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REVIEW

The Subcallosal Cingulate Gyrus in the Context of
Major Depression
Clement Hamani, Helen Mayberg, Scellig Stone, Adrian Laxton, Suzanne Haber, and Andres M. Lozano

The subcallosal cingulate gyrus (SCG), including Brodmann area 25 and parts of 24 and 32, is the portion of the cingulum that lies ventral to
the corpus callosum. It constitutes an important node in a network that includes cortical structures, the limbic system, thalamus, hypothal-
amus, and brainstem nuclei. Imaging studies have shown abnormal SCG metabolic activity in patients with depression, a pattern that is
reversed by various antidepressant therapies. The involvement of the SCG in mechanisms of depression and its emerging potential role as
a surgical target for deep brain stimulation has focused recent interest in this area. We review anatomic and histologic attributes of the SCG
and the morphologic and imaging changes observed in depression. Particular attention is given to the regional and downstream structures

that could be influenced by the application of deep brain stimulation in this region.
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T here has been a marked increase in the number of clinical
conditions treated with deep brain stimulation (DBS). Among
the most promising indications are psychiatric disorders, par-

icularly major depression (1–7). We have recently targeted the
ubcallosal cingulate gyrus (SCG) and adjacent white matter (2,4)
ased on preliminary imaging data, showing an involvement of this

egion in the mechanisms of treatment-resistant depression (8,9).
he growing interest in this area (8 –10) and its emerging potential
ole as a surgical target for DBS (2,4), warranted a review of histo-
ogic and anatomic aspects of the subcallosal cingulum in the con-
ext of depression.

Anatomy, Subdivision, and Histology of the Subgenual
Portion of the Cingulate Gyrus

The Cingulate Gyrus
The cingulate gyrus is an arch-shaped convolution in the medial

surface of the cerebral hemisphere. It lies in close relation to the
corpus callosum, from which it is separated by the callosal fissure
(11). It commences below the rostrum, curves around anterior to
the genu, extends along the dorsal surface of the body, and finally
turns ventrally behind the splenium, where it is connected by a
narrow isthmus with the hippocampal gyrus (11). It is separated
from the medial part of the superior frontal gyrus by the cingulate
sulcus, which commonly extends posteriorly into the parietal lobe
as the marginal ramus.

On the basis of cytoarchitectural characteristics (discussed sub-
sequently), the cingulate gyrus has been classically subdivided in
anterior cingulate cortex (ACC), posterior cingulate cortex, and ret-
rosplenial cingulate cortex (12–14). Alternatively, it has been subdi-
vided in four main regions based not only on histologic features but
also common afferent and efferent projections (15–17). These are
the anterior cingulate cortex (further subdivided in subgenual ACC
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sACC] and paragenual ACC [pACC] regions), midcingulate cortex,
osterior cingulate cortex, and retrosplenial cortex (15,16). Here we

eview one subcomponent of the anterior cingulate gyrus, the SCG.
his is operationally defined here as the portion of the cingulate
yrus lying ventral to the corpus callosum, from the anterior bound-
ry of the genu to the rostrum. In this context, the terms SCG and
ubgenual cingulum may be used as synonyms. Comprehensive
eviews on the anatomic and physiologic aspects more dorsal re-
ions of the ACC have been published elsewhere (12,13,15).

he Anterior Cingulate Gyrus and the Subcallosal Cingulum
According to Brodmann’s classification (14), the ACC in humans

omprises areas 24, 25, 32 (Figure S1 in Supplement 1) and 33 (not
epresented in the figure; details follow). Regions of the cingulate
ortex lying ventral to the corpus callosum include area 25 and the
ubcallosal portions of 32 and 24 (Figure S1A in Supplement 1).
lthough the SCG in nonhuman primates also comprises area 25
nd portions of 24 and 32, differences exist across species. In con-
rast to more traditional studies, recent reports in humans suggest
hat Brodmann’s area (BA) 32 may be subdivided in two: a ventral
ortion located in the vicinity of BA25 and a dorsal portion located
nterior and dorsal to the corpus callosum (18). The former has
een suggested as the homologous of the prelimbic BA32 in non-
uman primates. To date, correspondence between cortical re-
ions in nonhuman primates and humans remains controversial.
uture investigation is still needed to address this issue.

