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ChroniC deep brain stimulation (DBS) of the sub-
thalamic nucleus (STN) is a proven neurosurgical 
treatment to relieve refractory motor symptoms 

in Parkinson’s disease.6,9,26,32,41,58–61 Preliminary results 
also suggest that STN stimulation may also be beneficial 

in cases of refractory obsessive-compulsive disorder and 
epilepsy.11,13,15,28,56,60,61 Despite the extensive use of the STN 
as a DBS target, understanding of the 3D anatomy of the 
subthalamic region remains challenging due to the vari-
able shape, oblique orientation, relatively small size, and 
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OBJECTIVE Despite the extensive use of the subthalamic nucleus (STN) as a deep brain stimulation (DBS) target, un-
veiling the extensive functional connectivity of the nucleus, relating its structural connectivity to the stimulation-induced 
adverse effects, and thus optimizing the STN targeting still remain challenging. Mastering the 3D anatomy of the STN 
region should be the fundamental goal to achieve ideal surgical results, due to the deep-seated and obscure position 
of the nucleus, variable shape and relatively small size, oblique orientation, and extensive structural connectivity. In the 
present study, the authors aimed to delineate the 3D anatomy of the STN and unveil the complex relationship between 
the anatomical structures within the STN region using fiber dissection technique, 3D reconstructions of high-resolution 
MRI, and fiber tracking using diffusion tractography utilizing a generalized q-sampling imaging (GQI) model.
METHODS Fiber dissection was performed in 20 hemispheres and 3 cadaveric heads using the Klingler method. Fiber 
dissections of the brain were performed from all orientations in a stepwise manner to reveal the 3D anatomy of the STN. 
In addition, 3 brains were cut into 5-mm coronal, axial, and sagittal slices to show the sectional anatomy. GQI data were 
also used to elucidate the connections among hubs within the STN region.
RESULTS The study correlated the results of STN fiber dissection with those of 3D MRI reconstruction and tractogra-
phy using neuronavigation. A 3D terrain model of the subthalamic area encircling the STN was built to clarify its anatomi-
cal relations with the putamen, globus pallidus internus, globus pallidus externus, internal capsule, caudate nucleus 
laterally, substantia nigra inferiorly, zona incerta superiorly, and red nucleus medially. The authors also describe the 
relationship of the medial lemniscus, oculomotor nerve fibers, and the medial forebrain bundle with the STN using trac-
tography with a 3D STN model.
CONCLUSIONS This study examines the complex 3D anatomy of the STN and peri-subthalamic area. In comparison 
with previous clinical data on STN targeting, the results of this study promise further understanding of the structural 
connections of the STN, the exact location of the fiber compositions within the region, and clinical applications such as 
stimulation-induced adverse effects during DBS targeting.
https://thejns.org/doi/abs/10.3171/2017.10.JNS171513
KEYWORDS subthalamic nucleus; Parkinson’s disease; globus pallidus internus; neuroanatomy; functional 
neurosurgery; anatomy; zona incerta; deep brain stimulation
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extensive connectivity of the nucleus. The STN’s intimate 
relationships with other elusive deep brain structures, such 
as the zona incerta (ZI), ansa lenticularis, medial forebrain 
bundle (MFB), medial lemniscus, and substantia nigra, 
further challenge precise targeting in STN-DBS lead im-
plantation.12,22,37,43,50,57,64

3D computer reconstruction of the STN has been 
shown to be effective for preoperative target identification 
before DBS surgery as well as for intraoperative recogni-
tion and postoperative assessment.21,34,37,39,65–67 Some fiber 
dissection studies have also been performed to describe 
STN anatomy.1,12,64 However, no study in the literature has 
combined 3D MRI reconstruction with generalized q-
sampling imaging (GQI) tractography and sectional anat-
omy of the STN through the fiber dissection technique. 
We aimed to elucidate the 3D anatomy of the STN and 
related structures using the fiber dissection technique, 3D 
reconstruction of high-resolution MRI, and GQI tractog-
raphy.

Methods
Ten brains (20 hemispheres) and 3 heads were ob-

tained from the State of Florida Anatomical Board and 
fixed with 10% formalin for at least 1 month. All speci-
mens were verified to lack a central nervous system pa-
thology that would skew the findings. After fixation, 
all specimens were frozen in water for at least 2 weeks 
at -16°C to facilitate dissection, in accordance with the 
Klingler method.18,29 The arteries and veins of the whole 
heads were injected with blue or red silicone rubber (Dow 
Corning Corp.), RTV catalyst (Dow Corning Corp.), and 
Thinner 200 (Dow Corning Corp.). The dura mater, arach-
noid membrane, and surface vessels were removed care-
fully under the microscope (Carl Zeiss AG) with 6×–40× 
magnification after at least 1 hour of thawing under tap 
water. The dissections were performed with Rhoton dis-
sectors. Between dissections, the specimens were kept in 
a 70% alcohol solution at room temperature. The dissec-
tions were performed in a stepwise manner from lateral to 
medial, medial to lateral, superior to inferior, and inferior 
to superior to reveal the 3D anatomy of the STN. Before 
the cranial dissections were started, 3-T MRI with 1-mm 
slices was acquired in each head specimen for MR naviga-
tion (Medtronic StealthStation S7). In addition, 3 brains 
were cut into 5-mm coronal, axial, and sagittal slices to 
show the sectional anatomy. Each stage of the dissections 
was recorded with digital photography.

