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Background. The failure to achieve remission for patients with Major Depressive Disorder (MDD) represents a major
public health concern. Inadequately treated depression is associated with higher rates of relapse, poorer quality of life,
deleterious personal and societal economic ramifications, as well as increased mortality rates. Unfortunately, only a
minority of patients achieves this goal with initial antidepressant treatment and by convention, failure to achieve response
after two adequate trials of antidepressant therapy defines “Treatment Resistant Depression” (TRD). Furthermore, results
from the Sequenced Treatment Alternatives to Relieve Depression (STAR*D) group of studies suggest that approximately
50% of “real world” patients who meet criteria for MDD fail to achieve remission, even after four carefully monitored
sequenced treatments.
Methods. Given these limitations of existing antidepressant medications alone and in combination, together with improved
understanding of the neural circuitry of depression, it is not surprising that there is a renewed interest in neuromodulation
strategies for TRD.
Results. The purpose of this article is to review the evidence for the inclusion of various non-pharmacological,
neuromodulatory strategies for TRD. Specifically, information regarding the mechanism, tolerability and efficacy of
electroconvulsive therapy (ECT), magnetic seizure therapy (MST), repetitive transcranial magnetic stimulation (rTMS),
vagal nerve stimulation (VNS), and deep brain stimulation (DBS) in ameliorating TRD will be presented.
Conclusions. Although these treatments are at various stages of clinical development, they represent a new frontier in
expanding the treatment options available for individuals with TRD, as well as contributing to a better understanding the
neurobiology of depressive disorders.
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INTRODUCTION

Approximately 50% of patients fail to achieve an adequate
response to the first antidepressant treatment, and over half of
those fail to respond to a second pharmacotherapy approach
(1). Phamacotherapies are the mainstay of treatment, although
various neuromodulatory somatic treatments have risen in
prominence as evidence-based alternatives. The purpose of this
review is to provide an update on these advances in the somatic
approaches to Treatment Resistant Depression (TRD).

Definition and Pharmacotherapy Approaches

TRD is a relative concept. Several definitions have been pro-
posed, ranging from the generic “inadequate response following
adequate antidepressant therapy” (1) to the more operationally
specific “failure to respond to two adequate trials of different
classes of antidepressants” (2). Others have suggested staging
levels of resistance, with a recommendation that treatment with
first line antidepressants from SSRI and SNRI classes should
precede trials of tricyclic and monoamine oxidase inhibitor anti-
depressants before moving to electroconvulsive therapy (3).

The Sequenced Treatment Alternatives to Relieve Depression
(STAR*D) series of studies evaluated the response to switching,
augmentation and combination options across increasingly treat-
ment-resistant patients. Even after four sequential trials, almost
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50% of patients had failed to achieve remission and would qual-
ify for a diagnosis of TRD (4). This sequential trial did not eval-
uate the role of atypical antipsychotic agents or any somatic
therapies including Electroconvulsive Therapy (ECT).

Neurocircuitry Models of Depression: Implications for TRD

Neurocircuitry models of depression hypothesize that
depressive symptoms are reflective of a failure in homeostatic
processes. Attempts to compensate for endogenous or exoge-
neous stressors set in motion changes at a molecular level
aimed at re-establishing a euthymic mood state (5). These cir-
cuit dysregulations are represented in functional neuroimaging
studies using positron emission tomography (PET) or func-
tional magnetic resonance imaging (fMRI) techniques.

The mode of action of existing treatments for depression,
namely psychotherapy, pharmacotherapy and various forms of
neuromodulation, can be similarly evaluated within the same
circuitry framework. Different treatment modalities may
modulate distinct neural targets in both a “top-down” and a
“bottom-up” fashion to restore homeostasis. Patients with TRD
represent the subset of depressed individuals for whom these
resetting techniques have failed. These patients are candidates
for somatic treatments such as electroconvulsive therapy
(ECT), magnetic seizure therapy (MST), repetitive transcranial
magnetic stimulation (rTMS), vagus nerve stimulation (VNS)
or deep brain stimulation (DBS), in order to “kick start” the
cascade of adaptive processes necessary to compensate for a
depressive mood state. The primary focus of this review is to
evaluate the rationale and therapeutic potential for each of
these somatic therapies in TRD (see Table 1).

Electroconvulsive Therapy

Despite a half century of progress in the pharmacotherapy
of affective illnesses, ECT remains an important therapeutic
modality, particularly for TRD. However, the stigma associated
with this treatment and the burgeoning range of pharmacother-
apy and psychotherapy options have contributed to the fre-
quently held view that ECT is seen as “a treatment of last
resort” (6). The presence of acute suicidal ideation, delusions
or catatonia are generally indications for the use of ECT (7–9).
The polarity of a depressive episode does not appear to influ-
ence outcome (10). Currently, ECT is most likely to be offered
to the elderly, the medically ill and pharmacotherapy resistant
or intolerant populations (11,12).

The strongest predictor of favorable response to ECT is a
prior history of resistance to antidepressant medication. Over
50% of patients who have failed to respond to one or more ade-
quate antidepressant medication trials, respond to ECT (13).
Other predictors of poor response to ECT include chronicity
and comorbid personality disorders (14). While the evidence to
support the use of ECT as a first line treatment in patients who

received inadequate trials of antidepressant medication is limited,
response rates in the 80%–90% range have been reported (8).

Meta-analyses have revealed that ECT is superior to sham
ECT, placebo or antidepressant medications (15,16). In one
meta-analysis, the likelihood of responding to ECT was almost
4 times greater than to antidepressants (16). The antidepressant
effects of ECT are usually apparent earlier than with antide-
pressant medications (17). A report from the Consortium for
Research in ECT (CORE) (18) revealed that over half of the
subjects demonstrated an improvement within the first week
and that 65% had achieved remission after 10 treatments.
Evidence from preclinical studies on the effects of various anti-
depressant therapies, including electroconvulsive shock, on
hippocampal neurogenesis may help to explain the more rapid
action of ECT compared to antidepressant medications (19).

There is robust evidence that the antidepressant efficacy of
ECT is related to its stimulation parameters. In an influential
double blind randomized study, Sackeim and colleagues evalu-
ated the antidepressant effects of right unilateral (RUL) ECT at
1.5, 2.5 and 6 times seizure threshold (20). Efficacy of RUL
treatment was associated with the dose relative to seizure
threshold rather than the absolute dose administered. RUL
ECT at 6 times seizure threshold was also found to have
comparable efficacy, but less cognitive side-effects than bifr-
onto-temporal ECT at 1.5 times seizure threshold. In contrast
to the dose-response relationship between antidepressant effi-
cacy and stimulus dose for RUL ECT, the efficacy of bilateral
fronto-temporal ECT has been described as a step-function
with optimal efficacy achieved at marginally supra-seizure
threshold stimuli (6,21). An average course of ECT consists of
6–8 treatments, although some individuals may require more
treatments to optimize the antidepressant response.

