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Deep Brain Stimulation for Treatment-Resistant Depression
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Department of Psychiatry and Behavioral Sciences and the Department of Neurology, Emory
University School of Medicine

Case Presentation, Part 1

Brian is a 27-year-old Caucasian man who presents with signs and symptoms of a severe
major depressive episode, including depressed mood, profound anhedonia, decreased sleep
with predominant late insomnia, decreased appetite, fatigue, significant psychomotor
retardation, feelings of worthlessness and guilt, poor concentration, indecision, and frequent
passive suicidal ideation without plan or intent. He denies any history of hypomania or
mania. He denies psychotic symptoms. He reports significant somatic and psychic anxiety
without any consistent focus. He does not meet criteria for any other major psychiatric
illness, including substance use and personality disorder. He is otherwise healthy. This is
Brian’s fourth clear major depressive episode (by history), and it began approximately 3
years ago.

Brian states that his first major depressive episode occurred “out of the blue” when he was
17 years old following an apparently “normal, happy” childhood and early adolescence.
After 4-6 weeks of symptoms, he sought treatment and went into a full remission after 8
weeks of sertraline at 200 mg/day. He stayed on sertraline for 8-9 months, and then
discontinued it after high school graduation. He remained well for about two and a half
years but developed his second major depressive episode (again without any clear trigger) at
age 20 in the fall of his junior year in college, where he was majoring in economics. He
again sought treatment and achieved partial remission after about 4 months with a
combination of sertraline (200 mg/day), clonazepam (1 mg at bedtime), and supportive
psychotherapy. He continued to have residual difficulties with insomnia, mild anhedonia,
and mild anxiety but was able to complete the school year without undue difficulty.

He remained in combined treatment but developed a third major depressive episode at age
21 in the fall of his senior year. Bupropion was added to his medication regimen and titrated
to 300 mg/day, and he was referred for cognitive-behavioral therapy. He achieved a
significant reduction in symptoms, but not remission. Because of residual symptoms, he did
not immediately pursue graduate studies and instead went to work for a local bank.

Brian did reasonably well for about 3 years, with occasional worsening of depressive
symptoms but generally with good functioning, when he developed his current major
depressive episode. This was his most severe episode to date, with active suicidal ideation
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with a plan (but no immediate intent) to shoot himself. Over the next year, he had a number
of treatments, among them multiple antidepressant medications, including selective
serotonin reuptake inhibitors, serotonin-norepinephrine reuptake inhibitors, mirtazapine,
tricyclic antidepressants, and tranylcypromine, as well as augmentation with lithium, thyroid
hormone, buspirone, atypical antipsychotics, anticonvulsants, stimulants, light therapy, and
ongoing psychotherapy. No treatment was able to achieve remission or a persistent clinically
significant reduction in symptoms.

Given his degree of treatment resistance and continued overall deterioration, including
increased suicidal ideation, he was referred for ECT. He achieved a good response (50%-—
60% symptom reduction) with eight high-dose right unilateral ECT treatments. ECT was
delivered concurrently with ongoing medications, and attempts were made to optimize
medications during and after ECT. However, Brian relapsed in about 6 weeks, and repeat
ECT (including four right unilateral and eight bitemporal treatments delivered concurrently
with ongoing medications) was unsuccessful in achieving significant symptom reduction but
was associated with notable cognitive impairment.

Treatment-Resistant Depression

Prevalence and Impact

Definition

Major depressive disorder is a widespread and costly illness, with a 1-year U.S. prevalence
of about 7% (1). A variety of treatments are available, but many patients fail to achieve
sustained symptomatic remission. It has been conservatively estimated that 10%-30% of
depressed patients will not remit and stay well with adequate therapy (2). Data from the
Sequenced Treatment Alternatives to Relieve Depression study (STAR*D) demonstrated
that approximately 33% of patients failed to achieve remission despite multiple treatment
attempts, and relapse occurred within 6-12 months in approximately 50% of those who
remitted (3). Treatment-resistant depression therefore has a U.S. prevalence of 2%-5%.
Continued depressive symptoms are associated with ongoing functional impairment (4),
increased utilization of health care resources (5), a greater risk of suicide (6), and an overall
increased mortality (7).

Despite the growing recognition of the prevalence and public health impact of treatment-
resistant depression, a consensus definition for this condition has not emerged. Various
approaches to staging treatment resistance have been developed (8-10), although studies of
treatment-resistant depression continue to vary widely in the operational criteria used (11).
That said, failure of at least two antidepressant treatments in the current episode is one of the
most consistently appearing definitions in the literature (12), and it appears to have
predictive validity. In STAR*D, remission rates in successive stages of treatment were
36.8% in the first treatment, 30.6% in the second treatment, 13.7% in the third treatment,
and 13.0% in the fourth treatment (3). The likelihood of remission is substantially lower for
patients for whom two adequate antidepressant trials failed than those for whom one
adequate trial failed. Notably, the STAR*D data indicated that failure of a trial with one
selective serotonin reuptake inhibitor (SSRI) (citalopram) did not substantially diminish the
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likelihood of responding to a second SSRI (sertraline)—however, failing to respond to two
antidepressant treatments (from the same or different classes) did predict subsequent
treatment failure.

Current Treatment Approaches

Numerous potential neurobiological targets for pharmacological approaches to treatment-
resistant depression have been proposed, but data for agents aimed at these targets are
limited or inconclusive (13). Cognitive therapy can be moderately efficacious in patients
who did not achieve remission with a single antidepressant medication trial (14) and may be
effective in patients for whom a higher number of trials failed (15), although not all studies
have been successful (16). Cognitive therapy also may decrease the rate of depressive
relapse over time (17-19), although in highly recurrent major depression this effect is
somewhat modest (19). Overall, psychotherapeutic approaches have been inadequately
tested for treatment-resistant depression, especially compared to somatic interventions (20).