Nuclei were manually labeled on a voxel-by-voxel ba-
sis in DSI Studio (http://dsi-studio.labsolver.org). T1 MP-
RAGE (magnetization-prepared rapid gradient echo) MRI 
data were acquired on a modified 3-T Siemens Skyra (Sie-
mens AG) with parameters as follows: 0.7 × 0.7 × 0.7–mm 
voxel size, TR 2400 msec, TE 2.14 msec, TI 1000 msec, 
flip angle 8°, and GRAPPA 2. The MP-RAGE data were 
registered to a multidirection diffusion dataset, which was 
processed using a generalized q-sampling method as de-
scribed in previous publications.4 Voxels were validated 
as gray matter by defining those voxels with a quantitative 
anisotropy (QA) threshold above 0.13 to allow delineation 
of nuclei borders. Fiber tracking was performed by deter-

ministic tractography using seed points placed along the 
expected course of the white matter tracts of interest. A 
termination index of QA = 0.08, angle > 75°, a step size of 
0.67 mm, and a smoothing of 0.2 mm were used.

Results
Fiber Dissection En Route to the STN

Removing the cortex from the lateral surface of the 
hemisphere, the superior longitudinal fasciculus (SLF) II 
and III, and the arcuate fasciculus exposes the corona ra-
diata anteriorly, the sagittal stratum posteriorly, and the 
insular cortex centrally (Fig. 1A and B). Removing, one 
by one, the insular cortex, the extreme capsule, and the 
deeper external capsule layers, which contain claustro-
cortical fibers dorsally and inferior fronto-occipital and 
uncinate fibers ventrally, displays the putamen (Fig. 1C–
E). Removing the putamen exposes the globus pallidus, 
anterior commissure, and internal capsule (Figs. 1F and 
2A–F). The putamen and globus pallidus form a cone-like 
shape, with its floor corresponding to the lateral surface of 
the putamen and its apex to the globus pallidus internus 
(GPi), which points toward the peri-STN region and sub-
stantia nigra. The GPi is located superior to the optic tract. 
The fibers arising from GPi and curving caudally to pass 
ventral to the IC along the way to the STN constitute the 
ansa lenticularis, which is located between the GPi and the 
optic tract (Fig. 2A–F).

The internal capsule (IC) is a heterogeneous structure 
that consists of fibers coursing along the neuraxis, some of 
which reach the brainstem. At the upper edge of the puta-
men along the superior limiting sulcus of the insula, the 
IC joins with fibers from the external capsule to form the 
corona radiata. The fiber system of the IC consists of the 
anterior limb, genu, posterior limb, and the retro- and sub-
lenticular parts. The anterior limb of the IC forms a border 
between the putamen and caudate nucleus. The posterior 
limb separates the globus pallidus from the thalamus and 
STN (Figs. 1F, 2A–E, 3E and F, 4C and D, and 5A and 
B). The anterior limb includes the anterior thalamic radia-
tions and frontopontine tract, which arise from the frontal 
lobe cortex. The genu includes the anterior part of the cor-
ticobulbar and corticospinal tracts and the anterior part 
of the superior thalamic peduncle. The posterior limb in-
cludes the posterior part of the corticospinal tract and the 
parietal thalamic peduncle and parietopontine fibers. The 
retrolenticular part of the IC includes the parietopontine 
fibers and part of the optic radiation, and the sublenticular 
part contains occipitopontine and temporopontine fibers, 
as well as the anterior component of the optic radiation 
(Figs. 1F, 2A–E, 3E and F, and 5A–D).

Removing the IC fibers exposes the thalamus, caudate 
nucleus, and amygdala (Figs. 2C, D, and F, 3B and F, and 
4A and B). The C-shaped caudate nucleus wraps around 
the thalamus and can be divided into 3 parts: the head, 
body, and tail (Fig. 2C and D). The head of the caudate 
nucleus is located at the lateral wall of the frontal horn of 
the lateral ventricle, the body at the lateral wall of the body 
of the lateral ventricle, and the tail at the roof of the tem-
poral horn of the lateral ventricle. The thalamus is located 
at the internal edge of the caudate nucleus (Figs. 2C and 
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D, 3B, and 4A and 4B). The anterior part of the thalamus 
is located at the floor of the body of the lateral ventricle, 
and the posterior part of the thalamus is located at the 
anterior wall of the atrium and superomedial wall of the 
temporal horn. The lateral geniculate body (LGB), located 
posteroinferiorly at the lateral part of the thalamus, is the 
point at which the optic tract ends and the optic radiation 

begins. The stria terminalis, another C-shaped bundle, lies 
between the thalamus and the caudate nucleus (Figs. 2F, 
4D, and 5A and B). The amygdala is located at the anterior 
wall of the temporal horn just anterior to the hippocampus 
and lateral to the inferolateral part of the thalamus. It is 
continuous with the globus pallidus superomedially and 
the caudate tail posteromedially (Fig. 2F).