Relapse Prevention Following Electroconvulsive Therapy

Although the acute antidepressant properties of ECT are
unequivocal, at least 50% of patients will relapse within the
first year in the absence of medication prophylaxis and 90% of
those relapses will occur in the first 6 months (20). There is no
evidence that ECT can “energize” an antidepressant to which
the patient has previously failed to respond (22). In one of the
few reports to evaluate relapse prevention following ECT, the
combination of nortriptyline and lithium carbonate reduced the
rate of relapse during the 6 months following ECT (23). Unfor-
tunately, there are no data at this point to compare the efficacy
of maintenance ECT and medication management.

Cognitive side-effects associated with ECT have limited its
widespread use. These include an acute confusional state last-
ing minutes to hours associated with both the post-ictal state
and recovery from the general anesthetic; anterograde amnesia
which resolves within weeks of cessation of treatment and
retrograde amnesia, the rarest yet most important adverse cog-
nitive effect of ECT. Emerging somatic techniques represent an
attempt to disentangle and fine-tune the robust antidepressant



281

T
ab

le
 1

C
om

pa
ri

so
n 

of
 B

ra
in

 S
ti

m
ul

at
io

n 
T

ec
hn

iq
ue

s 
fo

r 
th

e 
T

re
at

m
en

t o
f 

T
R

D

A
dv

an
ta

ge
s

D
is

ad
va

nt
ag

es
O

ut
st

an
di

ng
 C

lin
ic

al
 Q

ue
st

io
ns

E
le

ct
ro

-c
on

vu
ls

iv
e

T
he

ra
py

• 
L

ar
ge

st
 b

od
y 

of
 e

vi
de

nc
e 

to
 s

up
po

rt
 it

s 
ef

fi
ca

cy
 in

 T
R

D
• 

C
og

ni
tiv

e 
dy

sf
un

ct
io

n 
ca

n 
be

 p
ro

m
in

en
t.

• 
R

ap
id

 r
ec

id
iv

is
m

 o
f 

de
pr

es
si

ve
 s

ym
pt

om
s 

ha
s 

be
en

 o
bs

er
ve

d 
fo

ll
ow

in
g 

th
e 

di
sc

on
tin

ua
tio

n 
of

 th
e 

tr
ea

tm
en

t.

• 
C

an
 th

e 
co

gn
iti

ve
 s

id
e-

ef
fe

ct
s 

be
 d

is
so

ci
at

ed
 f

ro
m

 it
s 

ef
fi

ca
cy

 in
 th

e 
tr

ea
tm

en
t o

f 
de

pr
es

si
on

?
• 

E
ff

ic
ac

y 
ac

ro
ss

 m
ul

tip
le

 s
ub

ty
pe

s 
of

 d
ep

re
ss

iv
e 

ep
is

od
es

, i
nc

lu
di

ng
 p

sy
ch

ot
ic

 d
ep

re
ss

io
n

• 
D

em
on

st
ra

te
d 

to
 d

ec
re

as
e 

ra
te

s 
of

 s
ui

ci
de

 in
 

in
di

vi
du

al
s 

w
it

h 
de

pr
es

si
on

• 
A

bi
lit

y 
to

 m
od

if
y 

th
e 

la
te

ra
lit

y 
of

 th
e 

st
im

ul
at

io
n 

an
d 

am
ou

nt
 o

f 
en

er
gy

 d
el

iv
er

ed
• 

W
id

el
y 

av
ai

la
bl

e 
in

 m
os

t c
lin

ic
al

 s
et

tin
gs

• 
T

he
 c

lin
ic

al
 u

se
fu

ln
es

s 
of

 a
lte

rn
at

iv
e 

el
ec

tr
od

e 
pl

ac
em

en
ts

 e
.g

. b
if

ro
nt

al
• 

Is
 m

ai
nt

en
an

ce
 E

C
T

 s
up

er
io

r 
to

 p
ha

rm
ac

ot
he

ra
py

 to
 

pr
ev

en
t r

el
ap

se
 f

ol
lo

w
in

g 
tr

ea
tm

en
t o

f 
th

e 
ac

ut
e 

ep
is

od
e?

T
ra

ns
cr

an
ia

l M
ag

ne
tic

St
im

ul
at

io
n

• 
N

on
-c

on
vu

ls
iv

e 
st

im
ul

at
io

n 
of

 th
e 

br
ai

n
• 

D
oe

s 
no

t r
eq

ui
re

 g
en

er
al

 a
ne

st
he

si
a 

fo
r 

its
 

ad
m

in
is

tr
at

io
n

• 
A

bi
lit

y 
to

 m
od

if
y 

th
e 

lo
ca

tio
n 

an
d 

fr
eq

ue
nc

y 
of

 th
e 

st
im

ul
at

io
n 

ap
pl

ie
d 

to
 th

e 
br

ai
n

• 
B

ot
h 

st
im

ul
at

io
n 

an
d 

in
hi

bi
ti

on
 o

f 
ne

ur
on

s 
po

ss
ib

le
.

• 
E

ff
ec

ti
ve

 in
 a

ni
m

al
 m

od
el

s 
of

 d
ep

re
ss

io
n.

• 
N

ot
 a

s 
ef

fe
ct

iv
e 

as
 E

C
T

 f
or

 s
ev

er
e 

de
pr

es
si

ve
 e

pi
so

de
s

• 
D

et
er

m
in

in
g 

th
e 

op
tim

al
 s

tim
ul

at
io

n 
pa

ra
m

et
er

s.

• 
L

im
ite

d 
da

te
 r

eg
ar

di
ng

 lo
ng

-t
er

m
 e

ff
ic

ac
y

• 
U

na
bl

e 
to

 d
ir

ec
tly

 s
ti

m
ul

at
e 

su
bc

or
tic

al
 

st
ru

ct
ur

es

M
ag

ne
tic

 S
ei

zu
re

 
T

he
ra

py
• 

Se
iz

ur
e 

pr
od

uc
ed

 b
y 

st
im

ul
at

io
n 

of
 th

e 
br

ai
n 

w
ith

 
T

ra
ns

cr
an

ia
l M

ag
ne

ti
c 

St
im

ul
at

io
n 

de
vi

ce
 r

eq
ui

re
s 

de
cr

ea
se

d 
do

se
s 

of
 a

ne
st

he
tic

 a
ge

nt
s

• 
D

if
fi

cu
lt 

to
 r

el
ia

bl
y 

el
ic

it 
a 

se
iz

ur
e 

w
ith

 c
ur

re
nt

 T
ra

ns
cr

an
ia

l M
ag

ne
tic

 
St

im
ul

at
io

n 
de

vi
ce

s

• 
N

o 
co

nt
ro

lle
d 

tr
ia

ls
 to

 d
at

e 
de

m
on

st
ra

tin
g 

it
s 

cl
in

ic
al

 
ef

fi
ca

cy
 in

 th
e 

tr
ea

tm
en

t o
f 

de
pr

es
si

on

• 
D

ec
re

as
ed

 c
og

ni
tiv

e 
si

de
-e

ff
ec

ts
 c

om
pa

re
d 

to
 E

C
T

.
• 

L
im

ite
d 

av
ai

la
bi

lit
y.

