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A B S T R A C T

Background: Epidural prefrontal cortical stimulation (EpCS) represents a novel therapeutic approach with
many unique benefits that can be used for treatment-resistant depression (TRD).
Objective: To examine the long-term safety and efficacy of EpCS of the frontopolar cortex (FPC) and dor-
solateral prefrontal cortex (DLPFC) for treatment of TRD.
Methods: Adults (N = 5) whowere 21–80 years old with severe TRD [failure to respond to adequate courses
of at least 4 antidepressant medications, psychotherapy and ≥20 on the Hamilton Rating Scale for De-
pression (HRSD24)] were recruited. Participants were implanted with bilateral EpCS over the FPC and
DLPFC and received constant, chronic stimulation throughout the five years with Medtronic IPGs. They
were followed for 5 years (2/1/2008–10/14/2013). Efficacy of EpCS was assessed with the HRSD24 in an
open-label design as the primary outcome measure at five years.
Results: All 5 patients continued to tolerate the therapy. The mean improvements from pre-implant base-
line on the HRSD24 were [7 months] 54.9% (±37.7), [1 year] 41.2% (±36.6), [2 years] 53.8% (±21.7), and [5
years] 45% (±47). Three of 5 (60%) subjects continued to be in remission at 5 years. There were 5 serious
adverse events: 1 electrode ‘paddle’ infection and 4 device malfunctions, all resulting in suicidal ide-
ation and/or hospitalization.
Conclusion: These results suggest that chronic bilateral EpCS over the FPC and DLPFC is a promising and
potentially durable new technology for treating TRD, both acutely and over 5 years.

© 2016 Elsevier Inc. All rights reserved.

Introduction

Depression is a severely disabling disorder of extreme sadness
or melancholia that affects a person’s activities of daily life as well
as social functioning [1]. Depression is a major public health problem
and is the second leading cause of disability worldwide [2]. Al-
though pharmacotherapeutic approaches to depression treatment

are effective for some, they have demonstrated limited success in
large clinical studies [3]. When depression fails to remit after ad-
equate treatment, it is labeled treatment-resistant depression (TRD)
[4]. TRD represents a spectrum that is often quantified by the number
and type of failed adequate trials of treatments. This typically ranges
from a minimum of a single failed trial of pharmacological
monotherapy to more treatment-resistant forms of TRD that fail nu-
merous trials of pharmacological monotherapies as well as
pharmacological augmentation strategies, and to the most resis-
tant forms of TRD that fail treatment with electroconvulsive therapy
(ECT) [5].

Approximately 72% of patients will fail to remit after treatment
with a single pharmacological monotherapy and thus meet criteria
for some degree of TRD [6]. For these patients, an interventional
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psychiatric approach may be considered [7,8], with several options
being available, depending in part on howmany and what types of
adequate trials of treatments that the patient has received. For
example, transcranial magnetic stimulation (TMS) [9] is FDA-
approved to treat patients who have failed treatment with a single
antidepressant medication, and although no FDA recommenda-
tions currently exists for ECT, typical guidelines limit use to patients
who have failed one or more antidepressant trials and/or require a
rapid antidepressant response [10,11]. In contrast, the FDA recom-
mends treatmentwith vagal nerve stimulation (VNS) only for patients
who have failed treatment with at least 4 antidepressants or ECT
[12]. Unfortunately, many patients experience a particularly resis-
tant form of TRD with no current FDA-approved treatment options
once all treatments have failed [8]. For these patients with themost
treatment-resistant form of TRD, a more invasive approach using
devices implanted into the encephalon is warranted. For example,
deep brain stimulation (DBS) of several structures, including the
ventral striatum [13] and subgenual cingulate, is currently being de-
veloped for TRD [14]. Although DBS was initially a promising
treatment option for these patients [14], large, controlled clinical
trials have failed thus far to demonstrate efficacy [15,16].

One promising target for the treatment of patients with highly
treatment-resistant TRD using implanted devices is the prefrontal
cortex [17,18]. Studies have suggested that in depression, the left
dorsolateral prefrontal cortex (DLPFC) is hypoactive and the right
DLPFCmay be hyperactive [19]. The relationship between left DLPFC
activity and depression is likely causal, as repetitive TMS (rTMS) over
left DLPFC has been shown to be effective and is a US Food and Drug
Administration (FDA)-approved intervention for TRD [9,20]. Fur-
thermore, there is emerging data of utilizing transcranial direct
current stimulation over DLPFC for treatment of depression [21].
Another region of the prefrontal cortex, the frontopolar cortex (FPC),
specifically BA 10, is also a promising depression target. The FPC
has gained attention as an important node in the mood regulatory
circuitry [22], and is consistently found to have increased resting-
state activity in patients with depression [23]. Thus, the FPC and
DLPFC represent promising targets for neuromodulation as treat-
ment for TRD [8].