FIG. 1. Lateral to medial fiber dissection of a left hemisphere to display the relations of the subthalamic region in a stepwise 
systematic manner. A: Identification of sulci and gyri on the lateral surface of the left hemisphere. B: The pyramid-shaped insula 
has been exposed by removing the cortical surface and underlying white matter along the frontoparietal and temporal operculi.  C 
and D: Initially, the extreme capsule has been displayed through a decortication process along the insular cortex (C). The external 
capsule layer has been reached following the removal of the extreme capsule (D). Deeper external capsule layer contains dorsally 
located claustrocortical fibers and ventrally located inferior fronto-occipital and uncinate fasciculi. E and F: The putamen and 
globus pallidus, in addition to the IC, have been revealed by continuing the lateral to medial fiber dissection. Removing the ventral 
external capsule fibers exposed the putamen and, by removing this structure, the IC fibers and globus pallidus have been displayed. 
Ang. = angular; Ant. = anterior; Caps. = capsule; Cent. = central; Cor. = corona; Extr. = extreme; Fasc. = fasciculus; Fiss. = fissure; 
Front. = frontal; Glob. = globus; Gyr. = gyrus; IFOF = inferior fronto-occipital fasciculus; Inf. = inferior; Ins. = insular; Int. = interna, 
internal; Intrap. = intraparietal; Lim. = limiting; Lob. = lobule; Marg. = marginal; Mid. = middle; Operc. = opercularis; Orb. = orbitalis; 
Pall. = pallidus; Par. = parietal; Post. = posterior; Postcent. = postcentral; Precent. = precentral; Rad. = radiata, radiation; Sulc. = 
sulcus; Sup. = superior; Sylv. = sylvian; Temp. = temporal; Triang. = triangularis; Uncin. = uncinate. Copyright Necmettin Tanriover. 
Published with permission. Figure is available in color online only.
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FIG. 2. A: Further lateral to medial dissection. The anterior commissure has been exposed through further medial fiber dissection. 
The anterior commissure, passing just inferior to the middle base of the globus pallidus, has been shown, along with its temporal 
and occipital extensions. The division along the temporal stem is located near the temporal edge of the limen and proximal to the 
inferior limiting sulcus of insula. B: Retrolenticular and sublenticular parts of the IC, including the anterior part of the optic radia-
tions, have been shown deep to the anterior commissure layer. Meyer’s loop consists of fibers arising from the lateral geniculate 
body, running anteriorly with a posterior curve at the temporal pole. C: Caudate nucleus medial to IC and thalamic radiations has 
been demonstrated by moving medially to the next step through the fiber dissection on the same hemisphere. C-shaped caudate 
nucleus, circling the anterosuperior and superior boundaries of the thalamus, has been exposed by removing the IC. D: The STN 
laterally, red nucleus inferomedially, and substantia nigra inferiorly have been identified by removing the posterior part of the thala-
mus in another left hemisphere. The ansa lenticularis, composed of pallidofugal fibers, lies between the globus pallidus and STN 
within the prerubral region. The STN, with its almond-like shape, is located superolateral to the red nucleus, medial to the GPi, and 
superior to the substantia nigra. FIG. 2. (continued)→ 
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FIG. 2. E: The posterior part of the IC and thalamus have been removed to show substantia nigra and STN in relation to brainstem 
and cerebellum in another left hemisphere. Removing the transverse pontine fibers exposes medial lemniscus and cerebellar 
peduncles. The medial lemniscus runs from the gracile and cuneate tubercles to the ventral posterolateral nucleus of the thalamus 
and divides the brainstem into ventral and dorsal parts. The medial lemniscus fibers intermingle with substantia nigra and pass 
inferomedial to the STN before terminating in the thalamus. Corticospinal, corticobulbar, corticomesencephalic fibers have a 
close relationship with the lateral anterior and inferior borders of the STN throughout their descending path trajectory toward the 
pons within the IC. F: The ansa peduncularis and medial forebrain bundle have been exposed by removing the globus pallidus, 
IC fibers, and thalamus in another specimen on the left side. The medial forebrain bundle connects the lateral hypothalamus and 
the septal area with the ventral tegmental area. The medial forebrain bundle lies at the level of and just lateral to the red nucleus, 
lateral to the mammillothalamic tract, medial to the substantia nigra, and slightly inferomedial to the STN. Caud. = caudate; Cer. 
= cerebellar; CN = cranial nerve; Coll. = colliculus; Comm. = commissure; Diag. = diagonal; Epend. = ependyma; Ext. = externa; 
Gen. = geniculate; Hippo. = hippocampus; Innom. = innominata; Lat. = lateral; Lem. = lemniscus; Lent. = lenticularis; Mam. = 
mammillary; Med. = medial, medullaris; Nucl. = nucleus; Ped. = peduncle; Pedunc. = peduncularis; Subst. = substantia; Term. = 
terminalis; Thal. = thalami, thalamic; Tr. = tract; Vent. = ventricle. Copyright Necmettin Tanriover. Published with permission. Figure 
is available in color online only.

FIG. 3. Medial to lateral fiber dissection of a left hemisphere to display the relations of the subthalamic region in a stepwise 
manner. A: Identification of sulci and gyri on the medial surface of the left hemisphere. B: Enlarged view of panel A, displaying 
the 3rd ventricular region. C: The fasciculus retroflexus, red nucleus, ZI, mammillothalamic tract, and postcommissural fornix 
have been displayed by removing the ventral part of the thalamus through a fiber dissection on the medial side of a left cerebral 
hemisphere. The fasciculus retroflexus lies between the habenula and interpeduncular nucleus just medial to the red nucleus. The 
red nucleus is visible medial and inferior to the ZI and posterior to the mammillothalamic tract. The ZI has been exposed under the 
thalamus and covers the STN on the dorsomedial side. D: The anterior part of the red nucleus has been removed during further 
medial to lateral dissection. The rostral part of the ZI extends over the dorsal and medial surfaces of the STN and its caudal part 
lies posteromedial to the nucleus. The substantia nigra spreads from the inferior part of the red nucleus to the inferior border of the 
ZI and STN. FIG. 3. (continued)→ 
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FIG. 3. E: Fiber dissection of the subthalamic area in another left medial hemisphere. The ZI, superior part of the mammillotha-
lamic tract, and transverse pontine fibers have been removed and the brainstem has been dissected to expose the STN and 
medial lemniscus. F: Enlarged view of panel E. Following the removal of the ZI, a biconvex-shaped STN has been exposed medial 
to the IC fibers. The STN is located superolateral to the red nucleus and superior to the substantia nigra. The IC fibers run from its 
inferior to anterolateral side. The medial lemniscus traverses the thalamus posterior to the corticospinal tract, before terminating in 
the thalamus. The medial lemniscus ascends posteroinferior to the STN and is located posterior to the nucleus at this level. Call. = 
callosum; Cing. = cingulate; Corp. = corpus; Cort. = cortico; Gl. = gland; Hypothal. = hypothalamic, hypothalamus; Mammillothal. = 
mammillothalamic; MLF = medial longitudinal fasciculus; Ped. = pedunculo; Pon. = pontine; Postcomm. = postcommissural; Retro-
flex. = retroflexus; Spin. = spinal. Copyright Necmettin Tanriover. Published with permission. Figure is available in color online only.