• 
A

ni
m

al
 d

at
a 

su
pp

or
tin

g 
its

 s
af

et
y.

V
ag

us
 N

er
ve

 
St

im
ul

at
io

n
• 

L
ar

ge
 b

od
y 

of
 c

li
ni

ca
l e

vi
de

nc
e 

re
ga

rd
in

g 
th

e 
sa

fe
ty

 
an

d 
to

le
ra

bi
lit

y 
of

 V
N

S 
fr

om
 it

s 
us

e 
in

 th
e 

tr
ea

tm
en

t 
of

 e
pi

le
ps

y
• 

G
ro

w
in

g 
lit

er
at

ur
e 

re
ga

rd
in

g 
m

ec
ha

ni
sm

s 
of

 a
ct

io
n

• 
M

ay
 h

av
e 

in
cr

ea
si

ng
 b

en
ef

it
 o

ve
r 

ti
m

e.
• 

W
el

l t
ol

er
at

ed
.

• 
E

ff
ec

ti
ve

 in
 a

ni
m

al
 m

od
el

s 
of

 d
ep

re
ss

io
n.

• 
L

im
ite

d 
ef

fi
ca

cy
 in

 th
e 

tr
ea

tm
en

t o
f 

de
pr

es
si

on
 in

 th
e 

sh
or

t-
te

rm
• 

N
o 

co
nt

ro
lle

d 
tr

ia
ls

 to
 d

at
e 

de
m

on
st

ra
tin

g 
cl

in
ic

al
 

ef
fi

ca
cy

 in
 th

e 
tr

ea
tm

en
t o

f 
de

pr
es

si
on

• 
L

es
s 

ef
fe

ct
iv

e 
in

 in
di

vi
du

al
s 

w
ith

 g
re

at
er

 
de

gr
ee

s 
of

 tr
ea

tm
en

t-
re

si
st

an
ce

• 
In

va
si

ve
ne

ss
. R

eq
ui

re
s 

a 
su

rg
ic

al
 p

ro
ce

du
re

 
fo

r 
im

pl
an

ta
ti

on
 o

f 
th

e 
de

vi
ce

D
ee

p 
B

ra
in

 
St

im
ul

at
io

n
• 

L
ar

ge
 b

od
y 

of
 c

li
ni

ca
l e

vi
de

nc
e 

re
ga

rd
in

g 
th

e 
sa

fe
ty

 
an

d 
to

le
ra

bi
lit

y 
of

 D
B

S 
fr

om
 it

s 
us

e 
in

 th
e 

tr
ea

tm
en

t 
of

 m
ov

em
en

t d
is

or
de

rs
 a

nd
 O

C
D

.

• 
In

va
si

ve
ne

ss
. R

eq
ui

re
s 

a 
ne

ur
os

ur
gi

ca
l 

pr
oc

ed
ur

e 
fo

r 
im

pl
an

ta
tio

n
• 

L
im

ite
d 

av
ai

la
bi

lit
y.

• 
N

o 
co

nt
ro

lle
d 

tr
ia

ls
 to

 d
at

e 
de

m
on

st
ra

tin
g 

cl
in

ic
al

 
ef

fi
ca

cy
 in

 th
e 

tr
ea

tm
en

t o
f 

de
pr

es
si

on
.

• 
D

et
er

m
in

in
g 

th
e 

op
tim

al
 s

tim
ul

at
io

n 
pa

ra
m

et
er

s 
an

d 
an

at
om

ic
al

 lo
ca

ti
on

 f
or

 tr
ea

tm
en

t o
f 

de
pr

es
si

on
.

• 
+

+
 a

na
to

m
ic

al
 s

pe
ci

fi
ci

ty
. A

bi
lit

y 
to

 ta
rg

et
 b

ot
h 

co
rt

ic
al

 a
nd

 s
ub

co
rt

ic
al

 s
tr

uc
tu

re
s

• 
+

+
 f

le
xi

bi
lit

y 
i.e

. p
ro

vi
de

s 
po

te
nt

ia
l t

o 
pr

ov
id

e 
st

im
ul

at
io

n 
fr

om
 m

ul
tip

le
 s

ite
s 

al
on

g 
th

e 
el

ec
tr

od
e.

 
A

bi
lit

y 
to

 m
od

if
y 

st
im

ul
at

io
n 

pa
ra

m
et

er
s

• 
R

ev
er

si
bl

e.
• 

E
vi

de
nc

e 
fr

om
 a

n 
op

en
 tr

ia
l d

em
on

st
ra

tin
g 

bo
th

 
ac

ut
e 

an
d 

su
st

ai
ne

d 
an

ti
de

pr
es

sa
nt

 r
es

po
ns

e 
in

 T
R

D
.



282 S.H. KENNEDY AND P. GIACOBBE

annals of clinical psychiatry vol. 19 no. 4 2007

effects seen with ECT without incurring the unwanted cogni-
tive side-effects.

Magnetic Seizure Therapy

Magnetic Seizure therapy (MST) is a proposed refinement
of ECT, which aims to induce a seizure through magnetic stim-
ulation of the cortex rather than by electrical stimulation
(24,25). Currently the treatment is considered investigational
and is available only in the context of research protocols.
Repetitive trains of stimulation are delivered to the frontal cor-
tex through a transcranial magnetic stimulation (TMS) device
used to generate magnetic fields of up to 2 Tesla in magnitude
(26). When repetitive trains of TMS (rTMS) are applied to the
scalp, action potentials can be induced in cortical neurons. If
sufficient stimulation is generated, a generalized tonic-clonic
seizure can be elicited. Compared to ECT, where much of the
exogenously applied electrical stimulus is prevented from
exerting its effects on the brain due to high skull impedance,
magnetic fields are able to penetrate the scalp and skull with no
resistance, offering the promise of greater control over the
location and extent of cortical stimulation than can be achieved
with ECT (24). However, seizures have not been reliably pro-
voked with current rTMS devices even at maximal energy output
settings (27), suggesting that modifications to conventional
rTMS devices are necessary to ensure that a seizure is generated.