Epidural cortical stimulation (EpCS) represents a novel thera-
peutic approach that can be used to stimulate the DLPFC and FPC
to treat TRD [24,25]. EpCS involves placing stimulating electrodes
directly on the dura mater dorsal to the cortical areas to be stimu-
lated [26]. Chronic EpCS of sensory or motor areas has demonstrated
efficacy in managing intractable pain syndromes [27–30], improv-
ing recovery from stroke [31], and addressing Parkinson’s disease
and other motor disorders [26].

We have previously reported outcomes up to 7 months in 5 pa-
tients with TRD that were implanted with bilateral EpCS over the
DLPFC and FPC in an open-label design [24]. We continued to assess
the long-term safety and efficacy of chronic intermittent EpCS for
treatment of TRD and report outcomes for all 5 of these patients 5
years following initial implantation. During this time an ex-
panded array of stimulation parameters was investigated and
additional treatments were combined with EpCS during this unre-
stricted phase of the investigation. The efficacy and safety of EpCS
endured during this follow-up period and several trends in stim-
ulation parameters were observed and are discussed herein.

Methods and materials

This long-term follow-up study was conducted at the Medical
University of South Carolina (MUSC) in compliance with the orig-
inal Investigational Device Exemption issued to Z.N. and later
transferred to E.B.S. under the guidance of the FDA. For the origi-
nal study, the inclusion criteria limited enrollment to individuals

with definite histories of depression with substantial treatment-
resistance in order to address the ethical concerns of providing an
experimental and untested intervention that required surgery. The
MUSC Institutional Review Board approved the research protocol.
Written consents were obtained at the onset before the initial im-
plantation and included permission for further ratings at these
extended time-points. All subjects underwent comprehensive as-
sessments including detailed neuropsychological testing at baseline,
after implantation, and at the 5-year follow-up.

Participants

For the original study, all 5 participants presented with a
nonpsychotic, nonatypical major depressive episode (MDE) as part
of either bipolar (I or II) disorder ormajor depressive disorder (MDD),
defined by DSM-IV criteria [32]. For the initial enrollment, all par-
ticipants scored ≥20 on the 24-item Hamilton Rating Scale for
Depression (HRSD24) [33,34] before implantation [24]. We re-
tained all 5 of our original study patients in this 5-year follow-up
study. All 5 of our patients had not benefited sufficiently from trials
of at least 4 classes of antidepressant medications or other somatic
treatments as defined by the Antidepressant History Treatment Form
(ATHF) criteria [5] as well as a minimum of 6 weeks of prior psy-
chotherapy during any MDE prior to surgical intervention. During
the long-term follow-up study time-period, both stimulation pa-
rameters and medications could be modified in both type and dose.
For 3 of the 5 patients, VNS was reactivated after the initial 1-year
mark and the VNS device stayed on chronically. ECT, TMS, and DBS
could not be provided to any of the patients after EpCS implanta-
tion. The majority of treatment changes during the study consisted
of EpCS stimulation parameter modifications (e.g., current, frequen-
cy, duty cycle, different leads stimulated) with minimal changes in
medications (primarily removal of medications in the remitters)
across the entire 5 years.

Chronic stimulation parameters

For the last 2–3 years, patients received chronic, bilateral stim-
ulation of the left and right FPC and DLPFC using a total of 4 paddle
leads at 130 Hz, 4.5–6.5 V, 210 μs (except one patient with a pulse
width of 90 μs), double bipolar (0−/1+/2−/3+) across all 4 paddles
for each lead. These settings evolved over time and parameters were
selected on a trial and error basis during the final 4 years of therapy.
The pulse width and frequency settings were altered from the orig-
inal protocol during years 2–5 and the recent pulse width and
frequency settings were based on DBS obsessive-compulsive dis-
order (OCD) treatment trial parameters [35]. Eventually all patients’
frequency settings were reprogrammed from an initial 60 Hz to
130 Hz, which represents a difference from another study utiliz-
ing a single paddle [25] and reflects a programming strategy similar
to DBS [36].