ECT is an effective antidepressant treatment often considered first-line in the management
of treatment-resistant depression. ECT may be less effective in treatment-resistant patients,
but it is still associated with a remission rate of 50%-60% (21-23). However, ECT can have
side effects that limit its clinical use (24), and it is associated with a high relapse rate,
especially in patients with treatment-resistant depression (22, 25).

Repetitive transcranial magnetic stimulation (rTMS) of the left prefrontal cortex was
recently approved by the U.S. Food and Drug Administration (FDA) for the treatment of
depression that has not responded to one antidepressant medication. rTMS is a noninvasive
brain stimulation technique that is generally safe and has consistently shown statistically
significant antidepressant effects (26—28). However, response rates (defined as a decrease of
at least 50% in depression severity) are relatively low: about 15%—-20% after 3—4 weeks of
treatment and 24% after 6 weeks of treatment (29). Remission rates are even lower: 7%-—
149% with at least 3 weeks of treatment and less than 18% after 6 weeks of treatment.
Furthermore, the utility of this treatment in patients with more resistant depression (those
who did not benefit from more than one adequate antidepressant treatment in the current
episode) may be limited (30), and the maintenance of benefit over time is largely unknown.

Vagus nerve stimulation (VNS) is FDA approved for the treatment of treatment-resistant
depression, defined in this case as depression that has not responded to four or more
antidepressant treatments. VNS involves chronic, intermittent, unilateral stimulation of the
left vagus nerve through a surgically implanted electrode and pulse generator. The risks of
VNS surgery are relatively minor, and long-term treatment is generally well tolerated.
However, a sham-controlled study showed statistically nonsignificant anti-depressant
efficacy for VNS with 10-12 weeks of treatment, with a 15% response rate to active
stimulation and a 10% response rate to sham stimulation. Open-label long-term response and
remission rates were higher (27% response rate and 16% remission rate after 12 months of
stimulation) and statistically significantly greater than 12-month naturalistic outcomes in a
nonrandomized treatment-as-usual comparison group not receiving VNS (13% response
rate, 7% remission rate) (31-33). In longer-term follow-up studies, 21%-50% of patients
who responded to VNS failed to maintain at least a 40% decrease in baseline depression
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severity over 1-2 years (34, 35). In an open-label European cohort, 56% of patients who had
responded during 1 year of VNS relapsed within the next year (36).

In sum, few treatments are currently available for treatment-resistant depression. The most
efficacious of these are associated with only modest response and remission rates, and
relapse may still be a problem. Transcranial magnetic stimulation may have limited benefit
for patients who have failed to benefit from more than one adequate antidepressant
treatment, and the pivotal VNS study included only patients who failed to benefit from at
least two but no more than six antidepressant treatments in the current episode. Therefore,
for patients with a higher degree of resistance (more than six adequate treatments in the
current episode, as in the case we present here), there is no available treatment with
established short- and long-term efficacy.

Defining the Neurobiology of Treatment-Resistant Depression:
Neuroimaging Studies

Over the past several decades, numerous studies have investigated the neurobiology of
depression, with structural and functional neuroimaging becoming central to the effort to
identify biomarkers for depression and treatment response. Structural neuroimaging studies
have identified a number of abnormalities in patients with depression (37), but studies of
treatment-resistant depression are sparse. Smaller medial temporal volumes (primarily the
hippocampus but also the amygdala and the entorhinal cortex) have been consistently
reported in depressed patients (38-41), and it has been suggested that treatment resistance
may contribute to these findings (38, 42—44). However, these studies have generally been
limited by one or more factors: not including a treatment-responsive comparison group;
using an inadequate definition of resistance (e.g., failure of only one treatment in the current
episode); or not controlling for potential medication effects. This last point is critical, since
antidepressant medications may offer protection against hippocampal atrophy (45), although
it is unclear whether this effect is independent of an antidepressant effect. Zhang et al. (46)
showed differences in magnetization transfer ratio in patients with treatment-resistant
depression compared to healthy comparison subjects in the right anterior cingulate, insula,
caudate tail, and amygdala-parahippocampal regions, suggesting subtle structural/functional
dysfunction in these areas; however, voxel-based morphometry failed to identify clear
morphological abnormalities, and the study did not include a treatment-responsive
comparison group. Taylor et al. (47) found that patients who failed to respond to a single
antidepressant medication had higher frontal lobe fractional anisotropy—a diffusion tensor
imaging marker of white matter integrity—suggesting better organized white matter in the
resistant relative to the responsive patients. Shah et al. (48) showed that patients with
treatment-resistant depression had smaller right medial frontal and striatal volumes
compared to a group of treatment-responsive patients and comparison subjects. This finding
is more specific to treatment-resistant depression, but treatment status was not controlled
between the treatment-resistant and treatment-responsive patient groups.

Functional imaging studies of treatment-resistant depression have also been limited. Hornig
et al. (49) found that the ratio of amygdalar-hippocampal to cortical blood flow was higher
in patients who had at least one prior failed antidepressant treatment compared to patients
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with nonresistant depression and healthy comparison subjects; all participants were
medication free at the time of scanning (and data from the nonresistant depression patients
and healthy comparison subjects were combined), so no assessment could be made of
differences following adequate treatment. Price et al. (50), using magnetic resonance
spectroscopy, found lower concentrations of occipital y-aminobutyric acid in patients with
treatment-resistant depression (defined as failure of at least three antidepressant trials)
compared to patients with nonresistant depression and healthy comparison subjects; again,
all patients were medication free, so the study could not assess treatment resistance
controlling for potential medication effects. Also, because no frontal, striatal, or limbic
regions were assessed, the regional specificity of these findings is unknown. Other
functional imaging studies have assessed for potential predictors of eventual treatment
response or nonresponse (see references 51, 52, for example) or have examined treatment-
related functional changes associated with response and nonresponse (53-57), suggesting
that “normalization” of brain activity with treatment is required for an adequate
antidepressant response—with the corollary conclusion that failure to normalize is an
imaging biomarker for treatment-resistant depression and could potentially be used to direct
novel treatment development.