In nonhuman primates and humans, the ACC subdivisions un-
ergo a progressive differentiation (14,16,19 –21). Areas 25 and 32
ave poorly differentiated Layers II and III, no layer IV, a prominent
ayer V, and a relatively thin Layer VI (14,16,19 –21). Area 24 is also
haracterized by the absence of Layer IV and relatively poorly dif-
erentiated Layers II and III. Its Layer V, however, contains large
yramidal neurons and may be subdivided in Layers Va and Vb.
ayer VI is well developed (14,16,19 –21). Cytoarchitectonically, area
4 may be subdivided in three main regions progressively more
ifferentiated from ventral to dorsal. Area 24a borders the indusium
riseum and has been described as periallocortex. Area 24b is more
ifferentiated and considered proisocortex. Area 24c lies within the
epths of the cingulate sulcus (14). Area 33 only appears in humans
nd is located within the depths of the callosal sulcus surrounding
he rostrum of the corpus callosum (14). It contains moderate size
ells in Layers II and III and heavily stained neurons in Layer V.

In nonhuman primates, the mean number of cells per cubic
illimeters in the ACC is approximately 55,000 with no significant

ifferences across BA 25, 24, and 32 (22,23). Although most of these
ells are thought to be glutamatergic, approximately 25% comprise
amma-aminobutyric acid (GABA)ergic local circuit neurons (22).

ABAergic neurons are mainly distributed in Layers II and III but are
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also found in Layers V and VI (22). In nonhuman primates and
humans, 5% to 12% of ACC neuronal populations express calretinin,
parvalbumin, and calbindin (22,24).

When neurotransmitter receptors are considered, autoradiogra-
phy studies in postmortem human brains indicate that the ACC is
not homogeneous. When compared with neighbor regions, BA25
has low GABAB, high N-methyl-D-aspartate, and high 5-HT1A (sero-
tonin 1 A) receptor densities, more closely resembling the midcin-
gulate cortex (25).

Projections to and from the Subcallosal Cingulum

In nonhuman primates, studies on SCG projections have mainly
characterized afferents and efferents to and from BA25 (Figure 1).
BA32 projections have been predominantly studied in regions an-
terior and dorsal to the SCG (e.g., prelimbic BA32). Because the
prelimbic BA32 in nonhuman primates has been suggested to be
homologous to the subgenual BA32 in humans, afferent and effer-
ent projections to and from this region are reported later in the
article (26). SCG BA24 projections in nonhuman primates have not
been characterized in detail.

Afferents to BA25
In nonhuman primates, the most prominent frontal cortical pro-

jections to BA25 originate from the orbitofrontal cortex (areas 11
and 13a), medial prefrontal cortex (areas 10 m, 14, 32, 24, and 23),
and agranular insula (18,26 –30). Projections from the temporal
lobe arise from auditory association areas (20) and the temporal
pole (31,32). Mesial temporal lobe afferents originate from the sub-
iculum, hippocampal CA1 region (33,34), and amygdala (lateral,
basal, and accessory basal nuclei) (35,36). In addition, BA25 also
receives projections from the entorhinal and parahippocampal cor-
tices (37,38).

Thalamic afferents to BA25 in nonhuman primates originate
from the parvocellular division of the mediodorsal nucleus (MD),
paratenial nucleus (PT), and nucleus reuniens (Re) but also the from
anteromedial, central lateral, parafascicular, and limitans nuclei
(21,39,40). Hypothalamic projections to BA25 arise in posterior, dor-
sal, and lateral hypothalamic areas (41,42). The main brainstem

rojections to the ventral medial prefrontal cortex in nonhuman
rimates are from the ventral tegmental area (VTA) and raphe

43,44).

fferents from BA25
Cortical efferents from BA25 in nonhuman primates innervate

ainly the temporal pole, agranular insula, orbitofrontal cortex
areas 14c, 14r, and 10 m), and areas 32 and 24 (28).

Subcortical projections penetrate the adjacent white matter
nd innervate rostral and medial aspects of the caudate nucleus,
ucleus accumbens (mainly the shell), medial preoptic area, bed
ucleus of the stria terminalis, diagonal band of Broca, and lateral
eptum (45– 48). Thereafter, projections from BA25 run caudally
hrough the substantia innominata to innervate the amygdala and
arts of the hypothalamus (45,46). Within the amygdala, axons

erminate mainly in the intercalated nuclei and parvocellular por-
ion of the basal nucleus. In addition, the intermediate nucleus,

agnocellular part of the basal nucleus, periamygdaloid cortex,
nd, to a lesser extent, the lateral and central nuclei also receive
rojections from BA25 (45,46).