Assessments

Unmasked clinical outcome measures included the HRSD24, the
10-itemMontgomery-Asberg Depression Rating Scale (MADRS) [37],
Inventory of Depressive Symptoms – Self-Report (IDS-SR) [38], the
11-item Young Mania Rating Scale (YMRS) [39], the Clinical Global
Impression: Severity (CGI-S) and Clinical Global Impression: Im-
provement (CGI-I) ratings. These measurements were obtained at
pretreatment (baseline), weekly for the first 3 months, biweekly for
the next 2 months and monthly after that for the first year. Follow-
up assessments were completed within ±1 week of scheduled visits.
Functional outcomes were assessed with the Quality of Life, En-
joyment and Satisfaction Questionnaire (Q-LES) [40], Medical
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Outcomes Study (MOS) Short Form-36 (SF-36) [41] at baseline, 4
months, 7 months, and 5 years.

Neuropsychological testing

Participants underwent a brief neuropsychological testing at base-
line, at the end of acute phase (20 weeks), and at 5 years. These tests
included the Choice Reaction Test, the Continuous Performance Task,
the Cognitive Failures Test and the Modified Mini Mental Status.

Data analyses

Response was defined a priori as a 50% or greater reduction in
mean HRSD24 scores relative to the mean of the baseline (pre-
implantation) visits. Prior to the investigation, it was determined
that 5 participants would be required to achieve a power of 0.80
to detect differences in mean HRSD24 scores from baseline under
a repeated-measures analysis of variance (ANOVA). Post hoc power
testing of our initial report found that a power of 0.879was achieved.
For secondary analyses, we defined secondary outcomes of inter-
est to be a 50% or greater reduction in the mean of baseline MADRS
score, or a 50% or greater reduction in the mean of baseline IDS-
SR score. Remission was defined a priori as an HRSD24 score of 10
or lower.We again employed a last observation carried forward anal-
ysis for missing data. All data were quality checked and queries
clarified before final analyses were conducted. For computerized cog-
nitive tests, several responses were deleted when there was an
indication in the output files that the questions skipped rapidly
before the patient was able to respond accordingly. More than 80%
of the values remained unchanged. In statistical analyses, we cal-
culatedmeans and standard deviations (SD) for outcomes of interest.
Paired-sample t tests and repeated-measures ANOVAs were used
for bivariate and multivariate comparisons respectively. All statis-
tical tests were two-tailed at 0.05 alpha level.

Results

Sample characteristics

Six participants were initially enrolled, and 5 received EpCS and
participated in this study. One participant withdrew consent before
implantation. Table 1 summarizes the sample characteristics. The
mean age (±SD) was 44.4 (±9.7) years at the time of implantation.
Four were women, and 3 were diagnosed with recurrent MDD; 2

others had bipolar affective disorder I, depressed type. All were un-
employed, and 3 continued to receive disability. At the time of
implantation, the average length of depressive illness was 25.6 (±8.3)
years, and the average length of the current depressive episode was
43 months (±38 months). The average length of the current de-
pressive episode was 46 months (±58.7 months) for the 2 non-
responders. It is noteworthy that participants had received a mean
of 9.8 (±5.3) unsuccessful clinical treatments during the MDE that
preceded implantation. Of these psychotropic compounds, an average
of 6.2 (±2.1) were classic antidepressant treatments of which 5.8
(±2.05) met ATHF criteria for trial adequacy [5]. Four of the pa-
tients had received prior treatments with ECT, TMS, or VNS. VNS
was reactivated in all 3 patients at some point during the final 4
years prior to this study. No patients had received ECT or TMS during
EpCS treatment given the risks of interactions with their im-
planted devices. They enrolled in the study taking a mean of 6 (±2.3)
psychotropic drugs and were on 4.4 (±1.34) at the time of the 5-year
follow-up.

Clinical outcomes

Table 2 details the individual scores at study landmarks. After
7 and 60 months of active stimulation, the group showed a mean
HRSD24 improvement of 55% (±38) and 42.9% (±38.4) respective-
ly. Repeated measures ANOVA revealed a significant difference in
mean HRSD24 scores across time points (F5,4 = 6.12, p < 0.01);
however, post-hoc, paired t tests only detected a significant differ-
ence from baseline for the 7-month time point (p < 0.05). All of the
patients’ HRSD24 scores were within 3 points of the 7-month score
except for Subject 3 who had an increase in the HRSD24 score from
19 at 7 months to 38 at 60 months.

