (pgCC) (Sacher et al., 2012).
Mayberg and colleagues observed that hypermetabolism in SCC
was attenuated with pharmacologic antidepressants (Mayberg
et al, 1997, 2000), identifying SCC as a potential target for
modulation of TRD with DBS. As suggested by tractography studies
(Riva-Posse et al., 2014; Tsolaki et al., 2017), SCC DBS likely
activates white matter tracts in close proximity to the electrode
contacts, such as the cingulum bundle and uncinate fasciculus.
The cingulum is a large white matter tract superficial to the
corpus callosum and involved in executive control, emotion, pain,
and memory (Bubb et al, 2018). Axons from the subgenual
and anterior cingulate subsections have terminations in the
anterior cingulate cortex (ACC), prefrontal cortex (dorsolateral,
medial and orbital), amygdala, insula and superior temporal
cortex (Bubb et al, 2018). Each of these structures have been
strongly implicated in the SN and serve as potential sites of
modulation for emotion dysregulation. Moreover, in a study of
error rate in an emotional empathy task after ischemic stroke,
Oishi et al. showed that right uncinate fasciculus lesions were
associated with greater error rate. This demonstrated the role of
the uncinate fasciculus, a tract with connections to orbitofrontal
cortex, anterior insula, temporal pole, and amygdala, in emotional
empathy (Oishi et al., 2015). SCC DBS at the intersection of
these and other tracts may provide a locus for modulation of
the SN given apparent overlap with key nodes: dorsal anterior
cingulate cortex, anterior insula, temporal pole, and the amygdala
(Friston, 2017). Direct access to the SN may provide a useful
clue as to the potential mechanism for DMN and CEN activation
via SCC DBS. Table 4 summarizes key clinical evidence of SN
modulation with DBS.
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Multi-modality neuromodulation for
TRD: A network-centric clinical
algorithm

Given the complexity and heterogeneity associated with TRD,
it would be advantageous to create a systematic therapeutic
approach. We propose an heuristic clinical pathway that utilizes
available neuromodulation technologies, tiered by invasiveness, to
find the optimal, personalized treatment plan for individuals with
TRD. This stepwise neuromodulation clinical pathway, paired with
individualized target identification via tractography and functional
connectomics, could result in more consistent patient outcomes.

In this pathway, patients that have failed three or more
antidepressants and ECT will be treated with Level IA
neuromodulation—conventional DLPFC TMS protocol (6 weeks).
If symptoms persist (<50% symptoms),
patients may undergo additional testing including functional
connectivity imaging, tractography, behavioral and cognitive

improvement in

testing for characterization of patient-specific TRD neurobiology
contributing to depressive symptoms. Unique TRD profiles in
certain patients have been suggested by several authors proposing
that specific depressive symptoms map onto distinct functional
networks (Williams, 2016; Hollunder et al., 2022). Imaging data
would be used to identify personalized targets for subsequent
neuromodulation. The next step, Level 1B neuromodulation,
consists of accelerated TMS such as the 5 day SAINT protocol,
using iTBS. If this fails, evidence of abnormal activation in
DMN (hyperactivation) or CEN (hypoactivation) would be
an indicator for Level 2 neuromodulation—bilateral DLPFC
and frontopolar PFC EpCS for 6 months. If imaging identifies
hypoactivation of SN, Level 3 neuromodulation—SCC DBS,
would be recommended. VNS, which has been implicated in
DLPFC activation via connections to the locus coeruleus, is an
alternative if intracranial surgery is contraindicated (Conway
et al., 2006, 2018; Dorr and Debonnel, 2006; Roosevelt et al., 2006;
Kamel et al., 2022). Broader network dysfunction in DMN, CEN,
and SN or severe, refractory cases would be an indication for
Level 4 neuromodulation—stereotactic electroencephalography
(sEEG)-informed adaptive DBS. For this level, sEEG would
assist with identifying symptom-specific biomarkers and targets
for personalized closed-loop DBS. Scangos and colleagues used
this approach and reported favorable outcomes with VC/VS
stimulation for modulation of symptom-associated gamma power
in the amygdala of one patient with TRD (Scangos et al., 2021).
In that study, machine learning (ML) algorithms were used to
analyze biomarkers in one structure while stimulating in a remote
site. While specific white matter pathways were not considered
in that study, it is interesting that the ML algorithms modeling
the data identified a target other than SCC as most effective in
ameliorating the patient’s symptoms. The findings support the idea
that not only may TRD manifest differently in each individual,
structures outside the traditional DMN, SN or CEN networks,
such as the amygdala, may provide useful biomarker correlations.
A schematic of the proposed clinical pathway is depicted in
Figure 1.