In nonhuman primates, efferents to the thalamus primarily in-
ervate the magnocellular division of MD, PT, paraventricular nu-
leus (PV), and Re (40,45,46), but also the reticular, interanterome-
ial, central medial, parafascicular, and the limitans nuclei (45,46). In
he hypothalamus, fibers from BA25 innervate the medial preoptic B

ww.sobp.org/journal
rea (45,46,49), the perifornical region, tuberomammilary nucleus,
nd posterior hypothalamic area. Projections reaching the poste-
ior third of the hypothalamus arborize through the rostrocaudal
xtent of the periaqueductal gray matter (PAG). Fibers running
hrough the lateral hypothalamic area travel caudally to innervate
he VTA, retrorubral field, substantial nigra compacta, pedunculo-
ontine nucleus, cuneiform nucleus, parabrachial nucleus, raphe,
nd locus coeruleus (45,46).

fferents to BA32
Similar to projections described for BA25, cortical projections to

igure 1. Schematic diagram illustrating the main afferent (A) and efferent
B) projections from and to Brodmann area 25 in nonhuman primates. Acb,
ucleus accumbens; ACC, anterior cingulate cortex; amygdala (AB, acces-
ory basal nucleus; Bl, basolateral nucleus; Co, cortical nucleus; I, interca-
ated nucleus; L, lateral nucleus; Me, medial nucleus); BST, bed nucleus of the
tria terminalis; Cd, caudate nucleus; CnF, cuneiform nucleus; DB, diagonal
and of Broca; EC, entorhinal cortex; hypothalamus (DH, dorsal hypothala-
us; DMH, dorsomedial hypothalamus; LH, lateral hypothalamus; PH, pos-

erior hypothalamus; Mpre, medial preoptic area; TM, tuberomammillary
ucleus; VMH, ventromedial hypothalamus); Ia, agranular insular cortex; LC,

ocus coeruleus; LS, lateral septal nucleus; OFC, orbitofrontal cortex; PAG,
eriaqueductal gray; PB, parabrachial nucleus; PHC, parahippocampal cor-

ex; PPN, pedunculopontine nucleus; SI, substantia innominata; TP, tempo-
al pole; thalamus (AM, anteromedial nucleus; MD, mediodorsal nucleus;

Dpc, parvicellular portion of the mediodorsal nucleus; PT, paratenial nu-
leus; Re, nucleus reuniens; CL, central lateral nucleus; lim, nucleus limitans;
F, parafascicular nucleus; PV, paraventricular nucleus); VTA, ventral teg-
ental area (portions of this figure were modified and reprinted [45], with

ermission from Elsevier, Copyright 2001).
A32 in nonhuman primates originate mainly from the orbitofron-
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tal cortex, medial prefrontal cortex (areas 10, 11, 12, 14, 24, 25),
agranular insula, and temporal pole (18,26 –28,31). Mesial temporal
lobe afferents arise from the amygdala (basal nuclear complex)
(35,36) and the entorhinal and parahippocampal cortices (37,50).
Thalamic afferents to BA32 originate primarily from MD, PT, and PV
(38,40,51), whereas both anterior and posterior hypothalamic areas
projects to this cortical region (49).

fferents from BA32
Cortical efferents from BA32 in nonhuman primates predomi-

antly innervate the agranular insula, orbitofrontal and medial pre-
rontal cortical regions (areas 12, 10, 11, 14, and 24) (28,45), the
emporal pole (31,45), entorhinal cortex, piriform cortex (45), and
arahippocampal gyrus (37,45).

Subcortical projections innervate ventromedial aspects of the
audate nucleus, the nucleus accumbens (45,48,52), ventral puta-
en (52), the diagonal band of Broca, lateral septum, and substan-

ia innominata (45). Within the amygdala, BA32 efferents terminate
n the basolateral nucleus, basomedial nucleus (36,45), accessory
asal nucleus, and lateral nucleus (45). In nonhuman primates, ef-

erents to the thalamus primarily innervate the MD, PT, and PV
38,40,45,50) but also Re, reticular nucleus, limitans nucleus, and
arts of the pulvinar (45). In the hypothalamus, fibers from BA32

nnervate the lateral preoptic nucleus, dorsal medial nucleus, ven-
ral medial nucleus, lateral hypothalamic nuclei, posterior hypotha-
amic nuclei, and the tuberomammillary nucleus (45,49). In the
rainstem, BA32 projects to the PAG (53), pedunculopontine nu-
leus, dorsal raphe (45), VTA (45,54), and substantial nigra com-
acta (54).