FIG. 4. Superior to inferior fiber dissection of the subthalamic region in a stepwise manner. A: The brain has been cut at the level 
of the sylvian fissure to demonstrate a superior to inferior fiber dissection toward the subthalamic region. The anterosuperior parts 
of the caudate nuclei, parts of the fornix, the septum pellucidum, and callosal fibers have been exposed along the frontal horn, 
body, and atrium of the lateral ventricle. On the right side, the fornix and choroid plexus have been removed to show the antero-
lateral and posteromedial parts of the thalamus separated by the choroidal fissure. B: The fornix and choroid plexus along the 
choroidal fissure have been removed via further superoinferior dissection on both hemispheres and the tenia thalami has been re-
moved on the right side. The respective thalamic nuclei, anterior thalamic nucleus, lateral dorsal nucleus, lateral posterior nucleus, 
medial nuclear group, and pulvinar, in addition to the stria terminalis and stria medullaris thalami, have been exposed. C: The 
thalamus has been removed on the left side to display the ZI and the red nucleus through further fiber dissection directed inferiorly. 
The ZI is located lateral and superior to the red nucleus. The ZI covers the STN dorsally and is located posterosuperior and slightly 
medial to the STN. FIG. 4. (continued)→ 
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FIG. 4. D: The thalamus has been removed on both sides at this step of dissection. The red nucleus is located just lateral to the 
midline, posterior to the mammillary body, and the ZI lies between the IC and the red nucleus on the right side. The ZI has been 
removed on the left side to expose a biconvex-shaped STN, medial to the IC fibers. The STN is located superolateral to the red 
nucleus. Comparing fiber dissections on both hemispheres in this view places the STN ventral, anteroinferior, and slightly lateral 
to the ZI. Chor. = choroid; Dors. = dorsal; For. = forceps; Plex. = plexus; Prelem. = prelemniscal. Copyright Necmettin Tanriover. 
Published with permission. Figure is available in color online only.

FIG. 5. Further superior to inferior dissection. A: The ZI has been dispatched on the right side and IC fibers have been removed 
on the left side. B: Enlarged view of Fig. 4E. The head of the caudate nucleus has been reflected superomedially on both sides 
to expose the IC fibers on the right side and the globus pallidus and putamen on the left side. The STN is located medial to the 
IC and globus pallidus. The pulvinar of thalamus and prelemniscal radiations are situated posterior to the STN. C: By proceeding 
with superior to inferior fiber dissection, the caudate nucleus has been removed on the left side, and the head has been preserved 
on the right. The GPi is located just lateral to the STN and the optic tract lies just under the GPi, inferomedial to the STN. FIG. 5. 
(continued)→ 
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Subthalamic Area in Relation to the STN
The area between the thalamus and the hypothalamus is 

called the subthalamus and includes the zona incerta (ZI) 
and the STN (Figs. 3A–F, 4C and D, and 5A and B). Re-
moving the thalamus during lateral to medial dissections 
exposes the ZI, a broad and shallow band of gray matter 
lying under the thalamus and medial to the IC (Figs. 3C 
and D and 4C and D).

The ZI, a superior continuation of the brainstem re-
ticular formation, is enveloped by efferents from the GPi 
that pass to the ventrolateral and ventral anterior nuclei of 
the thalamus. It is difficult to separate the ventral part of 
the thalamus from the ZI because of their similar exter-
nal appearance at this stage of dissection, although the ZI 
emerges as a brighter area of gray matter at higher magni-
fication. Following the removal of the thalamic fasciculus 
below the ZI, a biconvex-shaped nucleus is exposed medial 
to the IC fibers. This ovoid nucleus, the STN, is located 
ventral, anteroinferior, and slightly lateral to the ZI. From 
a different point of view, the rostral part of the ZI extends 
over the dorsal and medial surfaces of the STN and its 
caudal part lies posteromedial to the STN (Figs. 3E and F, 
4D, and 5A–D).

At this point, it can be seen that the most inferior part 
of the thalamus is situated lower than the level of the STN. 
Proceeding more medially, the red nucleus, with its spher-
oid shape, can be defined adjacent to the midline and me-
dial and posteroinferior to the STN. The substantia nigra, 

with its darker color compared with neighboring struc-
tures, spreads along the subthalamic area inferior to the 
STN and the red nucleus (Fig. 6A and B). The ansa len-
ticularis, composed of pallidofugal fibers, lies between the 
GPi and STN within the prerubral region (Figs. 2D and 5C 
and D). The ansa lenticularis initially travels inferomedi-
ally through the posterior limb of the IC toward the STN, 
passes inferior to the STN, and stays medial to the nucleus 
during its final ascent (Figs. 2D and 5C and D). The ZI 
and substantia nigra overlap in the posterior subthalamic 
area, just posterior to the STN. According to the results 
of the fiber dissection, the STN is covered by the ZI dor-
somedially, the substantia nigra inferiorly, the red nucleus 
medially, and the IC anterolaterally (Figs. 7A–C, 8A–F, 
and 9A and B).