As previously described, depression is associated with
hyperactivation of the DMN which may contribute to symptoms
of rumination and pessimism (Anderson et al, 2016). This
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FIGURE 1

TRD neuromodulation clinical pathway. This schematic depicts the proposed stepwise pathway for optimizing individualized management of
treatment-resistant depression sEEG, stereotactic electroencephalography; aDBS, adaptive deep brain stimulation.

\ Default Mode Network
\ Salience Network
\ Central Executive Network

A\ Cingulum Bundle (CB)
\ Forceps Minor (FM)

Uncinate Fasciculus (UF)

FIGURE 2

Functional network modulation in TRD. Default mode network (DMN - blue), salience network (SN — purple), and central executive network (CEN —
green) are accessible for modulation with transcranial magnetic stimulation (TMS) and deep brain stimulation (DBS). Dorsal lateral prefrontal cortex
(DLPFC) TMS may modulate CEN via direct modulation of DLPFC and its projections to lateral parietal cortex (LPC) (A—C). DLPFC TMS could
indirectly modulate SN via functional connections with anterior cingulate cortex (ACC), anterior insula (Al), or DMN via functional connections with
medial prefrontal cortex (mPFC) and posterior cingulate cortex (PCC). DBS at the intersection of subcallosal cingulate cortex (SCC), the cingulum
bundle (CB), uncinate fasciculus (UF), and forceps minor (FM) may modulate SN via projections to dorsal anterior cingulate cortex (dACC) and Al
(C,D). Functional connections to DLPFC, mPFC, and PCC also present avenues for modulation of CEN and DMN. Please see Table 1 for full listing of
network structures.
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may or may not be cosynchronous with SN and CEN
hypoactivation, resulting in aberrant responses to salient stimuli,
memory deficits, and attentional dysfunction (Anderson et al,
2016). The neuromodulation clinical pathway we have proposed
enables a multifaceted approach for treating depression by targeting
nodes within each of these networks. This provides a systematic
approach for implementing neuromodulation to find the target
and therapy that works optimally for each patient.

In summary, the imbalance between network activity may
prime individuals to preferentially respond to a particular
stimulation locus and modality. TMS at the DLPFC directly
modulates the node of the central executive network. But this
region also has functional connections with nodes of the SN (ACC
and anterior insula) and the DMN (ventromedial prefrontal cortex
(VMPEFC), posterior cingulate cortex (PCC) and lateral parietal
cortex) (Figures 2A-C). Patients with pathologic hypoactivation
of DLPFC as the primary insult may be responders to TMS.
Bilateral DLPFC and frontopolar stimulation with EpCS likely
alters activity of the CEN and DMN but also has downstream
effects on the salience network. DBS at the intersection of the
SCC, cingulum, and uncinate fasciculus likely modulates the
SN via dACC and anterior insula (Figures 2C, D). This is
probably paired with effects on the CEN and DMN through
functional connections with DLPFC and VMPFC to PCC,
respectively. Patients with hypoactivation of the salience network
may preferentially respond to SCC DBS. A network-centric clinical
pathway brings together multiple disciplines and proposes a new
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