Subcallosal Cingulum and Depression

When healthy subjects are asked to rehearse autobiographic
sad scripts or are depleted of tryptophan, cerebral blood flow in-
creases in the SCG (Figure 2) (9,55–58). In patients with depression,
imaging studies have often shown an increased SCG activity (4,59 –
61). This has been sometimes reported in association with a re-
duced activity in BA 46/9 (8 –10). A decrease in SCG activity has been
observed after treatment with a variety of interventions, including
antidepressants, DBS, electroconvulsive therapy, repetitive trans-
cranial magnetic stimulation, cingulotomy, and placebo (Figure 2)
(4,8 –10,59,62– 65).

Volumetric Studies
The hippocampus and prefrontal cortex bear significant mor-

phologic alterations in depression (66 –70). As an example, the sub-
enual area 24 of patients with familial mood disorders have a 35%
olumetric reduction (71) and 24% to 41% fewer glial cells than
ontrol samples (Figure 2) (68,71). This is of considerable impor-
ance in light of recent experiments showing that 1) the inactivation
f glia in the medial prefrontal cortex induces depressive-like be-
aviors in rats (72,73) and 2) medial prefrontal cortex glial cell
roliferation has been suggested as one of the mechanisms of
ction of electroconvulsive therapy in rodents (74,75).

Imaging studies conducting volumetric magnetic resonance im-
ging assessments of the SCG in depression are more controversial.
series of reports including common authors have shown that the

ortical volume of the SCG was reduced in patients with familial
epression (60), women with early-onset depression (76), and pa-

ients with psychotic depression (77). Although these findings have
een replicated by some investigators (78), they were not corrobo-

ated by others (79). Apart from technical factors in data acquisition
nd analysis, potential explanations for such discrepancies include
isease severity and genetic factors. Brambilla and colleagues (79)
ave suggested that patients with severe depression had a greater
CG volumetric reduction compared with those with mild forms of
he disease. Pezawas and colleagues (80) have shown a reduced
CG gray matter volume in healthy subjects with the short allele of
he serotonin transporter gene (Figure 2). This is of interest because
hese individuals seem to have an increased risk of developing
epression compared with those with the long allele.

CG Projections and the Clinical Features of Depression
It is clear that depression is multi-symptomatic with distur-

ances in cognitive, somatic, vegetative, mood, and behavioral
omains. As a consequence of its extensive connections, the dis-

upted function of the SCG may influence structures involved in the
athophysiology of the constellation of observed depressive symp-

oms. Projections to prefrontal cortical areas may interfere with
xecutive and cognitive processes. Those to the nucleus accum-
ens could play a role in the lack of interest and disruption of

eward mechanisms and underlie anhedonia. Projections to the
ypothalamus and brainstem could disrupt normal drive and veg-
tative function, leading to circadian and sleep disturbances (81),
roblems with appetite, and abnormalities in stress response and
ortisol metabolism. Projections to the PAG could interfere with the
ormal perception or processing of pain.

The amygdala is another key region linked to the pathophysiol-
gy of depression. Glucose metabolism and blood flow are in-
reased in the amygdala of depressed patients, a pattern that is
eversed by antidepressants (82,83). Pezawas and colleagues (80)

Figure 2. Common imaging pattern of subgenual cingulate
gyrus, glucose metabolic or blood flow reduction to various
antidepressant interventions. Images demonstrate group
change patterns relative to baseline depressed states for
each treatment response to a (A) serotonin reuptake inhib-
itor (SSRI), (B) placebo, (C) repetitive transcranial magnetic
stimulation (rTMS), (D) electroconvulsive therapy (ECT), and
(E) high-frequency deep brain stimulation (DBS). Common
pattern of subgenual cingulate gyrus blood flow increases
with induction of transient sadness induced by both recol-
lection of a personal sad memory (F) and tryptophan deple-
tion in healthy subjects (G). Anatomic differences in SCG
distinguish healthy subjects homozygous for the S allele of
the serotonin transporter promoter gene (a putative risk
factor for depression) relative to L/L carriers (H). Area of
decreased glial number in postmortem studies of de-
pressed patients relative to nondepressed subjects (I). Re-
printed by permission from Macmillan Publishers Ltd: Na-

ture Reviews Drug Discovery (97), Copyright 2007.