Studies of Deep Brain Stimulation for Treatment-Resistant Depression

Deep brain stimulation (DBS) is achieved through stereotactically implanted intracranial
electrodes connected to an implanted pulse generator/battery pack (IPG) in the chest wall.
High-frequency DBS is currently approved by the FDA for the treatment of medication-
refractory Parkinson’s disease, essential tremor, primary dystonia, and obsessive-compulsive
disorder (OCD) (the last two through a humanitarian device exemption). Generally, DBS
offers an alternative to ablative neurosurgical procedures; unlike a lesion, it is potentially
reversible (in the case of intolerable side effects), revisable, and adjustable. Serious risks of
DBS surgery include intracranial hemorrhage (with the potential for permanent neurological
deficits), infection, and death from anesthesia. Side effects from stimulation vary widely
with stimulation target. An additional drawback to DBS is the need to avoid certain
situations and treatments that may damage the device or heat its components and cause
injury to the patient, such as metal detectors, strong magnetic fields, and diathermy. Finally,
repeated surgeries are needed over time (anywhere from 6 months to 5 years) to replace the
IPG.

The first evidence of potential efficacy for DBS in mood disorders came from anecdotal
experience of mood changes noted in patients with neurological disorders or OCD receiving
DBS (58-60). The first published report of DBS for treatment-resistant depression described
a clinically significant antidepressant response in four of six patients with treatment-resistant
depression after 6 months of open-label bilateral DBS applied to the subcallosal cingulate
white matter (57); the basis for selection of this target was a converging neuroanatomical
database suggesting that the subcallosal cingulate cortex served as a critical node in a
distributed mood regulation network involved in depression and antidepressant response
(61). This initial study was expanded to include 20 patients followed for 12 months,
demonstrating a 60% response rate and 35% remission rate at 6 months and a 55% response
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rate and 35% remission rate at 12 months (62). Chronic subcallosal cingulate DBS was not
associated with any stimulation-related adverse events.

Other targets for DBS in treatment-resistant depression have been proposed, including the
inferior thalamic peduncle (63), the anterior limb of the anterior internal capsule (a previous
target used for ablative treatment in severe psychiatric disorders) (64), the nucleus
accumbens (65), and the habenula (66). DBS of the anterior limb of the anterior internal
capsule has been associated with improvement in depressive symptoms in patients with
severe treatment-resistant OCD (67), and a recent open-label study in 15 non-OCD patients
with treatment-resistant depression showed a 40% response rate and 20% remission rate at 6
months and a 53% response rate and 40% remission rate at last follow-up (68). DBS of the
nucleus accumbens was associated with a 50% response rate after 12 months of stimulation
in 10 patients with treatment-resistant depression (an average of 24 months [SD=15,
range=6-51] after onset of stimulation) (65). With each of these targets, chronic stimulation
was not reported to be associated with any notable adverse events, although reversible
mood, anxiety, and motor effects were occasionally seen.

To date, only results from small open-label studies and case reports have been published for
DBS for treatment-resistant depression. Although large placebo responses might seem
unlikely in these carefully selected, severely ill patients (69), it is sobering that a meta-
analysis of trials of surgical interventions for Parkinson’s disease found a mean placebo
response rate of 42% with a range of 29% to 55%—much higher than for other types of
interventions despite these studies’ inclusion of patients with more severe and treatment-
refractory illness (70). Given the invasiveness of the DBS implantation procedure and the
risks involved, placebo-controlled data are critical to determining whether DBS may be a
clinically effective intervention for treatment-resistant depression. Such data will also help
determine the relative efficacy and safety of the various targets under investigation.
Additionally, essential questions concerning DBS’s mechanism of action remain and should
continue to be a major component of future studies.

Case Presentation, Part 2

Brian is seeking participation in an ongoing clinical trial of subcallosal cingulate DBS that
was approved by the Emory University Investigational Review Board. After receiving a
detailed description of the study, he provides written informed consent for participation. His
baseline 17-item Hamilton Depression Rating Scale (HAM-D) score is 25. After a rigorous
screening process, he is selected for and consents to surgery. He undergoes neurosurgical
bilateral placement of DBS electrodes in the subcallosal cingulate white matter. During
testing of individual contacts during surgery, at the third contact tested on the first side, the
patient is noted to become spontaneously louder in his responses to questions and states, “I
feel like | have more energy, less heavy—if | was home, | feel like I could take the dog for a
walk.” This effect slowly fades during testing of other contacts. One week after surgery,
during initial programming, this effect is not reproducible.

In accordance with the clinical trial protocol, all psychotropic medications are held stable
during the 24-week open stimulation period; Brian’s regimen includes duloxetine, 60 mg/
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day; mirtazapine, 60 mg/day; buspirone, 90 mg/day; aripiprazole, 20 mg/day;
dextroamphetamine, 20 mg/day; and clonazepam, 2 mg at bedtime. After 4 weeks of active
bilateral stimulation (130 Hz, 91 psec pulse width, 6 mA, monopolar stimulation), Brian
begins to note a slight decrease in his level of suicidal ideation and a subtle increase in
motivation; his HAM-D score is 17. He reports no adverse events related to the surgery or
chronic stimulation. Over the next 8 weeks, he notes a decrease in negative mood, a slight
improvement in sleep quality and quantity, and better concentration. At his 12-week follow-
up visit, his HAM-D score is 13. Asked about his slow but consistent improvement, he
remarks, “It’s like my hair: day to day, it’s hard to tell it’s growing, but after a month, it’s
clearly a lot longer. That’s the way it is with the depression getting better.” He continues to
report no side effects associated with stimulation.

At his 16-week visit, Brian’s HAM-D score is 18. He reports a sense of guilt that he is not
engaging in more productive activities, he continues to have occasional suicidal ideation,
and he does not feel “happy.” He reports that he has been reading the business section of the
newspaper on a regular basis (for the first time in over 3 years) but feels that he is just a
spectator rather than the active participant in the business world that he perceived himself to
be before this episode of depression. He also describes feeling lonely, stating that he lost
contact with most of his friends during this episode of depression because he did not return
phone calls or respond to e-mail or requests to get together. He continues to emphasize that
his depression is much improved but expresses concern that this might be “as good as it will
get.”