MST has the potential to become a more precise method of
seizure induction by focusing the stimulation on selected corti-
cal structures thought to be essential for antidepressant efficacy,
while minimizing spread of the effects to medial temporal
regions implicated in the cognitive side effects of ECT (28,29).
Cognitive side effects of MST, including post-ictal recovery
time, attention and some measures of anterograde and retro-
grade amnesia are more benign than with ECT (29,30).

Primate models of MST suggest that MST-induced seizures
differ from seizures induced by electrical convulsive stimula-
tion (ECS) in their effects on the hippocampus. Specifically,
MST results in less marked anatomical changes in the dentate
gyrus than ECS (28) and does not increase mossy fibre sprout-
ing, as occurs with ECS (30). This relative sparing of the
hippocampus may underlie the superior cognitive profile of MST.

While the cognitive side-effect profile of MST is more
benign than that of ECT, the antidepressant efficacy of MST
remains to be established. Other than case reports (24,31) and a
small case series (27), the antidepressant effect of MST awaits
further verification.

Transcranial Magnetic Stimulation

In contrast to MST, TMS involves repeated subconvulsive
magnetic stimulation to the brain. This treatment is more
generally available and has a larger database of evidence to
evaluate compared to MST. It is also less invasive than other

neuromodulatory interventions. The first report of the antide-
pressant effects of rTMS in 1993 was by Hoflich who per-
formed the procedure on two patients with TRD (32). The
frequency of stimulation determines whether the activity of the
stimulated neural structures is inhibited or enhanced. Slow
TMS, defined as a frequency ≤ 1 Hz, and fast TMS with a
frequency ≥ 1Hz, exert opposite effects. Slow TMS over the
frontal cortex in depressed patients has been reported to
decrease cerebral blood flow, while fast TMS increases blood
flow to this region (33).

For both practical and theoretical reasons the dorsolateral
prefrontal cortex (DLPFC) has been the primary target for
rTMS. Since the strength of the magnetic field generated by
TMS decays exponentially with distance, only superficial cor-
tical structures such as the DLPFC can be directly modulated
by TMS (34) and direct stimulation of deeper subcortical struc-
tures such as the cingulate and limbic cortices is precluded.
There is also theoretical support for DLPFC stimulation, as
reduced activity is frequently observed in the DLPFC of
depressed patients in neuroimaging studies (35). Most com-
monly, fast TMS to the left DLPFC has been employed as the
preferred antidepressant strategy, based on the rationale that
stimulating this region will normalize the hypoactivity,
although the putative antidepressant effect of slow rTMS over
the right PFC has also been investigated (36). Several meta-
analyses of the acute antidepressant effects of left DLPFC
rTMS have been reported, with effect sizes ranging from 0.35
to 0.89 (37,38).

In the studies directly comparing rTMS to ECT, rTMS has
similar antidepressant efficacy to ECT in non-psychotic
depressed patients, but is clearly inferior to ECT in the treat-
ment of psychotic depression (39,40). rTMS has been associ-
ated with a better cognitive side-effect profile than ECT (41)
and is generally well tolerated (42). Common side-effects
include tinnitus, headaches and facial twitches, but they are
mild and respond to analgesics (43). Rarely, more serious side-
effects including switches to mania (44) and the induction of a
seizure have been reported. The incidence of seizures with
TMS has been estimated to be less than 1% and may be lower
with lower frequency rTMS (45).

Negative predictors of clinical response to rTMS in TRD
include older age (46), greater prefrontal atrophy (47), history
of refractoriness to antidepressant pharmacotherapy, longer
duration of the index depressive episode (48) and depression
with psychotic (40) or melancholic features (49).

Vagus Nerve Stimulation

The genesis of the idea for studying the role of vagus nerve
stimulation (VNS) in the treatment of TRD stemmed from the
observation of mood improvement, independent of seizure
control, in patients who were receiving this therapy for
epilepsy (50,51). Additionally, PET imaging in individuals
receiving VNS for refractory epilepsy demonstrated reductions
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in the metabolic activity of the amygdala, hippocampus, and
cingulate gyrus (52); structures that have been implicated in
the neurocircuitry of mood (53–56). VNS has been approved in
the US and Europe for medication-resistant epilepsy and is
now approved in the US for TRD, although expense and lim-
ited availability currently preclude general access to this treat-
ment option.

Treatment with VNS requires the implantation of a genera-
tor, similar in size to a cardiac pacemaker, in the chest under
the skin just below the clavicle. An incision is made in the
lower neck to expose the left vagus nerve. Electrodes are then
wrapped around the vagus nerve and subcutaneously con-
nected to the battery generator, which delivers intermittent-
pulsed electrical signals to the vagus nerve. The left vagus
nerve is chosen, since it has limited effects on cardiac physiol-
ogy (57). The stimulation parameters, including the intensity,
frequency and timing of stimulation can be programmed
remotely by a telemetric wand (58,59).

The vagus nerve consists largely of afferent fibers, which
transmit sensory information from the head, neck and abdomen
to the brain stem (58). The fibers of the vagus nerve then termi-
nate in the nucleus tractus solitarius, which serves as a relay
station to other brain regions including those involved in the
neurocircuitry of pain and emotion (59). Thus, it has been
hypothesized that stimulation of the vagus nerve may provide a
means to alter activity in widely distributed brain regions in a
bottom-up manner.

In general, VNS has been well tolerated. The most common
side-effect is hoarseness of voice, which is experienced as a
benign irritant by virtually everyone receiving this therapy
(60). VNS has been associated with switches into mania in
patients with and without a known history of Bipolar Disorder,
although manic symptoms were short-lived (1–3 days) and
were successfully managed by changes in the stimulation
parameters and psychotropic medications (61,62). VNS has not
been associated with neuropsychological impairment, and in
fact may improve cognitive function in some individuals
(63,64).

Convergent lines of evidence from preclinical and clinical
investigations of VNS support common mechanisms of action
shared by VNS and other antidepressant treatments (65,66).
Stimulation of the vagus nerve in rats increased firing rates of
neurons in the locus coeruleus (LC) and the dorsal raphe
nucleus (DRN), which are important in noradrenergic and sero-
tonergic neurotransmission respectively (67). Furthermore, in
this study the firing rates of both the LC and DRN neurons
increased as the length of treatment was prolonged, suggesting
that VNS may be capable of initiating or facilitating a cumula-
tive long-term process of neural adaptation.