www.sobp.org/journal
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have recently shown with functional MRI that activity in subgenual
cortical regions correlates positively with activity in the amygdala
when subjects are presented with threatening faces. In this context,
the coupling of these structures might be relevant in the circuitry of
the disease. Finally, SCG projects to the entorhinal cortex and para-
hippocampal gyrus, which connect extensively with the hippocam-
pus. Through these projections cognitive and memory function
may be influenced.

Subcallosal Deep Brain Stimulation
In other applications of DBS (i.e., movement disorders), the clin-

ical effects of high-frequency stimulation mimic those observed
with lesions. Bearing this in mind, the initial premise was that high-
frequency stimulation of the SCG could disrupt pathologic activity
and reverse the metabolic pattern observed in depression
(4,8,9,84).

To date, the outcome of 20 patients with depression treated
with SCG DBS has been reported. At 1 year, 11 (55%) responded to
surgery with a greater than 50% reduction in 17-item Hamilton
Depression Scale scores. Seven patients (35%) achieved or were
within 1 point of achieving remission (scores � 8) (2). Of note,

atients who responded to surgery had a significant improvement
n mood, anxiety, sleep, and somatic complains related to the dis-
ase (2). Also important was the safety of the procedure, with no
erious permanent adverse effects (2) or changes in neuropsycho-
ogical profile recorded (85). As previously shown, pretreatment

etabolic changes assessed with positron emission tomography
ere reversed in patients who improved after DBS (2,4). Structures

nfluenced by stimulation in our study were predominantly those
eceiving SCG projections (e.g., medial regions of the prefrontal
ortex, orbitofrontal cortex, hypothalamus, PAG, thalamus, nucleus
ccumbens, posterior regions of the cingulate gyrus, among oth-
rs) (2,4). This suggests that modulation of a distributed set of
egions defined by anatomic connections might mediate the anti-
epressant effects of SCC DBS, rather than local changes restricted

o the target. It also suggests that additional effects may be facili-
ated by transsynaptic changes in brain regions indirectly con-
ected to areas receiving SCG projections (e.g., dorsolateral pre-

rontal cortex, insula).
As new clinical, imaging and electrophysiologic studies are con-

ucted, we expect to establish specific attributes for a clinical re-
ponse. In this same line, we hope to characterize the depressive
ymptoms more responsive to DBS and perhaps be able to predict
hich patients are more likely to improve. Blinded clinical trials

omparing the outcome of patients assigned to receive active or
ham stimulation are ongoing. This will be of particular interest to
ssess a more definitive role of stimulation for the treatment of
epression.

Also important to study potential mechanisms for the antide-
ressant effects of DBS will be the use of animal models. In a recent
eries of studies, we have shown that stimulation of the ventrome-
ial prefrontal cortex (vmPFC) at parameters approximating those
sed in clinical practice induced a significant antidepressant-like

esponse in the forced swim test (FST) in rats (86,87). In rodents as in
umans, DBS has been shown to influence the activity of local
euronal populations and remote structures (88,89). This later has
een hypothesized to be due to the modulation of fiber tracts
earby the electrodes (for a review, see Lozano et al. [89]). To ex-
lore whether vmPFC inactivation was responsible for our results,
e treated different groups of animals undergoing the FST with

adiofrequency lesions, local ibotenic acid (IBO), or muscimol injec-
ions (87). IBO is a neuronal toxin, and muscimol is a GABAergic

gonist. We found that some of these treatments were somewhat w

ww.sobp.org/journal
ffective in the FST (87), a finding that has been recently corrobo-
ated by others (90). In our study, however, the magnitude of re-
ponse to DBS was more pronounced than that observed after

uscimol injections or RF lesions. This suggests that although tar-
et inactivation might have played a role in the antidepressant-like
ffects of vmPFC DBS, it was likely not the sole mechanism. To
xplore whether fiber pathways near the electrodes were involved