At his 24-week visit, Brian reports doing much better, and his HAM-D score is 9. He
continues to have a moderate decrease in libido (possibly secondary to medication side
effects), occasional fleeting suicidal ideation (usually situational), and some mild sleep
disturbance, for which he continues to take clonazepam. However, he has started
reconnecting with old friends and is planning to take a class at a local community college.
He intends to look for a part-time job and hopes to return to graduate school in the next year
or two. He begins a slow taper of his duloxetine (presumed to be contributing to his decrease
in libido), and 3 months later completely discontinues this medication, with no return of
depressive symptoms and a substantial increase in libido. His other medications remain
unchanged.

Approximately 2 years after surgery, Brian calls the DBS investigators to report that his
depressive symptoms have gradually returned over the past 4 weeks; he continues on his
previous medications with no interval changes. On examination, it is discovered that his IPG
is no longer active—the battery has been depleted. Within the next week, he receives a
replacement IPG and is encouraged to check the status of the battery every 1-2 weeks. Four
weeks after the battery replacement, he reports that he is doing much better but is concerned
about starting graduate classes in the fall because of a fear that his depression may return.

Discussion

The patient we present in this case experienced a dramatic and mostly sustained
antidepressant response to chronic subcallosal cingulate DBS without any adverse events. It
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is critical for clinicians to recognize, however, that DBS remains a purely investigational
treatment for treatment-resistant depression; available data are limited to small, open-label,
noncontrolled, unblinded studies. When adverse events related to surgery are considered,
DBS represents the riskiest treatment currently being investigated for use in patients with
treatment-resistant depression. A single case clearly cannot confirm the safety and efficacy
of a treatment; large, randomized, placebo-controlled studies of DBS for treatment-resistant
depression are necessary. Our purpose here is to inform our colleagues of the state of
development of this treatment approach, not to advocate its use.

In many ways Brian represents a prototypical patient enrolled in our ongoing study of
subcallosal cingulate DBS for treatment-resistant depression, in terms of demographic
characteristics, clinical characteristics, and treatment response over time. Of the first 13
patients in the study, 10 (77%) had an excellent response to a previous—often their first—
antidepressant treatment. Only later in the course of illness did these patients develop
confirmed treatment resistance. Patients who show a significant decrease in depressive
symptoms associated with chronic subcallosal cingulate DBS typically describe a gradual,
subtle, but largely consistent change over months rather than a dramatic improvement over
days or weeks. This is true even in patients who experience an acute effect with initial
stimulation (as in this case and as previously reported [57]). Brian’s notable worsening (as
reflected in his HAM-D score) at 16 weeks of treatment is consistent with what was seen in
an earlier cohort of patients receiving DBS of the subcallosal cingulate (62). Although there
may be other explanations, this case suggests that some patients may show a worsening of
symptoms as they begin to reengage the outside world—a behavioral change made possible
by an overall decrease in depression severity. Finally, the gradual return of depressive
symptoms Brian experienced after battery depletion is consistent with a previous report (57).
Thus depression is not “cured” in these patients—ongoing treatment is necessary.

As the study of DBS for treatment-resistant depression progresses, several challenges must
be considered. First, it is highly probable that adjunctive psychotherapy or rehabilitation
may be necessary to maximize the benefits associated with DBS in patients with treatment-
resistant depression—arguably, Brian may not have experienced his worsening at 16 weeks
and might have achieved maximal response sooner if he had been receiving directed
psychotherapeutic intervention concurrently with chronic DBS. The addition of
psychotherapy to chronic DBS may strike some as degrading the scientific quality of the
clinical trial, given the propensity toward placebo response in depressed patients and the
addition of a second treatment perceived as having antidepressant efficacy in and of itself.
However, failing to add adjunctive psychological rehabilitation to chronic DBS for
treatment-resistant depression may be akin to not providing physical and occupational
therapy after a hip replacement or cardiac rehabilitation after coronary artery bypass surgery
—especially since the eventual desired outcome is functional recovery, not just symptomatic
improvement.

Second, there is a potential for interaction with ongoing pharmacotherapy, such that chronic
DBS may work better for patients on certain psychotropic medications, whereas other agents
could potentially interfere with DBS’s efficacy or contribute to adverse events. It will be
important to learn whether DBS is effective in patients who are not taking any medications
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and whether some form of pharmacotherapy is needed for maximal benefit (as is common
with DBS for Parkinson’s disease). This will be difficult to assess in current, ongoing
studies, in which most patients are maintained on their pre-DBS medication regimens. Also,
because any interaction effects noted may differ with different DBS targets, results with one
target should only cautiously be extrapolated to other targets.

Third, it is critical that investigators work carefully to identify appropriate patients for
participation in ongoing clinical trials. Brian’s candidacy was relatively straightforward, as
he had no significant psychiatric or medical comorbidities. However, it is well established
that many patients with treatment-resistant depression have significant psychiatric or
medical comorbidity. What level of comorbidity should be permitted in pilot and pivotal
trials is a subject of debate. On the one hand, it would seem appropriate to have the study
population reflect the target population so that the results could be generalized more
broadly. On the other hand, the presence of significant co-morbidity may reflect a different
neurobiological basis for treatment resistance that may obscure the antidepressant signal
associated with DBS. In addition, if psychosocial adjustments are required for maximal
efficacy, the presence of certain comorbidities (such as personality disorders) may make this
more difficult and further reduce the observed effect.

Fourth and finally, the relative safety and efficacy of various DBS targets are as yet
unknown and cannot be estimated from the small data sets currently available. Additionally,
it remains unclear whether there are subtypes of treatment-resistant depression that may
respond better with DBS at one or another target—and again, such treatment specificity may
not transcend all possible DBS targets. Until large comparative studies are conducted
(similar to studies of various targets in movement disorders), these questions will remain
unresolved.