Peri-Subthalamic Area
Several medial neural structures are intimately related 

to the STN and may be encountered during surgical ap-
proaches to the nucleus. The hypothalamus is located an-
teromedial to the STN and lies immediately posterior and 
inferior to the anterior commissure (Fig. 3B). The internal 
course of the oculomotor nerve and its nucleus are also 
related to the subthalamic area. The nerve arises from its 
nucleus lateral to the cerebral aqueduct at the level of the 
superior colliculi. The fibers from the nucleus of the third 
cranial nerve, located in the peri-aqueductal gray matter 

FIG. 5. D: Enlarged view of panel A. On the left hemisphere, the nucleus accumbens has been exposed under and extending 
beneath the head of the caudate nucleus. The substantia nigra spreads under the STN and red nucleus. The ansa lenticularis lies 
between the GPi and STN. Coll. = collateral, colliculus; Inf. = inferior. Copyright Necmettin Tanriover. Published with permission. 
Figure is available in color online only.

FIG. 6. Inferior to superior fiber dissection of the subthalamic region in a stepwise manner. A: The brainstem has been cut at the 
level of the inferior colliculi. The medial geniculate body is located at the superior edge of the lateral mesencephalic sulcus, and 
the optic tract runs from the chiasm to the lateral geniculate body above the uncus. B: Enlarged view of panel A and a further 
stage on the inferior to superior fiber dissection of the diencephalic region. The substantia nigra, underneath the subthalamic 
and red nuclei, has been displayed by removing the transverse pontine fibers and the corticobulbar and corticospinal tracts. On 
the right side, portions of the red nucleus and substantia nigra were removed to better expose the STN with its oblique shape. 
Parahippo. Gyr. = parahippocampal gyrus. Copyright Necmettin Tanriover. Published with permission. Figure is available in color 
online only.
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region, run anteriorly lateral to the red nucleus and me-
dial to the STN (Fig. 9C–G). The medial forebrain bundle 
(MFB) is exposed by removing the STN medially and 
moving in an inferior direction (Figs. 2F and 9C–G). The 
MFB, a longitudinal midbrain limbic pathway formed by 
densely packed neurons projecting from the septal region 
to the ventral tegmental area, invades several forebrain 
structures, including the lateral and medial hypothalamus, 
sublenticular region, lateral and medial preoptic regions, 
diagonal band, septal nuclei, ventral pallidum, and the bed 
nuclei of the stria terminalis, in addition to other limbic 
system–related structures. The MFB lies lateral to the red 
nucleus on axial planes and at the level of the red nucleus 
on sagittal planes. The MFB is located lateral to the mam-
millothalamic tract, medial to the substantia nigra, and 
slightly inferomedial to the STN (Figs. 2F and 9C–G).

Among the laterally located structures, the optic tract 
runs inferolateral to the STN along its path toward the 
LGB. The optic tract lies inferior to the GPi, IC, and ansa 
lenticularis. The corticospinal fibers run along the cere-
bral peduncle ventral and then lateral to the STN, before 
ascending and merging into other components of the IC 
(Fig. 2E). The medial lemniscus ascends from the gracile 
and cuneate tubercles and runs superiorly dorsal to the ce-
rebral peduncle. Before terminating in the thalamus, the 
medial lemniscus ascends dorsal to the substantia nigra, 
ventrolateral to the red nucleus, and posteroinferior to the 
STN. At the level of the STN, the medial lemniscus is lo-
cated posterior to the STN. The bundle of prelemniscal 
radiations courses in front of the medial lemniscus lateral 
to the red nucleus and medial to the STN (Fig. 9C–G).

This study also examined the sectional anatomy of the 
STN and related structures in brain specimens through 
axial, coronal, and sagittal planes (Fig. 7A–C). The STN, 
with its almond shape, lies at an oblique angle to the an-
teroposterior axis of the brainstem just above the substan-
tia nigra (Fig. 7A–C). Although in dissections the STN and 
substantia nigra were clearly demarcated by color, we were 
not able to discriminate between these two structures in 
MRI due to similar signal intensities on the sequences. As 
a result, we built a 3D terrain model of the subthalamic 
area encircling the STN, which includes the putamen, GPi, 
globus pallidus externus (GPe), IC, caudate nucleus later-
ally, substantia nigra inferiorly, and ZI and red nucleus 
medially. We also described the relationship of the medial 
lemniscus, oculomotor nerve fibers, and the MFB with the 
STN by using MR tractography with the 3D STN model 
(Figs. 6A and B, 7A–D, 8A–F, 9A–F, and 10A–D). To verify 
our dissection results, we correlated anatomical dissection 
data with those obtained by the MRI of the same specimen 
with the aid of a neuronavigation system (Fig. 11A–F).