n the stimulation response, we took advantage of the selective
attern of IBO lesions (e.g., this neuronal toxin largely preserves
ber pathways at the site of the lesions). We treated a group of rats
ith vmPFC and IBO in the same target and noticed that the anti-
epressant-like effects of stimulation were preserved in these ani-
als. Results from this study suggest that IBO-spared fibers might

ave been involved in the antidepressant-like effects of stimulation
n the FST (87). We have then explored whether catecholaminergic
ystems were involved in mechanisms of DBS. Strikingly, we found
hat response to stimulation was completely abolished after sero-
onergic, but not noradrenergic, depleting lesions (87). In addition,
t settings that improved behavior, vmPFC DBS induced a signifi-
ant and prolonged release of hippocampal serotonin (5-HT) (87).
lthough our results do not necessarily imply that the antidepres-

ant-like effects of vmPFC in the FST were due to an increase in 5-HT
elease, they do suggest that the integrity of the serotonergic sys-
em may be necessary for the efficacy of DBS in rats. Despite these
nsights, one must always to be cautious when translating data
rom rodents to humans. Anatomic differences across species, lim-
tations of the FST as a model of depressive states, and the treat-

ent of naive rats in our studies versus refractory depressed pa-
ients in clinical trials are only a few of the variables that need to be
aken into account (91).

hat Structures Are Being Stimulated? The Subcallosal
ingulate Region

Clinically used stimulating electrode contacts in our series were
ocated in an area that extends beyond the subcallosal cingulate
ortex (Figure 3) (92). Because the cingulum was not the only struc-
ure being stimulated (Figure 3), it is probably more appropriate to
onsider the procedure as “subcallosal region” (SCR) rather than
ubcallosal cingulate gyrus or BA25 DBS. As defined here, the SCR is
n operational region containing local cortical areas and fiber bun-
les potentially influenced by stimulation. Its boundaries are the
nterior aspect of the genu and posterior portion of the rostrum of
he corpus callosum in the anteroposterior plane (Figure 4A), the
nferior aspect of the corpus callosum and the most ventral sulcus of
he medial frontal lobe in the dorsal ventral plane (Figure 4A and
B), and the medial edge of the frontal lobe and the upward projec-
ion of the olfactory sulcus in the mediolateral plane (Figure 4B).

As previously mentioned, it is well recognized that DBS exerts
oth local and distant effects by influencing neural elements and
xonal projections nearby the electrodes (89,93). In this context, it is
elevant to define cortical regions and fiber bundles of the SCR.
ccording to Ongur and colleagues, the prefrontal cortex under-
eath the corpus callosum in humans may be subdivided in three
ytoarchitectonic regions (Figure S2 in Supplement 1) (18): a gran-
lar zone (area 10m), a caudoventral agranular zone (BA25 and
relimbic BA32 [32pl]), and a rostrodorsal agranular zone (sub-
enual BA24 and the dorsal anterior BA32 [32ac]) (18). Bearing in
ind the location of the electrode contacts in our series (Figure 3), it

ikely that stimulation influenced not only BA25, BA24, and BA32pl
ut also area 10m.

The anatomy of subcallosal fiber systems in humans has not
een studied in detail. In nonhuman primates, major fiber path-

ays include the callosal bundle, the uncinate fascicle, and the
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subcortical fascicle (94). The former runs within the depths of the
cingulate gyrus, arching around the genu and the splenium. It
provides a path that interconnects different regions of the cingu-
lum with its caudal fibers innervating the parahippocampal gyrus,
the retrosplenial area in the banks of the calcarine sulcus, and the
caudal part of the presubiculum (94). Fibers from the uncinate
fascicle and association systems interconnect posterior aspects of
the subcallosal region, including BA25, and the amygdala. The sub-
cortical fascicle in nonhuman primates is a fiber bundle through
which parts of the medial prefrontal cortex innervate subcortical
regions. In humans, with the subdivision of BA32 in areas 32pl and
32ac and the emergence of area 10m, fibers crossing the subcallosal
region may differ from those in nonhuman primates.