Acknowledgments

Dr. Mayberg has a consulting agreement with St. Jude Medical, Inc., which has licensed her intellectual property to
develop subcallosal cingulate deep brain stimulation for the treatment of severe depression (US 2005/0033379A1,
co-inventor, Andres Lozano, M.D., Ph.D.). The terms of these arrangements have been reviewed and approved by
Emory University in accordance with their conflict-of-interest policies. Dr. Mayberg has received grant funding
from the Dana Foundation, NARSAD, NIMH, Stanley Medical Research Institute, and Woodruff Foundation. Dr.
Holtzheimer has received grant funding from the Dana Foundation, Greenwall Foundation, NARSAD, NIMH
(grant K23 MH077869), NIH Loan Repayment Program, Northstar, Inc., Stanley Medical Research Institute, and
Woodruff Foundation and has received consulting fees from AvaCat Consulting, St. Jude Medical
Neuromodulation, and Oppenheimer & Co.

The patient case described in this case was part of an experimental research protocol at Emory University funded by
the Woodruff Fund and the Dana Foundation under a physician-sponsored Investigational Device Exemption (FDA
IDE G060028/S002); the clinical trial is registered at clinicaltrials.gov (NCT00367003). St. Jude Medical has no
involvement in the design, acquisition, analysis, or interpretation of experimental data of these studies. Dr.
Mayberg, while principal investigator of the research, does not participate in patient recruitment, obtaining patient
consent, outcome assessments, or primary data analysis, as outlined in a conflict-of-interest management plan set up
at Emory.

References

1. Kessler RC, Chiu WT, Demler O, Merikangas KR, Walters EE. Prevalence, severity, and
comorbidity of 12-month DSM-IV disorders in the National Comorbidity Survey Replication. Arch
Gen Psychiatry. 2005; 62:617-627. [PubMed: 15939839]

Am J Psychiatry. Author manuscript; available in PMC 2015 April 29.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Holtzheimer and Mayberg Page 10

10

11.

12.

13.

14.

15.

16.

17.

18.

19.

. Nierenberg AA, Amsterdam JD. Treatment-resistant depression: definition and treatment

approaches. J Clin Psychiatry. 1990; 51(suppl):39-47. [PubMed: 2112132]

. Rush AJ, Trivedi MH, Wisniewski SR, Nierenberg AA, Stewart JW, Warden D, Niederehe G,

Thase ME, Lavori PW, Lebowitz BD, McGrath PJ, Rosenbaum JF, Sackeim HA, Kupfer DJ, Luther
J, Fava M. Acute and longer-term outcomes in depressed out-patients requiring one or several
treatment steps: a STAR*D report. Am J Psychiatry. 2006; 163:1905-1917. [PubMed: 17074942]

. Miller IW, Keitner GI, Schatzberg AF, Klein DN, Thase ME, Rush AJ, Markowitz JC, Schlager DS,

Kornstein SG, Davis SM, Harrison WM, Keller MB. The treatment of chronic depression, part 3:
psychosocial functioning before and after treatment with sertraline or imipramine. J Clin Psychiatry.
1998; 59:608-619. [PubMed: 9862607]

. Crown WH, Finkelstein S, Berndt ER, Ling D, Poret AW, Rush AJ, Russell JM. The impact of

treatment-resistant depression on health care utilization and costs. J Clin Psychiatry. 2002; 63:963—
971. [PubMed: 12444808]

. Fawcett, J.; Harris, SG. Suicide in treatment-refractory depression. In: Amsterdam, JD.; Hornig, M.;

Nierenberg, AA., editors. Treatment-Resistant Mood Disorders. New York: Cambridge University
Press; 2001. p. 479-488.

. Murphy JM, Monson RR, Olivier DC, Sobol AM, Leighton AH. Affective disorders and mortality:

a general population study. Arch Gen Psychiatry. 1987; 44:473-480. [PubMed: 3555383]

. Thase M, Rush A. When at first you don’t succeed: sequential strategies for antidepressant non-

responders. J Clin Psychiatry. 1997; 58(suppl 13):23-29. [PubMed: 9402916]

. Fava M. Diagnosis and definition of treatment-resistant depression. Biol Psychiatry. 2003; 53:649—

659. [PubMed: 12706951]
. Fekadu A, Wooderson S, Donaldson C, Markopoulou K, Masterson B, Poon L, Cleare AJ. A

multidimensional tool to quantify treatment resistance in depression: the Maudsley staging
method. J Clin Psychiatry. 2009; 70:177-184. [PubMed: 19192471]

Berlim MT, Turecki G. What is the meaning of treatment resistant/refractory major depression
(TRD)? a systematic review of current randomized trials. Eur Neuropsychopharmacol. 2007;
17:696-707. [PubMed: 17521891]

Berlim MT, Turecki G. Definition, assessment, and staging of treatment-resistant refractory major
depression: a review of current concepts and methods. Can J Psychiatry. 2007; 52:46-54.
[PubMed: 17444078]

Holtzheimer PE 3rd, Nemeroff CB. Emerging treatments for depression. Expert Opin
Pharmacother. 2006; 7:2323-2339. [PubMed: 17109609]

Thase ME, Friedman ES, Biggs MM, Wisniewski SR, Trivedi MH, Luther JF, Fava M, Nierenberg
AA, McGrath PJ, Warden D, Niederehe G, Hollon SD, Rush AJ. Cognitive therapy versus
medication in augmentation and switch strategies as second-step treatments: a STAR*D report.
Am J Psychiatry. 2007; 164:739-752. [PubMed: 17475733]

Fava GA, Savron G, Grandi S, Rafanelli C. Cognitive-behavioral management of drug-resistant
major depressive disorder. J Clin Psychiatry. 1997; 58:278-282. [PubMed: 9228899]