Table 1
Sample demographics.

Subject 1 Subject 2 Subject 3 Subject 4 Subject 5 Group

Gender F M F F F 4 F/1 M
Diagnosis recurrent MDD BPAD depressed BPAD depressed Recurrent MDD Recurrent MDD 3 MDD/2 BPAD
Current age 42 57 47 31 45 44.4 (±9.7)b

Length of illness (years) 17 32 31 16 32 25.6 (±8.3)
Current depressive episode (months) N/A N/A 84 8 N/A 46 (±53.7)
HRSD score (24 item) 23 33 33 29 24 28.4 (±8)
Previous brain stimulation therapies ECT, VNS, TMS ECT, VNS, TMS ECT VNS, TMS None 4 yes/1 no
Past psychotherapy Yes Yes Yes Yes Yes All
Family history of depression Yes Yes No Yes Yes 4 yes/1 no
Number of psychiatric treatments in
current depressive episodea

12 18 6 8 5 9.8 (±5.3)

Current ATHF 8 8 4 5 4 5.8 (±2.05)
Number of psychotropics at baseline 9 5 6 3 7 6 (±2.23)
Number of psychotropics at 5 years 5 2 5 5 5 4.4(±1.34)

ATHF, Antidepressant History Treatment Form; BPAD, bipolar affective disorder; ECT, electroconvulsive therapy; F, female; HRSD, Hamilton Rating Scale for Depression; M,
male; MDD, major depressive disorder; TMS, transcranial magnetic stimulation; VNS, vagus nerve stimulation.

a Excluding psychotherapy.
b Mean (±SD).

Table 2
Individual 24-item Hamilton rating scale for depression scores.

Time Subject
1

Subject
2

Subject
3

Subject
4

Subject
5

Preoperative baseline 23 33 33 29 24
Week of EpCS activation 22 32 38 29 28
2 weeks post-EpCS
activation

14 36 38 24 14

4 months 2 33 23 29 10
7 months 4 3 19 30 9
5 years 7 1 38 27 8

EpCS, epidural prefrontal cortical electrical stimulation.

899N. R. Williams et al. / Brain Stimulation 9 (2016) 897–904



Secondary outcomes

Mean scores and statistical test results of the MADRS and IDS-
SR are provided in Table 3. MADRS percent change from baseline
significantly improved over time. The IDS-SR scores at baseline, 7
months, and 60 months were also significantly improved.

Functional measures

Participants completed the Quality of Life, Enjoyment and Sat-
isfaction Questionnaire [40] at baseline, at 7 months, and at 60
months (Table 3). They also completed the Medical Outcomes Study
Short Form-36. At 60 months after implant, no changes were noted
as a group in physical functioning, pain or general health.

Neuropsychological testing

Neuropsychological testing scores at baseline, after 20 (±9) weeks,
and after 5 years of EpCS are displayed in Table 4. No significant
differences were observed at any time point.

Adverse events

All of the adverse events from the initial surgical implantation
have been described in the first publication [24]. One infection of
the left surgical site at 3 months in 1 patient was unexpected but
resolved quickly. In addition to the infection, there were 4 other
serious adverse events, all involving device malfunctions and re-
sulting in suicidal ideation and/or hospitalization. Three of these
events involved the battery depleting, and 1 involved the device’s
connectors.

Discussion

Here we report on the long-term safety, tolerability, and dura-
bility of the therapeutic benefits of bilateral anterior (FPC) and lateral
(DLPFC) EpCS in patients diagnosed with TRD. At the initial 7-month
acute end-point, adjunctive intermittent open-label EpCS was well
tolerated and associated with marked and sustained improve-
ment in 3 of the 5 severe TRD patients [24]. Subsequently after 5
years of ongoing clinical assessment, 3 out of the 5 (60%) contin-
ued to be in remissionwhile 2 subjects were non-responders. Despite
the invasive nature of EpCS and the level of functional impair-
ment in these patients at the time of enrollment, patients tolerated
the surgical procedure and chronic stimulation. There was no ev-
idence of worsening in tasks associated with frontal cortex, e.g.
working memory, or problem solving [24], and these findings are
in line with uncontrolled reports showing enhanced cognitive func-
tions with EpCS over various cortical areas [42,43].