This neurobiological finding supports consistent clinical
observations that the antidepressant efficacy of VNS demon-
strates an extended latency before becoming clinically effec-
tive. Initial pilot studies of the acute antidepressant effect of
VNS reported response and remission rates of 30% and 15%
respectively after 12 weeks of VNS therapy (68,69), with a

mean time to response just under 50 days. In a follow-up sham-
controlled trial, acute effects of active VNS treatment for TRD
were modest, with a response rate of 15% in the active treat-
ment group compared to 10% in the sham stimulation group
(70), although these rates increased after the initial 3 months of
treatment with VNS (62,71,72). However, it is unclear whether
the long-term benefits should be attributed to VNS or to the
concomitant medication changes that were permitted during
the follow-up period in these studies.

The finding that VNS combined with pharmacotherapy may
have long-term benefits in TRD, has been replicated (73). In a
group of 11 patients with TRD, there was one responder at 3
months (9%), two at 6 months (18%) and 6 at 1 year (54%) of
VNS treatment. Changes in medications were permitted after 3
months post-implantation. At the end of 1 year, three patients
were in remission (27%), defined in this study as a score on the
24-item HRSD of less than 10.

Further work needs to be done with respect to predictors of
response to VNS in TRD. It appears that the degree of previous
resistance to antidepressant pharmacotherapy is inversely cor-
related with the likelihood of responding to VNS (69). Given
that VNS does not appear to have robust acute antidepressant
effects, the most appropriate place of VNS in the therapeutic
armamentarium of depression remains to be determined. Data
regarding its high tolerability and potential for long-term bene-
fit to accrue when used in combination with pharmacotherapy
suggest that VNS may find a role as an adjunctive or augmen-
tation strategy in TRD. It may also have a role in relapse
prevention following ECT, although this awaits further exami-
nation (58).

THE EMERGENCE OF DEEP BRAIN STIMULATION 
FOR TRD

Rationale

Informed by over a decade of experience in the use of DBS
for several neurological conditions including Parkinson’s dis-
ease (PD), and by advances in functional neuroimaging to
guide the selection of appropriate stimulation targets, DBS rep-
resents a unique targeted intervention for treatment-resistant
psychiatric populations, including TRD. At this stage however,
it remains an investigational treatment within clinical research
settings and will remain so until its effectiveness is established
in larger clinical populations.

The selection of target sites has been driven by clinical
observations of mood benefit in other neuropsychiatric condi-
tions. Support for stimulation of Brodmann Area 25 (BA 25) is
hypothesis driven. Converging lines of evidence to support the
role of BA 25 in the modulation of mood states have been
advanced by Mayberg and colleagues in several studies that
used Positron Emission Tomography (PET) to evaluate
regional cerebral activity in different mood states (74).
Increased metabolic activity in BA 25 was evident in healthy
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volunteers during induction of transient sadness, while reduc-
tions in the same region were observed in fluoxetine respon-
sive depressed patients. Similarly, depressed patients who
achieved remission with venlafaxine showed a significantly
higher level of metabolism in BA 25 compared to non-
depressed controls at baseline and experienced a significant
decrease in metabolic activity during treatment (75). These
findings resonate with evidence from the initial evaluation of
DBS for TRD in which four of six highly refractory depressed
patients had a positive response and showed similar reductions
in BA 25 activity (76). A subsequent report on 12 patients from
this protocol suggests that similar rates of response have been
maintained (77).

Other possible anatomical sites, where stimulation may
improve depressive symptoms including the nucleus accum-
bens, have been suggested (78,79).

Technique of DBS

Two electrodes, each with four active stimulation sites, are
bilaterally implanted under stereotactic guidance and local
anesthesia through burr holes in the skull. Following implanta-
tion and intraoperative microelectrode recording to confirm
placement of the electrodes, they are then connected to a pace-
maker implanted under the pectoralis muscle through lead
wires channeled subcutaneously under the scalp. Following
successful implantation of the device, the stimulator is turned
on and remains active 24 hours a day. The stimulation parame-
ters can be adjusted, as needed, via a telemetric wand.

Psychiatric Management

Given the complexity of this treatment, DBS for TRD is
ideally performed by a multidisciplinary team comprised of
psychiatrists, neurosurgeons, neurologists, neuropsycholo-
gists, and other allied health professionals. Although this
procedure for TRD is still in its infancy, selection of appro-
priate candidates assumes great importance, given the nature
of the intervention.

The ability of an individual to provide informed consent for
the procedure is a critical component in assessing the candi-
date’s suitability for DBS (80). The presence of a strong social
support network is also important during the preoperative
assessment period and following the surgery. Regarding illness
characteristics which may predict a favorable response to DBS
in BA25, preliminary observations from our group suggest that
patients with melancholic rather than atypical features respond
better (77); however these findings require replication in a
larger sample.

Beyond patient selection, the psychiatrist plays a primary
role in the ongoing management of what amounts to “triple
therapy,” dealing with stimulator, medication and psychosocial
interventions. Particularly in the early stages following DBS

implantation, ongoing psychiatric management directed at
exploring the patient’s expectations for recovery, and challeng-
ing catastrophic thinking should be part of the management
strategy. With continued improvement, the psychotherapeutic
emphasis shifts to optimizing functional capacity.

Patients selected for DBS in the Toronto series have typi-
cally maintained the preoperative antidepressant regimen in the
post operative phase, although most patients have undergone
dose reductions and in some cases drug discontinuations. This
observation suggests that DBS may be working synergistically
with medications, and/or increasing the sensitivity of the CNS
to the effects of these medications.

The surgical procedure has been well tolerated, with limited
adverse neurological or psychiatric sequelae. One patient from
our initial report developed an infection at the site of implanta-
tion, which necessitated removal and subsequent re implanta-
tion of the device (76).

No clear guidelines yet exist to inform the programming of
DBS parameters for TRD, as they do for DBS in PD (81). Ini-
tial observations however suggest that stimulation parameters
for TRD may approximate those in PD. The mean stimulation
parameters used in our group for BA25 DBS in TRD are 4.0
Volts, 60 msec pulse widths, and a frequency of 130 Hz. (82).
Each of these variables may be adjusted independently, allow-
ing for an infinite array of possible combinations, although the
higher the voltage setting, the shorter the battery life of the
stimulator (83). It appears that once the appropriate electrode
and stimulation parameters are achieved, the antidepressant
effect is sustained without requiring alteration in DBS or
pharmacotherapy.