Kocsis JH, Gelenberg AJ, Rothbaum BO, Klein DN, Trivedi MH, Manber R, Keller MB, Leon
AC, Wisniewski SR, Arnow BA, Markowitz JC, Thase ME. Cognitive behavioral analysis system
of psychotherapy and brief supportive psychotherapy for augmentation of antidepressant
nonresponse in chronic depression: the REVAMP Trial. Arch Gen Psychiatry. 2009; 66:1178—
1188. [PubMed: 19884606]

Fava GA, Ruini C, Rafanelli C, Finos L, Conti S, Grandi S. Six-year outcome of cognitive
behavior therapy for prevention of recurrent depression. Am J Psychiatry. 2004; 161:1872-1876.
[PubMed: 15465985]

Hollon SD, DeRubeis RJ, Shelton RC, Amsterdam JD, Salomon RM, O’Reardon JP, Lovett ML,
Young PR, Haman KL, Freeman BB, Gallop R. Prevention of relapse following cognitive therapy
vs medications in moderate to severe depression. Arch Gen Psychiatry. 2005; 62:417-422.
[PubMed: 15809409]

Bockting CL, Spinhoven P, Wouters LF, Koeter MW, Schene AH. Long-term effects of preventive
cognitive therapy in recurrent depression: a 5. 5-year follow-up study. J Clin Psychiatry. 2009;
70:1621-1628. [PubMed: 20141705]

Am J Psychiatry. Author manuscript; available in PMC 2015 April 29.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Holtzheimer and Mayberg

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

Page 11

Stimpson N, Agrawal N, Lewis G. Randomised controlled trials investigating pharmacological and
psychological interventions for treatment-refractory depression: systematic review. BrJ
Psychiatry. 2002; 181:284—294. [PubMed: 12356654]

Prudic J, Haskett RF, Mulsant B, Malone KM, Pettinati HM, Stephens S, Greenberg R, Rifas SL,
Sackeim HA. Resistance to antidepressant medications and short-term clinical response to ECT.
Am J Psychiatry. 1996; 153:985-992. [PubMed: 8678194]

Kellner CH, Knapp RG, Petrides G, Rummans TA, Husain MM, Rasmussen K, Mueller M,
Bernstein HJ, O’Connor K, Smith G, Biggs M, Bailine SH, Malur C, Yim E, McClintock S,
Sampson S, Fink M. Continuation electroconvulsive therapy vs pharmacotherapy for relapse
prevention in major depression: a multisite study from the Consortium for Research in
Electroconvulsive Therapy (CORE). Arch Gen Psychiatry. 2006; 63:1337-1344. [PubMed:
17146008]

Sackeim HA, Dillingham EM, Prudic J, Cooper T, McCall WV, Rosenquist P, Isenberg K, Garcia
K, Mulsant BH, Haskett RF. Effect of concomitant pharmacotherapy on electroconvulsive therapy
outcomes: short-term efficacy and adverse effects. Arch Gen Psychiatry. 2009; 66:729-737.
[PubMed: 19581564]

Rose D, Fleischmann P, Wykes T, Leese M, Bindman J. Patients’ perspectives on
electroconvulsive therapy: systematic review. BMJ. 2003; 326:1363. [PubMed: 12816822]
Sackeim HA, Haskett RF, Mulsant BH, Thase ME, Mann JJ, Pettinati HM, Greenberg RM, Crowe
RR, Cooper TB, Prudic J. Continuation pharmacotherapy in the prevention of relapse following
electroconvulsive therapy: a randomized controlled trial. JAMA. 2001; 285:1299-1307. [PubMed:
11255384]

Holtzheimer PE 3rd, Russo J, Avery DH. A meta-analysis of repetitive transcranial magnetic
stimulation in the treatment of depression. Psychopharmacol Bull. 2001; 35:149-169. [PubMed:
12397863]

Burt T, Lisanby SH, Sackeim HA. Neuropsychiatric applications of transcranial magnetic
stimulation: a meta-analysis. Int J Neuropsychopharmacol. 2002; 5:73-103. [PubMed: 12057034]
Kozel FA, George MS. Meta-analysis of left prefrontal repetitive transcranial magnetic stimulation
(rTMS) to treat depression. J Psychiatr Pract. 2002; 8:270-275. [PubMed: 15985889]

O’Reardon JP, Solvason HB, Janicak PG, Sampson S, Isenberg KE, Nahas Z, McDonald WM,
Avery D, Fitzgerald PB, Loo C, Demitrack MA, George MS, Sackeim HA. Efficacy and safety of
transcranial magnetic stimulation in the acute treatment of major depression: a multisite
randomized controlled trial. Biol Psychiatry. 2007; 62:1208-1216. [PubMed: 17573044]

Lisanby SH, Husain MM, Rosenquist PB, Maixner D, Gutierrez R, Krystal A, Gilmer W,
Marangell LB, Aaronson S, Daskalakis ZJ, Canterbury R, Richelson E, Sackeim HA, George MS.
Daily left prefrontal repetitive transcranial magnetic stimulation in the acute treatment of major
depression: clinical predictors of outcome in a multisite, randomized controlled clinical trial.
Neuropsychopharmacology. 2009; 34:522-534. [PubMed: 18704101]

Rush AJ, Marangell LB, Sackeim HA, George MS, Brannan SK, Davis SM, Howland R, Kling
MA, Rittberg BR, Burke WJ, Rapaport MH, Zajecka J, Nierenberg AA, Husain MM, Ginsberg D,
Cooke RG. Vagus nerve stimulation for treatment-resistant depression: a randomized, controlled
acute phase trial. Biol Psychiatry. 2005; 58:347-354. [PubMed: 16139580]

George MS, Rush AJ, Marangell LB, Sackeim HA, Brannan SK, Davis SM, Howland R, Kling
MA, Moreno F, Rittberg B, Dunner D, Schwartz T, Carpenter L, Burke M, Ninan P, Goodnick P.
A one-year comparison of vagus nerve stimulation with treatment as usual for treatment-resistant
depression. Biol Psychiatry. 2005; 58:364-373. [PubMed: 16139582]