FIG. 7. Axial, coronal, and sagittal anatomical sections of the diencepha-
lon at different levels to display the STN and neighboring structures in the 
human brain. A: A midbrain axial cut through the upper edge of the supe-
rior colliculi has been performed to show the STN and its relationships. 
The STN is located anterolateral to the red nucleus and posteromedial to 
the corticospinal tract. The MFB is medial to the STN at this level. B: A 
coronal cut has been performed at the level of the central rolandic sulcus 
of the lateral cerebral hemisphere. FIG. 7. (continued)→ 

FIG. 7. The coronal cut corresponds to the anterior edge of the mammil-
lary bodies medially. The STN is located between the ZI and substantia 
nigra with its almond-like shape just medial to the IC. The red nucleus 
is situated more posteriorly and cannot be seen at this section. C: A 
sagittal cut has been performed to show STN and its relationships. The 
ZI and substantia nigra spread to the posterior subthalamic region, from 
superior and from inferior, respectively. Interped. = interpeduncular. 
Copyright Necmettin Tanriover. Published with permission. Figure is 
available in color online only.
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FIG. 8. 3D MRI reconstruction of neighboring anatomical structures associated with the STN and their correlations with the related 
white matter tracts through diffusion tensor imaging. A: Medial view; the STN (turquoise blue) is located superior to the substantia 
nigra (yellow), lateral to the red nucleus (orange), and medial to the IC and GPi. The IC fibers ascend from the inferior aspect of the 
STN and over its lateral surface and pass lateral to the caudate nucleus (green) at the level of the insula. B: Lateral view; the IC 
fibers ascend from the inferior aspect of the STN and over its lateral surface, medial to the globus pallidus (pink), and pass lateral to 
the caudate nucleus at the level of the insula. C: Medial 3D MRI view of the STN (turquoise blue), red nucleus (orange), ZI (green), 
substantia nigra (yellow), GPi (red), and GPe (pink). The red nucleus is located inferomedial to the STN with its spheroid shape. 
The ZI covers the superior surface of the STN and reaches its posterior border. The substantia nigra is located inferior to the red 
nucleus and the STN and also spreads toward the posterior territory of the STN. D: Lateral view of 3D MRI reconstruction of the 
STN (turquoise blue), red nucleus (orange), ZI (green), substantia nigra (yellow), and GPe (pink). The ZI extends from midline to the 
inferolateral border of the STN lying under the subthalamic and red nuclei. E: Anterior view of 3D MRI reconstruction of the STN 
(turquoise blue), red nucleus (orange), ZI (green), substantia nigra (yellow), GPi (red), and GPe (pink). The STN is surrounded by red 
nucleus posteromedially, by ZI (green) superiorly, and by substantia nigra inferoposteriorly. F: Posterior view of 3D MRI reconstruc-
tion of the STN (turquoise blue), red nucleus (orange), ZI (yellow), substantia nigra, GPi (red), and GPe (pink). The ZI from superior 
and substantia nigra from inferior extend to the posterior subthalamic area. Figure is available in color online only.
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FIG. 9. 3D MRI reconstruction of neighboring anatomical structures associated with the STN and their correlations with the related 
white matter tracts through diffusion tensor imaging. A: Superior view of 3D MRI reconstruction of the STN (dark blue), red nu-
cleus (orange), substantia nigra (yellow), caudate nucleus (green), and putamen (fuchsia). B: Inferior view of 3D MRI reconstruc-
tion of the STN (dark blue), red nucleus (orange), substantia nigra (yellow), GPi (red), GPe (pink), amygdala (dark blue), caudate 
nucleus (green), and putamen (fuchsia). C: Lateral view of 3D MRI reconstruction of the STN (turquoise blue) and tractography of 
the MFB (yellow), medial lemniscus (purple), and oculomotor nerve fibers (red). The medial lemniscus is located posterior to the 
STN. The MFB is located inferomedial to the STN and oculomotor nerve fibers are located inferomedial to the STN. D: Superior 
view of panel D. The medial lemniscus ascends posteroinferior to the STN. The oculomotor nerve fibers are medial to the STN. 
The medial forebrain bundle lies slightly inferomedial to the STN. E: Inferior view of panel D. F: Anterior view of panel D. G: Pos-
terior view of panel D. Figure is available in color online only.
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Discussion
The STN plays a fundamental role within the basal 

ganglia–thalamocortical motor, associative, and limbic 
circuits. The nucleus has 3 subdivisions and has been 
functionally divided into the sensorimotor (dorsolateral), 
limbic (medial), and cognitive-associative (ventromedial) 
segments.21,22,33 The dorsolateral sensorimotor region of the 
STN in Parkinson’s disease is the generally accepted target 
for DBS treatment of motor symptoms, such as tremor and 
bradykinesia.11,13,15,28,33,42,44,56 STN stimulation has also been 
explored as an option to treat refractory epilepsy and ob-
sessive-compulsive disorder.11,13,15,28,56 Precise and thorough 
identification of the 3D anatomy of the STN and related 
structures is a prerequisite for all of these DBS procedures. 
Safe and effective DBS procedures targeting the STN also 
depend on a thorough understanding of the 3D anatomy of 
the region, which is critical for proper assessment of both 
outcomes and adverse effects.7 However, even with the best 
available imaging techniques for displaying brain anatomy 
in vivo, the peri-STN area is still poorly visualized.25,30,46,49

Several approaches have been described to optimize 
STN targeting. DBS centers predominantly use the con-

cept of a “2-stage method” for accurate and clinically ef-
fective positioning of electrodes. The first stage consists of 
anatomical target location, and the second stage employs 
neurophysiological feedback to confirm the appropriate 
target selection. Anatomical targeting is generally ac-
complished using one of 3 alternative techniques: indirect, 
direct, or hybrid targeting. Indirect targeting relies upon 
coordinates obtained from standard brain atlases, even 
though anatomical and histological studies demonstrate 
unequivocally that the sizes and shapes of the STN and 
adjacent structures vary among individuals.2,3,50,65–67 This 
variability supports the use of direct targeting, which re-
quires STN visualization on targeting MRI. Finally, a 
combined method—hybrid targeting—has been described, 
which augments the accuracy of indirect targeting using 
direct STN visualization. Neurophysiological confirmation 
is generally accomplished with microelectrode recording 
and macrostimulation techniques.9,18 If the ideal target can 
be reached with effective anatomical targeting, then the 
time required for neurophysiological confirmation will be 
strikingly shortened.57