Although the number of responders remained constant from 7
months to 5 years, post-hoc testing revealed that HDRS24 scores
were significantly improved from baseline only at the 7-month time
point. This change was driven mostly by Subject 3, who initially
showed some improvement at 7 months but failed to meet re-
sponse criteria. Although HRSD24 scores remained relatively constant
in 4 of the 5 participants, Subject 3 had a worsening of their HRSD24
during the follow-up period. This worsening was likely due to sig-
nificant prefrontal atrophy secondary to an early dementing process.
The patient had several centimeters of distance between the skull
and the cortical surface, and this skull-to-cortex distance has been
demonstrated to affect the ability of brain stimulation interven-
tions to modulate cortex [44,45]. Interestingly, Subject 4 (also a non-
responder) later responded after the voltage for both left hemisphere
leads was increased such that the current delivered was >10 mA.
We did this after we noticed that the impedance in the leads for Ta
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Subject 4 was >800 ohms and causing the current delivered to be
lower than the rest of the cohort (average impendence of around
300 ohms for all other subjects’ leads). After making this change,
Subject 4’s HRSD24 decreased to 11 and remained there for the du-
ration of the first author’s time programming the patient (about one
year). However, we did not report the improvement in Subject 4’s
HRSD24 in the Results section, as it occurred outside of the study
timeframe. These two cases suggest that for EpCS to be effective,
there likely has to be >10 mA delivered, and the stimulation must
be directly underlying the cortical surface of interest.

Several other studies have explored sub-convulsive brain stim-
ulation for TRD, e.g., VNS therapy was one of the first interventions
to be systematically tested and is now FDA approved for TRD [46–49].
Three of the 5 participants in the current study were implanted with
VNS devices. These devices were deactivated during the first year
of the study [24] and reactivated thereafter. Thus, it is possible that
VNS contributed to the sustained remission experienced by 2 of these
participants. Indeed, VNS may interact synergistically with EpCS
through paired associative stimulation (PAS), a Hebbian type of neural
potentiation elicited via a spike-timing-dependent mechanism in
which pairs of contemporaneously occurring stimuli intersect in a
local cortical region [50]. PAS has been shown to occur in the DLPFC
when cortical stimulation is paired with stimulation of the median
nerve [51]. Although VNS and EpCS devices were not synchro-
nized, numerous paired stimuli undoubtedly occurred over time and
could have produced a cumulative effect on cortical plasticity. Future
studies might exploit PAS using EpCS synchronized with VNS to
augment the efficacy of both approaches.

There are several notable differences between EpCS and other
sub-convulsive brain stimulation for TRD, including differences in
safety, configurability, and the degree of influence on cortical cir-
cuits. EpCS carries several risks inherent in implanted devices, such
as intracranial bleeding and infection. However, although a burr hole
is required for placement inside the skull, the leads and elec-
trodes remain above the duramater, so the arachnoid space provides
a natural barrier between the electrodes and the underlying corti-
cal region [24]. Thus, EpCS is potentially safer than more invasive
therapies such as DBS [27], which inherently requires electrodes to
penetrate brain parenchyma [52,53]. Additionally, EpCS offers a more
direct approach than safer interventions such as TMS [54,55] or
transcranial direct current stimulation [21], therefore potentially al-
lowing greater modulation of cortical nodes in the mood regulation
circuitry, possibly resulting in greater efficacy. Similarly to DBS, EpCS
also offers flexibility in its stimulation configurations with the ability
to vary the size and polarity of the induced electrical field as well
as the activation of specific neuronal elements via manipulations
of pulse width, intensity, and frequency settings. This contrasts with
surgical techniques that produce permanent lesions.

EpCS has become increasingly well investigated since our initial
manuscript’s release. An EpCS study reported shortly after our initial
report involved a controlled trial with 12 TRD patients who were
randomized to active or sham single-blind treatment for 8 weeks
with an adaptive open design follow-up [25]. During the first 21
months of treatment, the authors observed a significant improve-
ment in the HDRS, and 4 subjects (30%) achieved remission at some
point during the study (HDRS ≤ 10) compared to the 60% remis-
sion we report here. Importantly, this study had several major
differences compared with our report: the study by Kopell et al. in-
volved only stimulation of the left DLPFC with 2-paddle leads [25],
not bilateral stimulation of 2 targets (FPC and DLPFC) with 4-paddle
leads as we performed here [24]. Additionally, the left DLPFC was
targeted suboptimally in this past study using relative distance from
the central sulcus [25], whereas in our approach anatomically de-
lineated cytoarchitecturally defined areas were utilized to determine
electrode placement [24]. Further, our approach in the current report
utilized evolving stimulation parameters, including an increase in
stimulation frequency from an initial 60 Hz to 130 Hz in all sub-
jects. In contrast, Kopell et al. maintained constant 50 Hz stimulation
throughout the study [25]. Finally, the study by Kopell et al. was a
sham-controlled trial, as opposed to the open label trial we report
here. Neurosurgical treatments for TRD have shown promise in nu-
merous open-label trials [14] that have failed when repeated in
larger, controlled trials [15,16]. These differences may account for
the enduring remission in depressive symptoms that we observed.