Future Directions for the Management of TRD

Lack of confidence in the diagnostic homogeneity of
major depressive disorder, incomplete descriptions of symp-
tom profiles and inadequate consideration of psychiatric and
medical comorbidities all substantially limit conclusions
about treatment efficacy and treatment resistance (84). Nev-
ertheless, the progress over the last decade in exploring and
evaluating new somatic therapies that act as neuromodulators
of selected brain regions represents a promising advance in
managing TRD. Beyond the limited evidence of effectiveness
or efficacy for these novel neuromodulation therapies, few
centers are able to provide a full range of neuromodulatory
treatments.

REFERENCES

1. Fava M: Diagnosis and definition of treatment resistant depression.
Biol Psych 2003; 53:649–659

2. Souery D, Amsterdam J, de Montigny C, Lecrubier Y, Montgomery S,
Lipp O, Racagni G, Zohar J, Mendlewicz J: Treatment resistant
depression: Methodological overview and operational criteria. Eur
Neuropsychopharmacol 1999; 9:83–91



TREATMENT RESISTANT DEPRESSION 285

annals of clinical psychiatry vol. 19 no. 4 2007

3. Thase ME, Rush AJ: When at first you don't succeed: Sequential
strategies for antidepressant non-responders. J Clin Psychiatry
1997; 58(Suppl 13):18–24

4. 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
outpatients requiring one or several treatment steps: A STAR*D
report. Am J Psychiatry 2006; 163:1905–1917

5. Mayberg HS: Defining neurocircuits in depression. Psychiatr Ann
2006; 36:259–268

6. McCall WV: Electroconvulsive therapy in the era of modern psy-
chopharmacology. Int J Neuropsychopharmacol 2001; 4:315–324

7. Kellner CH, Fink M, Knapp R, Petrides G, Husain M, Rummans
T, Mueller M, Bernstein H, Rasmussen K, O'Connor K, Smith G,
Rush AJ, Biggs M, McClintock S, Bailine S, Malur C: Relief of
expressed suicidal intent by ECT: A consortium for research in
ECT study. Am J Psychiatry 2005; 162:977–982

8. Petrides G, Fink M, Husain MM, Knapp RG, Rush AJ, Mueller
M, Rummans TA, O'Connor KM, Rasmussen KG Jr, Bernstein
HJ, Biggs M, Bailine SH, Kellner CH: ECT remission rates in
psychotic versus nonpsychotic depressed patients: A report from
CORE. J ECT 2001; 17:244–253

9. Fink M: Is catatonia a primary indication for ECT? Convuls Ther
1989; 5:1–4

10. Abrams R: The mortality rate with ECT. Convuls Ther 1997;
13:125–127

11. Greenberg RM, Kellner CH: Electroconvulsive therapy: A
selected review. Am J Geriatr Psychiatry 2005; 13:268–281

12. Rapoport MJ, Mamdani M, Herrmann N: Electroconvulsive ther-
apy in older adults: 13-year trends. Can J Psychiatry 2006;
51:616–619

13. 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

14. de Vreede IM, Burger H, van Vliet IM: Prediction of response to
ECT with routinely collected data in major depression. J Affect
Disord 2005; 86:323–327

15. UK ECT Review Group: Efficacy and safety of electroconvulsive
therapy in depressive disorders: a systematic review and meta-
analysis. Lancet 2003; 361:799–808

16. Pagnin D, de Queiroz V, Pini S, Cassano GB: Efficacy of ECT in
depression: A meta-analytic review. J ECT 2004; 20:13–20

17. Segman RH, Shapira B, Gorfine M, Lerer B: Onset and time
course of antidepressant action: psychopharmacological implica-
tions of a controlled trial of electroconvulsive therapy. Psychop-
harmacology (Berl) 1995; 119:440–448

18. Husain MM, Rush AJ, Fink M, Knapp R, Petrides G, Rummans
T, Biggs MM, O'Connor K, Rasmussen K, Litle M, Zhao W,
Bernstein HJ, Smith G, Mueller M, McClintock SM, Bailine SH,
Kellner CH: Speed of response and remission in major depressive
disorder with acute electroconvulsive therapy (ECT): A Consor-
tium for Research in ECT (CORE) report. J Clin Psychiatry 2004;
65:485–491

19. Madsen TM, Treschow A, Bengzon J, Bolwig TG, Lindvall O,
Tingstrom A. Increased neurogenesis in a model of electroconvul-
sive therapy. Biol Psychiatry 2000; 47:1043–1049

20. Sackeim HA, Prudic J, Devanand DP, Nobler MS, Lisanby SH,
Peyser S, Fitzsimons L, Moody BJ, Clark J: A prospective,

randomised, double-blind comparison of bilateral and right unilat-
eral electroconvulsive therapy at different stimulus intensities.
Arch Gen Psychiatry 2000; 57:425–434

21. Sackeim HA, Pruidic J, Devanand DP, Kiersky JE, Fitzsimons L,
Moody BJ, McElhiney MC, Coleman EA, Settembrino JM:
Effects of stimulus intensity and electrode placement on the effi-
cacy and cognitive effects of electroconvulsive therapy. N Engl J
Med 2003; 328:839–846

22. Flint AJ, Rifat SL: Two-year outcome of psychotic depression in
late life. Am J Psychiatry 1998; 155:178–183

23. Sackeim HA, Haskett RF, Mulsant BH, Thase ME, Mann JJ, Pet-
tinati HM, Greenberg RM, Crowe RR, Cooper TB, Prudic J: Con-
tinuation pharmacotherapy in the prevention of relapse following
electroconvulsive therapy: A randomized controlled trial. JAMA
2001; 285:1299–1307

24. Lisanby SH, Schlaepfer TE, Fisch HU, Sackeim HA: Magnetic
seizure therapy of major depression. Arch Gen Psychiatry 2001;
58:303–305

25. Lisanby SH, Morales O, Payne N, Kwon E, Fitzsimons L, Luber
B, Nobler MS, Sackeim HA: New developments in electroconvul-
sive therapy and magnetic seizure therapy. CNS Spectr 2003;
7:529–536

26. Bolwig TM: Putative common pathways in therapeutic brain
stimulation for affective disorders. CNS Spectr 2003; 7:490–495

27. White PF, Amos Q, Zhang Y, Stool L, Husain MM, Thornton L,
Downing M, McClintock S, Lisanby SH: Anesthetic consider-
ations for magnetic seizure therapy: A novel therapy for severe
depression. Anesth Analg 2006; 103:76–80

28. Lisanby SH, Luber B, Schlaepfer TE, Sackeim HA: Safety and
feasibility of magnetic seizure therapy (MST) in major depres-
sion: randomized within-subject comparison with electroconvul-
sive therapy. Neuropsychopharmacology 2003; 10:1852–1865