Regardless of the method used, understanding the 3D 
anatomical relations of the STN region is mandatory for 

FIG. 10. Demonstration of lead insertion to the STN from different angles. A: Coronal T1-weighted image obtained at the STN 
level with 3D STN modeling and depiction of a DBS lead insertion from 2 different angles in the coronal plane. Demonstration 
that changing the entry angle without changing the target can significantly alter the position of the implanted DBS contacts. Lead 
B would likely have excessively low thresholds for capsular side effects. B: Enlarged view of panel A. C: Sagittal T1-weighted 
image obtained at the STN level with 3D STN modeling and depiction of a DBS lead insertion from 2 different angles in the sagittal 
plane. Demonstration that changing the entry angle without changing the target can significantly alter the position of the implanted 
DBS contacts. Lead B would likely have excessively low thresholds for capsular side effects. D: Enlarged view of panel C. Dist. = 
distance. Figure is available in color online only.
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optimal surgical results—and for minimizing unwelcome 
side effects. To the best of our knowledge, no prior study 
has attempted to clarify the surgical anatomy of the sub-
thalamic region using precise anatomical fiber dissection, 
with special emphasis on the STN and related structures. 
We used Klingler’s fiber dissection method, currently the 
gold standard to validate tractography results in the human 
brain, with concordance to diffusion tractography using a 
GQI model. The methods, however, have some limitations, 

including inevitable shrinkage and distortion effects of the 
preparation process on the postmortem brains, the limited 
exposure of the origin and termination areas of the fiber 
tracts in regard to the cortex, and the inability to detect 
crossing fibers that cannot be studied completely in the 
same dissection.68 Nevertheless, the current study is the 
first to correlate the results of STN fiber dissection with 
those of 3D MRI reconstruction and tractography using 
neuronavigation. As a result, we were able to build a 3D 

FIG. 11. Medial to lateral fiber dissection of the diencephalon on a silicone-injected cadaveric head with the aid of MR naviga-
tion. A: The ventral part of the thalamus and ventral tegmental area have been removed to expose the STN and red nucleus. The 
anterior part of the red nucleus has been removed to expose the substantia nigra. The navigation probe shows the superomedial 
part of the STN. The STN is located lateral to the red nucleus and superior to the substantia nigra. B: MRI-based stereotactic lo-
calization with the probe on the medial aspect of the STN on coronal, sagittal, and axial T2 MR sections of the same specimen. C: 
The navigation probe on the superomedial aspect of the red nucleus. The red nucleus is located posterior to the mammillothalamic 
tract and mammillary body, medial to the STN, and superior to the substantia nigra. D: Stereotactic localization of the supero-
medial aspect of the red nucleus. E: The navigation probe on the medial aspect of the substantia nigra. The substantia nigra lies 
ventral to the red nucleus and the STN. F: Stereotactic localization of the medial aspect of the substantia nigra. Nav. = navigation; 
Paraterm. = paraterminal. Panels A, C, and E: Copyright Necmettin Tanriover. Published with permission. Figure is available in 
color online only.
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terrain model of the subthalamic area encircling STN and 
clarify its anatomical relationships with the putamen, GPi, 
GPe, IC, caudate nucleus, substantia nigra, ZI, and red 
nucleus.

Stimulation-induced adverse effects, although typically 
transient and alleviated by adjusting the parameters of the 
stimulator, remain a challenge during STN DBS and can 
be understood in relation to the electrode’s anatomical lo-
cation. Suboptimal electrode location is not the only expla-
nation for these adverse effects, since the STN is a small 
structure and the delivery of excessive current to even a 
well-placed electrode can result in the spreading of current 
into adjacent functional circuitry. Furthermore, previous 
studies have divided stimulation-related adverse effects 
into 2 categories: capsular (signs or symptoms considered 
to be caused by current spread to the IC) and noncapsular. 
Our study sheds light on the adverse effects commonly 
seen in association with STN stimulation and their ana-
tomical substrates.35,52,53

Capsular Effects
Studies of the effects of stimulation on neural tissue 

suggest that axons are more readily activated than neu-
ronal cell bodies. Accordingly, capsular effects are com-
monly observed with high-frequency stimulation. Muscle 
contractions in the limbs, torso, and head can be detected 
when the volume of brain tissue activation extends to the 
corticospinal tract within the IC, which runs from the ven-
tral to the anterolateral aspect of the STN.16 Facial pull-
ing, dysarthria, and eye deviation may all be related to the 
activation of the corticobulbar and corticomesencephalic 
fibers within the IC. With regard to facial muscle con-
traction during STN DBS, Gorgulho et al. described the 
most common electrode localization as the anterolateral 
part of the superior border of the nucleus.17 Tsuboi et al. 
reported that dysarthria occurs mainly due to alterations 
of the laryngeal muscles when the electrode localization 
is lateral or superior to the STN.55 Disturbance of frontal 
eye field projections, running within the posterior limb of 
the IC and the medial portion of the cerebral peduncle, at 
the lateral anterosuperior border of the STN is presum-
ably responsible for conjugate eye deviation during stim-
ulation.47 According to our dissections, the IC has a close 
relationship with the lateral anterior and inferior borders 
of the STN as it descends toward the pons. In the event 
that capsular signs (e.g., involuntary muscle contractions, 
dysarthria, conjugate eye deviation) occur during stimu-
lation testing, repositioning of the electrode medially or 
inferomedially may remediate these adverse effects.