In an effort to better understand the relationship between stim-
ulation parameters and mood outcomes, the potential effects of a
variety of parameters were assessed. These included amplitude, pulse
width, rate, and on/off cycling frequency. Initial stimulation set-
tings were determined in the operating room, where participants
underwent a battery of psychiatric tests. These settings were then
adjusted as needed at subsequent follow-up visits. Although the small
sample size of the study prevented the use of summary statistics,
a number of potentially useful relationships appeared to be present.
Amplitudes of 5 V or higher appeared to be positively related to pa-
tients’ moods. There was no clear relationship between rate or on/
off cycling frequency and mood. Additionally, no hypotheses
regarding pulse width could be drawn, as this was consistent at
210 μs throughout for all but one patient. In one case, the pulse width
was modified to 90 μs and this resulted in an improvement in the
subject’s mood. This is a potential factor worth investigating in future
studies. Future studies should also examine the relationship between
current andmood, as this parameter was not tracked until the 5-year
follow-up. Since measuring current inherently accounts for differ-
ences in resistance between circuits, it is anticipated that this will
have more predictive value than voltage. With a sample size ade-
quate for predictive analysis, it is possible that rate and on/off cycling

Table 4
Neuropsychological testing scores before, after 20 (±9) weeks, and after 5 years of epidural prefrontal cortical electrical stimulation.

Baseline 20 (±9) weeks follow-up 5 year follow-up tb df p

Choice reaction test (no. correct) 58.80 (1.30)a 50.80 (20.02) 59.5 (0.58) −1.41 3 0.252
Choice reaction test (msec) 836.08 (432.68) 508.72 (322.89) 605.51 (116.60) 0.75 3 0.508
Choice reaction test (no. incorrect) 1.20 (1.30) 9.20 (20.02) 0.5 (0.58) 1.41 3 0.252
Simple reaction time (msec) 402.40 (138.80) 361.82 (96.53) 393.51 (122.98) −1.66 3 0.196
Continuous performance task (no. false alarms) 3.00 (2.45) 3.75 (0.96) 5.8 (3.77) −0.69 3 0.539
Continuous performance task (false alarm time – msec) 602 (90.39) 625.37 (183.61) 514.27 (60.30) 1.65 2 0.241
Continuous performance task (no. hits) 18.75 (7.09) 21.50 (6.03) 22.2 (5.36) 0.37 3 0.734
Continuous performance task (hit time – msec) 536.21 (30.23) 519.59 (45.65) 526.32 (64.78) 0.37 3 0.734
Cognitive failures test 51.25 (10.50) 37.75 (18.37) 33.2 (22.30) 2.12 4 0.101
Modified mini-mental status examination (total score) 60.25 (6.95) 63.50 (0.58) 64.6 (2.3) −1.09 4 0.336

a Mean (SD).
b t tests compare baseline to 5-year follow up.
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frequency could also prove to be important factors in both treat-
ment efficacy and long-term durability. The identification of
emerging patterns between stimulation parameters and mood out-
comes should provide direction and serve as a useful starting point
for future studies, and the determination of optimal stimulation pa-
rameters will be crucial to understanding the mechanism of this
approach.