Rush AJ, Sackeim HA, Marangell LB, George MS, Brannan SK, Davis SM, Lavori P, Howland R,
Kling MA, Rittberg B, Carpenter L, Ninan P, Moreno F, Schwartz T, Conway C, Burke M, Barry
JJ. Effects of 12 months of vagus nerve stimulation in treatment-resistant depression: a naturalistic
study. Biol Psychiatry. 2005; 58:355-363. [PubMed: 16139581]

Nahas Z, Marangell LB, Husain MM, Rush AJ, Sackeim HA, Lisanby SH, Martinez JM, George
MS. Two-year outcome of vagus nerve stimulation (VNS) for treatment of major depressive
episodes. J Clin Psychiatry. 2005; 66:1097-1104. [PubMed: 16187765]

Am J Psychiatry. Author manuscript; available in PMC 2015 April 29.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Holtzheimer and Mayberg

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Page 12

Sackeim HA, Brannan SK, Rush AJ, George MS, Marangell LB, Allen J. Durability of
antidepressant response to vagus nerve stimulation (VNSTM). Int J Neuropsychopharmacol. 2007;
10:817-826. [PubMed: 17288644]

Schlaepfer TE, Frick C, Zobel A, Maier W, Heuser I, Bajbouj M, O’Keane V, Corcoran C,
Adolfsson R, Trimble M, Rau H, Hoff HJ, Padberg F, Muller-Siecheneder F, Audenaert K, Van
den Abbeele D, Stanga Z, Hasdemir M. Vagus nerve stimulation for depression: efficacy and
safety in a European study. Psychol Med. 2008; 38:651-661. [PubMed: 18177525]

Drevets WC, Price JL, Furey ML. Brain structural and functional abnormalities in mood disorders:
implications for neurocircuitry models of depression. Brain Struct Funct. 2008; 213:93-118.
[PubMed: 18704495]

Videbech P, Ravnkilde B. Hippocampal volume and depression: a meta-analysis of MRI studies.
Am J Psychiatry. 2004; 161:1957-1966. [PubMed: 15514393]

Sheline Y1, Wang PW, Gado MH, Csernansky JG, Vannier MW. Hippocampal atrophy in
recurrent major depression. Proc Natl Acad Sci USA. 1996; 93:3908-3913. [PubMed: 8632988]
Sheline Y1, Gado MH, Price JL. Amygdala core nuclei volumes are decreased in recurrent major
depression. Neuroreport. 1998; 9:2023-2028. [PubMed: 9674587]

Hastings RS, Parsey RV, Oquendo MA, Arango V, Mann JJ. Volumetric analysis of the prefrontal
cortex, amygdala, and hippocampus in major depression. Neuropsychopharmacology. 2004;
29:952-959. [PubMed: 14997169]

MacQueen GM. Magnetic resonance imaging and prediction of outcome in patients with major
depressive disorder. J Psychiatry Neurosci. 2009; 34:343-349. [PubMed: 19721844]

Frodl T, Jager M, Smajstrlova I, Born C, Bottlender R, Palladino T, Reiser M, Moller HJ,
Meisenzahl EM. Effect of hippocampal and amygdala volumes on clinical outcomes in major
depression: a 3-year prospective magnetic resonance imaging study. J Psychiatry Neurosci. 2008;
33:423-430. [PubMed: 18787661]

Shah PJ, Ebmeier KP, Glabus MF, Goodwin GM. Cortical grey matter reductions associated with
treatment-resistant chronic unipolar depression: controlled magnetic resonance imaging study. Br J
Psychiatry. 1998; 172:527-532. [PubMed: 9828995]

Sheline Y1, Gado MH, Kraemer HC. Untreated depression and hippocampal volume loss. Am J
Psychiatry. 2003; 160:1516-1518. [PubMed: 12900317]

Zhang TJ, Wu QZ, Huang XQ, Sun XL, Zou K, Lui S, Liu F, Hu JM, Kuang WH, Li DM, Li F,
Chen HF, Chan RC, Mechelli A, Gong QY. Magnetization transfer imaging reveals the brain
deficit in patients with treatment-refractory depression. J Affect Disord. 2009; 117:157-161.
[PubMed: 19211150]

Taylor WD, Kuchibhatla M, Payne ME, Macfall JR, Sheline Y1, Krishnan KR, Doraiswamy PM.
Frontal white matter anisotropy and antidepressant remission in late-life depression. PLoS One.
2008; 3:23267. [PubMed: 18813343]

Shah PJ, Glabus MF, Goodwin GM, Ebmeier KP. Chronic, treatment-resistant depression and right
frontostriatal atrophy. Br J Psychiatry. 2002; 180:434-440. [PubMed: 11983641]

Hornig M, Mozley PD, Amsterdam JD. HMPAO SPECT brain imaging in treatment-resistant
depression. Prog Neuropsychopharmacol Biol Psychiatry. 1997; 21:1097-1114. [PubMed:
9421825]

Price RB, Shungu DC, Mao X, Nestadt P, Kelly C, Collins KA, Murrough JW, Charney DS,
Mathew SJ. Amino acid neurotransmitters assessed by proton magnetic resonance spectroscopy:
relationship to treatment resistance in major depressive disorder. Biol Psychiatry. 2009; 65:792—
800. [PubMed: 19058788]

Mayberg HS, Brannan SK, Mahurin RK, Jerabek PA, Brickman JS, Tekell JL, Silva JA, McGinnis
S, Glass TG, Martin CC, Fox PT. Cingulate function in depression: a potential predictor of
treatment response. Neuroreport. 1997; 8:1057-1061. [PubMed: 9141092]

Dougherty DD, Weiss AP, Cosgrove GR, Alpert NM, Cassem EH, Nierenberg AA, Price BH,
Mayberg HS, Fischman AJ, Rauch SL. Cerebral metabolic correlates as potential predictors of
response to anterior cingulotomy for treatment of major depression. J Neurosurg. 2003; 99:1010-
1017. [PubMed: 14705729]