Noncapsular Effects
Noncapsular effects, such as unilateral eye deviation, 

heat sensation, sweating, and dizziness, are typically ob-
served when stimulation extends medially and posteriorly 
to the STN.31,35,51,59 These regions correspond to the hypo-
thalamus, medial lemniscus, and red nucleus according to 
our dissections.

Activation of the medial lemniscus in the posterior sub-
thalamic area, which also includes the ZI and part of the 
substantia nigra immediately posterior to the STN, can 

produce contralateral paresthesia (with symptoms such as 
tingling or electrical sensations).51

Posterior subthalamic area DBS has been advocated as 
an effective treatment for intention tremor and for tremor-
dominant Parkinson’s disease. Observing paresthesia with 
high-frequency macrostimulation of the posterior subtha-
lamic area may be helpful for target selection in these cas-
es.8,10,24 Eye adduction and diplopia can be observed with 
stimulation of the oculomotor nerve (cranial nerve [CN] 
III) fibers through their intramesencephalic course, as 
they pass lateral to the red nucleus and medial to the STN 
after leaving the CN III nucleus.48,51 Experiencing an eye 
deviation during DBS of the STN may suggest redundant 
medial and posterior trajectory of the electrodes and close 
proximity to the CN III fibers and may require a more 
lateral trajectory. Autonomic side effects are subjective 
and nonspecific symptoms, including sweating, malaise, 
dizziness, and heat sensation, that have been attributed to 
activation of the ZI, red nucleus, or connections between 
the tegmentum and hypothalamus.51 Our dissections re-
veal that the rostral part of the ZI extends over the dorsal 
and medial surface of the STN, and its caudal portion lies 
posteromedial to the STN. The red nucleus, on the other 
hand, lies posterior and inferomedial to the STN. The dor-
sal longitudinal fasciculus and MFB, which constitute the 
medial and lateral hypothalamic areas, respectively, seem 
most likely to be the anatomical connections responsible 
for secondary autonomic side effects of STN DBS. The 
association of nonspecific autonomic symptoms with stim-
ulation of structures situated medially and inferiorly to the 
STN suggests that repositioning electrode contacts more 
laterally and superiorly might reduce these symptoms.

A growing body of literature suggests that a number 
of subtle neuropsychological and neurobehavioral adverse 
events are associated with STN stimulation. In fact, this 
concept is still controversial and these events may be in part 
due to changes in dopaminergic medication or progression 
of the disease.14,54,59 Affective dysregulation related to STN 
stimulation can manifest in a wide range of symptoms and 
signs, including hypomania and mania, general anxiety, 
impulse control disorder, major depression, acute psycho-
sis with delusions, changes in personality, hypersexuality, 
or drug dependence.14,25,27,52,54 This collection of complex 
neuropsychological and neurobehavioral adverse effects is 
presumed to be associated with medial or ventral stimula-
tion corresponding to the limbic region of the STN. In ad-
dition, the medially located MFB on the lateral part of the 
hypothalamus and the ventrally located substantia nigra 
may play a role in these psychological and behavioral ad-
verse effects.20,51,58,59,62,63

Stimulation-related cognitive adverse effects are vari-
able and include deterioration in verbal fluency, memory, 
executive functioning, mental speed, response inhibition, 
and attention.19,31,40,42,45,52,60 Similar to psychological and 
behavioral effects, cognitive adverse effects are associ-
ated with ventrally and medially located electrodes that 
spread current into the cognitive-associative region of the 
STN.19,40,42 These ventromedial regions contain the non-
motor circuits within the STN.19,38,40,42 Based on these data, 
we suggest that targeting the sensorimotor (dorsolateral) 
region of the STN is necessary to avoid cognitive ad-
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verse events associated with limbic and associative STN 
circuits. Furthermore, it has been suggested that penetra-
tion of the caudate nucleus by the microelectrodes during 
DBS surgery might be associated with a decline in neu-
ropsychological functioning.62 Morishita et al. and Isler et 
al., however, found no significant difference in cognitive 
decline between caudate-penetrated and caudate-spared 
groups.5,23,36 According to our dissections, preserving the 
integrity of the caudate nucleus may be possible with a 
more anterolateral trajectory. We also speculate that cog-
nitive decline may be related, at least in part, to disruption 
or inadvertent activation of structures en route to the STN, 
including subcortical white matter tracts (SLF), the ante-
rior portion of the corona radiata, the anterior thalamic 
peduncle, and callosal fibers, in addition to the thalamus.

Our anatomical study also suggests that by exploiting 
3D anatomical knowledge of the STN, the surgeon can ad-
just the trajectory of a DBS lead to increase the length of 
an electrode traversing the STN, resulting in the position-
ing of more electrode contacts within the nucleus.

We believe that effective targeting of the STN requires 
precise anatomical knowledge of the area, and we hope 
that this report will clarify this complex anatomy for DBS 
practitioners. Our ability to define the STN and related 
structures on MR images may be enhanced by this study, 
which would enable more effective direct targeting of the 
STN.

Conclusions
Familiarity with the complex 3D anatomy of the STN 

and peri-subthalamic area should result in more effective 
targeting of the STN for DBS therapy. Therapeutic ben-
efit can be maximized and adverse effects diminished 
through the application of a detailed understanding of the 
functional neuroanatomy of the target region. We believe 
that the combination of meticulous anatomical dissections 
of the STN region with detailed discussions of pertinent 
anatomo-functional relationships included in this study 
will provide DBS practitioners with a more sophisticated 
understanding of this important brain region and empower 
them to improve the outcomes of STN DBS for their pa-
tients.
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