Projections potentially modulated by DBS in patients with de-
pression have been recently studied with probabilistic tractogra-
phy (95,96). Two tract patterns within the region of interest were
identified, segregating the pregenual (pACC) and sACC. Common
to both tract maps were connectivity with the midcingulate cortex,
the frontal pole, hypothalamus, and nucleus accumbens. Major
differences were that the pACC connected more strongly with the
dorsal cingulum, whereas the sACC had stronger connections with
subcortical (nucleus accumbens and hypothalamus) and medial
temporal lobe structures (amygdala and hippocampus) (95).

Also to be taken into account is the gyral pattern of the sub-
enual region and the potential influence of DBS on local white
atter fibers. In humans, this can be variable but two distinct gyri

re often observed (Figure 4). In the example provided, electrode
ontacts could be implanted in such a way to influence the white
atter bundles of each specific gyrus (Figure 4). Variations in gyral

natomy and in electrode position in the SCR could thus have an
mpact on the neural pathways modulated by stimulation and, in

Figure 4. Operational boundaries of the subcallosal re-
gion. Sagittal (A and C) and coronal (B) magnetic reso-
nance images of the brain (top row) with respective mag-
nifications shown in the bottom row. In panels A and B,
boxes represent the boundaries of the subcallosal region.
In the anteroposterior axis, these are the anterior aspect
of the genu and the posterior aspect of the rostrum of the
corpus callosum. In the dorsal ventral plane, the subcal-
losal region extends from the inferior aspect of the corpus
callosum to the most ventral sulcus of the medial frontal
lobe. Mediolaterally, it extends from the medial edge of
the frontal lobe to the upward projection of the olfactory
sulcus. Panel C is an example of a patient with two distinct
subcallosal region gyri (arrows). Placement of electrodes
in each of these might, in theory, influence different white
matter bundles, which could subsequently lead to differ-

ences in outcome.
urn, on the behavioral and clinical consequences of DBS. To date,
e have not found a correlation between the location of stimulat-

ng electrodes within the SCR and outcome in patients with depres-
ion (92). Refinement of target selection will require the analysis of

ore patients with a wider variation in electrode location or the
ssessment of the effects of stimulation though electrodes specifi-
ally implanted over pathways that course in this region.

ummary and Future Perspectives

Imaging studies in patients with depression have shown an
ncreased SCG activity that may be reversed by several antidepres-
ants therapies. As a result, the SCG has been suggested as an
mportant structure in the pathophysiology of depression. Al-
hough still investigational, the use of DBS as a therapy for major
epression offers a unique opportunity to gain further insight on

he physiology of the SCG and its involvement in mechanisms of
he disease. As an example, some centers conduct microelectrode
ecording mapping during surgery. This opens the possibility of
haracterizing the physiology of SCG neurons in humans while
urgeons identify the best electrode implant target. In a homolo-
ous scenario, cell recordings conducted during surgical proce-
ures in patients with movement disorders were crucial for our
nderstanding of the physiology of the basal ganglia and the mech-
nisms of diseases such as Parkinson’s, dystonia, and tremor. In
ddition to microelectrode mapping, patients with electrodes im-
lanted may be stimulated or have local field potentials recorded.
his may not only lead to the characterization of predictors of a
esponse to DBS but also increase our understanding of oscillatory
atterns and characteristic electrophysiologic features and func-

ions of the SCG. Also of importance will be the contribution of

Figure 3. Anatomic regions potentially influenced by
deep brain stimulation of the subcallosal region. (A) Ar-
chitectonic subdivision of the medial surface of the hu-
man brain according to Ongur and colleagues (reprinted
from [18] with permission from John Wiley and Sons). (B)
Location of deep brain stimulation electrodes in patients
with depression who responded to surgery in our series.
Note that contacts used for chronic stimulation (colored
circles) were clustered in the subcallosal region, not only
in cingulate areas 25, 24, and 32pl but also 10m (reprinted
from the Journal of Neurosurgery [92], with permission
from the AANS).
www.sobp.org/journal
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imaging modalities. Before surgery, patients may be studied with
diffusion tensor imaging, functional MRI, and positron emission
tomography. These data sets might be merged with postoperative
computed tomography and magnetic resonance images (provided
safety specifications for image acquisition are followed), and the
correlation among electrode position, physiologic effects, and clin-
ical consequences can be studied. This will not only increase our
knowledge of the physiologic attributes of specific anatomic struc-
tures, fiber pathways, or metabolically active regions nearby the
SCG but also characterize whether any of those could be used to
guide placement of the electrodes more effectively for an optimal
antidepressant response.
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