The antidepressant mechanisms of action of EpCS continue to
be unknown. It is hypothesized that EpCS does not create a func-
tional lesion [24], but rather appears to modulate cortical function
[42,56]. The antidepressant effect of EpCS we observed in the current
study is likely due to the major roles that the DLPFC and FPC play
in regulation of mood. In the most straightforward case, the left
DLPFC is hypoactive and the right DLPFC is hyperactive in patients
with depression [19]. The veracity of this association is high-
lighted by the efficacy of DLPFC-targeted treatments for TRD [9,21].
More specifically, EpCS over the DLPFC may alter a patient’s emo-
tional valence. A recent meta-analysis of depression imaging studies
revealed that the DLPFC is essential for assigning emotional valence
[57], which may at least partially explain how the DLPFC plays such
a critical role inmood regulation [58] as well as the efficacy of DLPFC-
targeted treatments. Similarly to the DLPFC, the FPC is consistently
found to have changes in resting-state activity in patients with de-
pression [23] and is a node in the mood regulatory circuitry [22],
playing a key role in the regulation of negative affect [56]. Themedial
prefrontal cortex (MPFC) (including BA 10, the FPC) has been caus-
ally implicated in animal [59] and human [60] studies of depression.
Furthermore, the efficacy of open label DBS of the subgenual cin-
gulate in TRD has been associated with reduction in the metabolic
activity of BA 10 [8,52,61], and the efficacy of this approach depends
on the active contact interfacing with the forceps minor, the white
matter tract from the subgenual cingulate to BA 10 [62]. Although
a large subgenual cingulate DBS trial was negative [15], the pa-
tients utilized for the tractographic analysis above have been reported
to have good clinical response to DBS of the subgenual cingulate
[63], suggesting that the FPC plays a critical role in depression [62].

The role of the DLPFC and FPC in depression is also supported
by studies of the neural networks underlying mood and cognition.
Abnormal connectivity in the default mode network (DMN) and
central executive network (CEN) has been associated with depres-
sion [64]. Although there is some variation in the precise regions
associated with each of these networks, the MPFC (including BA 10,
the FPC) is consistently identified as a primary node of the DMN
[64–66], and the DLPFC is a primary node of the CEN [64]. There is
some suggestion that the antidepressant efficacy of rTMS of the left
DLPFC (CCN node) is related to increased dopaminergic signaling
and reductions in activity and connectivity within the subgenual
cingulate, further supporting that the effects of DLPFC stimulation
modulate deep structures in the neural network [64,67,68].

By modulating cortical activity at discrete nodes, EpCS likely
changes the brain functions on a circuit, i.e. network, level [69]. Con-
sidering depression and several other neuropsychiatric diseases are
primarily a result of disturbances of neural circuits [70,71], EpCS
may be particularly efficacious as it has the capacity to directly alter
the activity of these neural circuits. One possibility is that EpCS of
the FPC may enhance this structure’s connectivity with the insula.
A recent report found significantly reduced functional connectiv-
ity between the FPC and the right insula in depressed participants
compared to non-depressed controls [22]. This group hypoth-
esized that this loss of connectivity could hinder appropriate
integration of interceptive information with introspection, impair-
ing the individual’s ability to regulate emotions. Enhanced
connectivity between the FPC and insula with EpCS may restore the
capacity to regulate emotions in depressed individuals. Ultimate-
ly, an imaging approach that combines functional and tractographic

information with EpCS is likely to be helpful in elucidating the
changes in brain network function that underlie the efficacy of EpCS.

This follow-up study continues to have clear limitations regard-
ing its small sample size and open-label design. We speculate that
the optimal parameters, although thoroughly explored, may have
not yet been utilized. It is also not known whether a bilateral ap-
proach is always necessary to optimize treatment outcomes. It is
notable that the voltage amplitude necessary for the epidural stim-
ulation appears to be significantly more than that of motor cortex
stimulation [72]. This finding suggests that a direct comparison of
motor cortex epidural (or subdural) stimulation to prefrontal epi-
dural cortical stimulation would not be appropriate because of the
limitations of the amplitude in motor cortex stimulation prior to
eliciting suprathreshold motor evoked potentials and therefore lim-
iting stimulation parameters to those below the stimulation induced
motor threshold. Future controlled studies that address these limi-
tations will determine the efficacy and further inform the possible
mechanism of EpCS of the FPC and DLPFC for the treatment of TRD.

Conclusion

Bilateral anterior pole (FPC) andmidlateral (DLPFC) EpCS for TRD
appear relatively safe and durable. EpCS has demonstrated an open-
label improvement that continues to be efficacious after 5 years and
is similar in effect side to other functional neurosurgical ap-
proaches in a TRD cohort. The relative ease of this approach
compared to DBS, the apparent long-term safety, and the poten-
tial of marked efficacy in the treatment of TRD all warrant expanded,
controlled, and blinded studies of EpCS for treatment of TRD.
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