Am J Psychiatry. Author manuscript; available in PMC 2015 April 29.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Holtzheimer and Mayberg

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Page 13

Drevets WC, Bogers W, Raichle ME. Functional anatomical correlates of antidepressant drug
treatment assessed using PET measures of regional glucose metabolism. Eur
Neuropsychopharmacol. 2002; 12:527-544. [PubMed: 12468016]

Goldapple K, Segal Z, Garson C, Lau M, Bieling P, Kennedy S, Mayberg H. Modulation of
cortical-limbic pathways in major depression: treatment-specific effects of cognitive behavior
therapy. Arch Gen Psychiatry. 2004; 61:34-41. [PubMed: 14706942]

Brody AL, Saxena S, Stoessel P, Gillies LA, Fairbanks LA, Alborzian S, Phelps ME, Huang SC,
Wu HM, Ho ML, Ho MK, Au SC, Maidment K, Baxter LR Jr. Regional brain metabolic changes
in patients with major depression treated with either paroxetine or interpersonal therapy:
preliminary findings. Arch Gen Psychiatry. 2001; 58:631-640. [PubMed: 11448368]

Kennedy SH, Konarski JZ, Segal ZV, Lau MA, Bieling PJ, Mcintyre RS, Mayberg HS.
Differences in brain glucose metabolism between responders to CBT and venlafaxine in a 16-week
randomized controlled trial. Am J Psychiatry. 2007; 164:778-788. [PubMed: 17475737]

Mayberg HS, Lozano AM, Voon V, McNeely HE, Seminowicz D, Hamani C, Schwalb JM,
Kennedy SH. Deep brain stimulation for treatment-resistant depression. Neuron. 2005; 45:651—
660. [PubMed: 15748841]

Berney A, Vingerhoets F, Perrin A, Guex P, Villemure JG, Burkhard PR, Benkelfat C, Ghika J.
Effect on mood of subthalamic DBS for Parkinson’s disease: a consecutive series of 24 patients.
Neurology. 2002; 59:1427-1429. [PubMed: 12427897]

Stefurak T, Mikulis D, Mayberg H, Lang AE, Hevenor S, Pahapill P, Saint-Cyr J, Lozano A. Deep
brain stimulation for Parkinson’s disease dissociates mood and motor circuits: a functional MRI
case study. Mov Disord. 2003; 18:1508-1516. [PubMed: 14673888]

Bejjani BP, Damier P, Arnulf I, Thivard L, Bonnet AM, Dormont D, Cornu P, Pidoux B, Samson
Y, Agid Y. Transient acute depression induced by high-frequency deep-brain stimulation. N Engl J
Med. 1999; 340:1476-1480. [PubMed: 10320386]

Mayhberg HS. Targeted electrode-based modulation of neural circuits for depression. J Clin Invest.
2009; 119:717-725. [PubMed: 19339763]

Lozano AM, Mayberg HS, Giacobbe P, Hamani C, Craddock RC, Kennedy SH. Subcallosal
cingulate gyrus deep brain stimulation for treatment-resistant depression. Biol Psychiatry. 2008;
64:461-467. [PubMed: 18639234]

Jimenez F, Velasco F, Salin-Pascual R, Hernandez JA, Velasco M, Criales JL, Nicolini H. A
patient with a resistant major depression disorder treated with deep brain stimulation in the inferior
thalamic peduncle. Neurosurgery. 2005; 57:585-593. [PubMed: 16145540]

Greenberg BD, Nahas Z, Carpenter LL. Current status of deep brain stimulation. Primary
Psychiatry. 2005; 12:59-64.

Bewernick BH, Hurlemann R, Matusch A, Kayser S, Grubert C, Hadrysiewicz B, Axmacher N,
Lemke M, Cooper-Mahkorn D, Cohen MX, Brockmann H, Lenartz D, Sturm V, Schlaepfer TE.
Nucleus accumbens deep brain stimulation decreases ratings of depression and anxiety in
treatment-resistant depression. Biol Psychiatry. 2010; 67:110-116. [PubMed: 19914605]

Sartorius A, Kiening KL, Kirsch P, von Gall CC, Haberkorn U, Unterberg AW, Henn FA, Meyer-
Lindenberg A. Remission of major depression under deep brain stimulation of the lateral habenula
in a therapy-refractory patient. Biol Psychiatry. 2010; 67:e9-e11. [PubMed: 19846068]

Greenberg BD, Malone DA, Friehs GM, Rezai AR, Kubu CS, Malloy PF, Salloway SP, Okun MS,
Goodman WK, Rasmussen SA. Three-year outcomes in deep brain stimulation for highly resistant
obsessive-compulsive disorder. Neuropsychopharmacology. 2006; 31:2384-2393. [PubMed:
16855529]

Malone DA Jr, Dougherty DD, Rezai AR, Carpenter LL, Friehs GM, Eskandar EN, Rauch SL,
Rasmussen SA, Machado AG, Kubu CS, Tyrka AR, Price LH, Stypulkowski PH, Giftakis JE, Rise
MT, Malloy PF, Salloway SP, Greenberg BD. Deep brain stimulation of the ventral capsule/
ventral striatum for treatment-resistant depression. Biol Psychiatry. 2009; 65:267-275. [PubMed:
18842257]

Schatzberg AF, Kraemer HC. Use of placebo control groups in evaluating efficacy of treatment of
unipolar major depression. Biol Psychiatry. 2000; 47:736—744. [PubMed: 10773182]

Am J Psychiatry. Author manuscript; available in PMC 2015 April 29.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Holtzheimer and Mayberg Page 14

70. Goetz CG, Wuu J, McDermott MP, Adler CH, Fahn S, Freed CR, Hauser RA, Olanow WC,
Shoulson I, Tandon PK, Leurgans S. Placebo response in Parkinson’s disease: comparisons among
11 trials covering medical and surgical interventions. Mov Disord. 2008; 23:690-699. [PubMed:
18228568]

Am J Psychiatry. Author manuscript; available in PMC 2015 April 29.