29. Moscrip TD, Terrace HS, Sackeim HA, Lisanby SH: Randomized
controlled trial of the cognitive side-effects of magnetic seizure
therapy (MST) and electroconvulsive shock (ECS). Int J Neurop-
sychopharmacol 2006; 9:1–11

30. Dwork AJ, Arango V, Underwood M, Ilievski B, Rosoklija G,
Sackeim HA, Lisanby SH: Absence of histological lesions in
primate models of ECT and Magnetic Seizure Therapy. Am J
Psychiatry 2004; 161:576–578

31. Kosel M, Frick C, Lisanby SH, Fisch HU, Schlaepfer TE: Mag-
netic Seizure Therapy improves mood in refractory major depres-
sion. Neuropsychopharmacology 2003; 28:2045–2048

32. Hoflich G, Kasper S, Hufnagel A, Ruhrmann S, Moller HJ: Appli-
cation of transcranial magnetic stimulation in treatment of drug
resistant major depression: A report of two cases. Hum Psychop-
harmacol 1993; 8:361–365

33. Speer AM, Kimbrell TA, Wassermann EM, D Repella J, Willis
MW, Herscovitch P, Post RM: Opposite effects of high and low
frequency rTMS on regional brain activity in depressed patients.
Biol Psychiatry 2000; 48:1133–1141

34. Schutter DJ, van Honk J: A framework for targeting alternative
brain regions with repetitive transcranial magnetic stimulation in
the treatment of depression. J Psychiatry Neurosci 2005; 30: 91–97

35. Seminowicz DA, Mayberg HS, McIntosh AR, Goldapple K,
Kennedy S, Segal Z, Rafi-Tari S: Limbic-frontal circuitry in
major depression: a path modeling metaanalysis. Neuroimage
2004; 22: 409–418

36. Klein E, Kreinin I, Chistyakov A, Koren D, Mecz L, Marmur S,
Ben-Shachar D, Feinsod M: Therapeutic efficacy of right prefrontal



286 S.H. KENNEDY AND P. GIACOBBE

annals of clinical psychiatry vol. 19 no. 4 2007

slow repetitive transcranial magnetic stimulation in major depres-
sion: A double blind controlled study. Arch Gen Psychiatry 1999;
56:315–320

37. Burt T, Lisanby H, Sackeim H: Neuropsychiatric applications of
transcranial magnetic stimulation: a meta-analysis. Int J Neurop-
sychopharmacol 2002; 5:73–103

38. Martin JL, Barbanoj MJ, Schlaepfer TE, Thompson E, Perez V
and Kulisevsky J: Repetitive transcranial magnetic stimulation for
the treatment of depression: Systematic review and meta-analysis.
Br J Psychiatry 2003; 182: 480–491

39. Grunhaus L, Dannon PN, Schreiber S, Dolberg OH, Amiaz R, Ziv
R, Lefkifker E: Repetitive transcranial magnetic stimulation is as
effective as electroconvulsive therapy in the treatment of nondelu-
sional major depressive disorder: an open study. Biol Psychiatry
2000; 47:314–324

40. Grunhaus L, Schreiber S, Dolberg OT, Polak D, Dannon PN: A
randomized controlled comparison of electroconvulsive therapy
and repetitive transcranial magnetic stimulation in severe and
resistant nonpsychotic major depression. Biol Psychiatry 2003;
53:324–331

41. Schulze-Rauschenbach SC, Harms U, Schlaepfer TE, Maier W,
Falkai P, Wagner M. Distinctive neurocognitive effects of
repetitive transcranialmagnetic stimulation and electroconvul-
sive therapy in major depression. Br J Psychiatry 2005;
186:410–416

42. Gates JR, Dhuna A, Pascual-Leone A: Lack of pathologic
changes in human temporal lobes after transcranial magnetic
stimulation. Epilepsia 1992; 33:504–508

43. Wassermann, EM: Risk and safety of repetitive transcranial mag-
netic stimulation: report and suggested guidelines from the Inter-
national Workshop on the Safety of Repetitive Transcranial
Magnetic Stimulation, June 5–7, 1996. Electroencephalogr Clin
Neurophysiol 1998; 108:1–16

44. Dolberg OT, Schreiber S, Grunhaus L: Transcranial magnetic
stimulation-induced switch into mania: a report of two cases. Biol
Psychiatry 2001; 49:468–470

45. Chen R, Gerloff C, Classen J, Wassermann EM, Hallett M, Cohen
LG: Safety of different inter-train intervals for repetitive transcra-
nial magnetic stimulation and recommendations for safe ranges of
stimulation parameters. Electroencephalogr Clin Neurophysiol
1997; 105: 415–421

46. Figiel GS, Epstein C, McDonald WM, Amazon-Leece J, Figiel L,
Saldivia A, Glover S: The use of rapid-rate transcranial magnetic
stimulation (rTMS) in refractory depressed patients. J Neuropsy-
chiatry Clin Neurosci 1998; 10:20–25

47. Mosimann U, Marre S, Werlen S, Schmitt W, Hess CW, Fisch
HU, Schlaepfer TE: Antidepressant effects of repetitive transcra-
nial magnetic stimulation in the elderly: Correlation between
effect size and coil-cortex distance. Arch Gen Psychiatry 2002;
59:560–561

48. Holtzheimer PE, Avery D, Schlaepfer TE: Antidepressant effects
of repetitive transcranial magnetic stimulation. Br J Psychiatry
2004; 184:541–542

49. Fitzgerald PB, Benitez J, de Castella A, Daskalakis ZJ, Brown
TL, Kulkarni J: A randomized, controlled trial of sequential bilat-
eral repetitive transcranial magnetic stimulation for treatment-
resistant depression. Am J Psychiatry 2006; 163:88–94

50. Elger G, Hoppe C, Falkai P, Rush AJ, Elger CE: Vagus nerve
stimulation is associated with mood improvements in epilepsy
patients. Epilepsy Res 2000; 42:203–210

51. Harden CL, Pulver MC, Ravdin LD, Nikolov B, Halper JP, Labar
DR: A pilot study of mood in epilepsy patients treated with vagus
nerve stimulation. Epilepsy Behav 2000; 1:93–99

52. Henry TR, Bakay RAE, Votaw JR, Pennell PB, Epstein CM,
Faber TL, Grafton ST, Hoffman JM: Brain blood flow alterations
induced by therapeutic vagus nerve stimulation in partial epi-
lepsy: I. Acute effects at high and low levels of stimulation. Epi-
lepsia 1998; 39:983–990

53. Drevets WC, Raichle ME: Neuroanatomical circuits in depres-
sion: Implications for treatment mechanisms. Psychopharmacol
Bull 1992; 28:261–274

54. Rauch SL: Neuroimaging and neurocircuitry models pertaining to
the neurosurgical treatment of psychiatric disorders. Neurosurg
Clin N Am 2003; 14:213–223

55. Mayberg HS: Modulating dysfunctional limbic-cortical circuits
in depression: Towards development of brain-based algorithms
for diagnosis and optimised treatment. Br Med Bull 2003;
65:193–207

56. Mayberg HS: Defining neurocircuits in depression. Psychiatr Ann
2006; 36:259–268

57. Sitdikov FG, Gil'mutdinova RI, Minnakhmetov RR, Zefirov TL:
Asymmetrical effects of vagus nerves on functional parameters of
rat heart in postnatal ontogeny. Bull Exp Biol Med 2000;
130:620–623

58. Kosel M, Schlaepfer TE: Beyond the treatment of epilepsy: New
applications of vagus nerve stimulation in psychiatry. CNS Spectr
2003; 8:515–521

59. Nemeroff CB, Mayberg HS, Krahl SE, McNamara J, Frazer
A,Henry TR,George MS, Charney DS, Brannan SK: VNS therapy
in treatment-resistant depression: Clinical evidence and putative
neurobiological mechanisms. Neuropsychopharmacology 2006;
31:1345–1355

60. Charous SJ, Kempster G, Manders E, Ristanovic R: The effect
of vagal nerve stimulation on voice. Laryngoscope 2001;
111:2028–2031

61. Frick C, Kosel M, Schlaepfer TE, Stanga Z, Hasdemir MG: Inci-
dent mania during therapy with vagus nerve stimulation. J ECT.
2005; 21:197

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

63. Clark KB, Naritoku DK, Smith DC, Browning RA, Jensen RA:
Enhanced recognition memory following vagus nerve stimulation
in human subjects. Nat Neurosci 1999; 2:94–98

64. Sackeim HA, Keilp JG, Rush AJ, George MS, Marangell LB,
Dormer JS, Burt T, Lisanby SH, Husain M, Cullum CM, Oliver
N, Zboyan H: The effects of vagus nerve stimulation on cognitive
performance in patients with treatment-resistant depression. Neu-
ropsychiatry Neuropsychol Behav Neurol 2001; 14:53–62

65. Krahl SE, Senanayake SS, Pekary AE, Sattin A: Vagus nerve
stimulation (VNS) is effective in a rat model of antidepressant
action. J Psychiatr Res 2004; 38:237–240

66. Carpenter LL, Moreno FA, Kling MA, Anderson GM, Regenold
WT, Labiner DM, Price LH: Effect of vagus nerve stimulation on
cerebrospinal fluid monoamine metabolites, norepinephrine, and
gamma-aminobutyric acid concentrations in depressed patients.
Biol Psychiatry 2004; 56:418–26



TREATMENT RESISTANT DEPRESSION 287

annals of clinical psychiatry vol. 19 no. 4 2007

67. Dorr AE, Debonnel G: Effect of vagus nerve stimulation on sero-
tonergic and noradrenergic transmission. J Pharmacol Exp Ther
2006; 318:890–8

68. Rush AJ, George MS, Sackeim HA, Marangell LB, Husain MM,
Giller C, Nahas Z, Haines S, Simpson RK Jr, Goodman R: Vagus
nerve stimulation (VNS) for treatment-resistant depressions: A
multicenter study. Biol Psychiatry 2000; 47:276–286

69. Sackeim HA, Rush AJ, George MS, Marangell LB, Husain MM,
Nahas Z, Johnson CR, Seidman S, Giller C, Haines S, Simpson
RK Jr, Goodman RR: Vagus nerve stimulation for treatment-
resistant depression: efficacy, side effects, and predictors of
outcome. Neuropsychopharmacology 2001; 25:713–728

70. Rush AJ, Marangell LB, Sackeim HA, George MS, Brannan SK,
Davis SM, Howland R, Kling MA, Rittberg BR, Burke WJ, Rapa-
port 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 Psy-
chiatry 2005; 58:347–354

71. Marangell LB, Rush AJ, George MS, Sackeim HA, Johnson CR,
Husain MM, Nahas Z, Lisanby SH: Vagus nerve stimulation
(VNS) for major depressive episodes: One year outcomes. Biol
Psychiatry 2002; 51:280–287

72. 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 Psychiatr 2005; 66:1097–1104

73. Corcoran CD, Thomas P, Phillips J, O'Keane V: Vagus nerve stim-
ulation in chronic treatment-resistant depression Preliminary find-
ings of an open-label study. Br J Psychiatry 2006; 189:282–283

74. Mayberg HS, Liotti M, Brannan SK, McGinnis S, Mahurin RK,
Jerabek PA, Silva JA, Tekell JL, Martin CC, Lancaster JL, Fox
PT: Reciprocal limbic-cortical function and negative mood: con-
verging PET findings in depression and normal sadness. Am J
Psychiatry 1999; 56:675–682

75. Kennedy SH, Konarski JZ, Segal ZV, Lau MA, Bieling PJ,
McIntyre RS, Mayberg HS: Differences in glucose metabolism
between responders to cognitive behavioral therapy and venlafax-
ine in a 16-week randomized controlled trial. Am J Psychiatry
2007; 164:778–788. 

76. 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; 3:651–60

77. Kennedy SH, Fulton KA, Giacobbe P, Lozano AM, Mayberg HS:
Predictors of Response to Deep Brain Stimulation for Treatment
Resistant Depression. Presented at annual meeting of APA: Tor-
onto Ontario; May 20–25 2006

78. 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. Neurospcyhopharmacol-
ogy 2006; 31:2384–2393

79. Schlaepfer TE, Lieb K: Deep brain stimulation for treatment of
refractory depression. Lancet 2005; 366:1420–1422

80. Fins JJ, Rezai AR, Greenberg BD: Psychosurgery: Avoiding an
ethical redux while advancing a therapeutic future. Neurosurgery
2006; 59:713–6

81. Volkmann J, Moro E, Pahwa R: Basic algorithms for the pro-
gramming of deep brain stimulation in PD. Mov Disord 2006;
21:S284–289

82. Giacobbe P, Kennedy SH: Deep brain stimulation for treatment-
resistant depression: A psychiatric perspective. Curr Psychiatry
Rep 2006; 8:437–44.

83. Bin-Mahfoodh M, Hamani C, Sime E, Lozano AM: Longevity of
batteries in internal pulse generators used for deep brain stimula-
tion. Stereotact Funct Neurosurg 2003; 80:56–60

84. Hasler G, Drevets WC, Manji HK, Charney DS: Discovering
endophenotypes for major depression. Neuropsychopharmacol-
ogy 2004; 29:1765–81




