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Using conventional MRI the subthalamic nucleus (STN) is not clearly defined. Our objective was to define the
anatomy of the STN using 9.4 T MRI of post mortem tissue with histological validation. Spin-echo (SE) and 3D
gradient-echo (GE) images were obtained at 9.4 T in 8 post mortem tissue blocks and compared directly with
corresponding histological slides prepared with Luxol Fast Blue/Cresyl Violet (LFB/CV) in 4 cases and Perl
stain in 3. The variability of the STN anatomy was studied using internal reference points. The anatomy of
the STN and surrounding structures was demonstrated in all three anatomical planes using 9.4 T MR images
in concordance with LFB/CV stained histological sections. Signal hypointensity was seen in 6/8 cases in the
anterior and medial STN that corresponded with regions of more intense Perl staining. There was significant
variability in the volume, shape and location of the borders of the STN. Using 9.4 T MRI, the internal signal
characteristics and borders of the STN are clearly defined and significant anatomical variability is apparent.
Direct visualisation of the STN is possible using high field MRI and this is particularly relevant, given its an-
atomical variability, for planning deep brain stimulation.
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Introduction

The subthalamic nucleus (STN) was first described by Jules Ber-
nard Luys (1828–1897) in 1865(Parent, 2002). In the early 20th cen-
tury Purdon Martin identified vascular lesions in the subthalamic
region in cases of hemiballism (Purdon Martin, 1927). More recent
studies demonstrate improvement in Parkinsonian symptoms in
the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) monkey
model of Parkinsonism is found after placement of lesions (Aziz et al.,
1991; Bergman et al., 1990) or high-frequency stimulation of the STN
(Benazzouz et al., 1993). As a consequence the STN has become the tar-
get of choice for deep brain stimulation in advanced Parkinson's disease
(PD) (Limousin et al., 1995, 1998).

The oblique orientation and small size of this structure contribute
to the difficulties in its identification using conventional MRI. In plan-
ning placement of deep brain electrodes, standard brain atlases are
commonly used to derive the coordinates of the STN in relation to
the patient's ventricular landmarks obtained by ventriculography
(Benabid et al., 2000) or T1-weighted MRI (Starr, 2002), Clinical and
electrophysiological surrogates are used to confirm electrode place-
ment (Gross et al., 2006). However, the anatomical accuracy of this
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approach has been challenged by pathological reports of inaccuracies in
electrode placement (Counelis et al., 2003; Hariz et al., 2004; McClelland
et al., 2007) and by demonstration of the inter-individual variability in
the shape, size and position of the STN (Ashkan et al., 2007; den Dunnen
and Staal, 2005). Direct visualisation of the STN is reported using repro-
ducible MRI methods (Foltynie et al., 2011; Hariz et al., 2003, 2004;
Zonenshayn et al., 2000). However, a further study has suggested
that the STN is only partially visualised on conventional MRI at
1.5 T (Dormont et al., 2004).

The accuracy of MR in visualising structures such as the STN is best
assessed by comparing its characteristics on MR directly with those
revealed histologically. Thus far there has been no direct comparison be-
tween the STN visualisation onMRI and its histological characteristics in
the same specimen.We aimed to validate directly the anatomical defini-
tion of the STN using high field MRI with histological examination of the
same tissue and to determine the anatomical variability of this nucleus.

Materials and methods

Preparation of post mortem tissue

Post mortem brain tissue was obtained from the Queen Square Brain
Bank for Neurological Disorders (QSBB), UCL Institute of Neurology,
where tissue is donated according to ethically approved protocols and
is stored under a licence from the Human Tissue Authority. Eight speci-
mens were used in this study [Table 1]. Formalin-fixed tissue was dis-
sected to produce a tissue block that included the subthalamic nucleus.
The MR axis was aligned perpendicular to the axis of the brainstem
and, after imaging, the specimen was divided along this midline sagittal
axis before embedding in paraffin.

MRI protocol

Samples were imaged at room temperature in perfluoropolyether
(Fomblin, Solvay Selexis) at 9.4 T (Varian NMRS MRI) with a 40 mm
quadrature volume RF coil.

1. Parameters for high-resolution spin-echo (SE) images were: TE 15–
22 ms, TR 2000–2200 ms, scan averages 24–32, interleaved slices,
slice thickness 0.5–1 mm, slice gap 0.5–1 mm, matrix 512×512,
field of view (FOV) 45×45 mm (in-plane resolution 88 μm) and im-
aging time up to 10 hours.

2. Superior in-plane resolution was obtained in one case: 1024×1024
matrix (in plane resolution 44 μm), 132 averages; other parameters
as above, imaging time 72 hours.

3. Three dimensional gradient echo (ge3d) sequences had the follow-
ing parameters: TR 12 ms, TE 3.2 ms, flip angle 10°, FOV
45 mm×45 mm×90 mm, Matrix 256×256×512, 14 averages, ac-
quisition time 3 hours 4 minutes.
Table 1
Characteristics of cases studied.

No Gender Side fixed Age at death DOF (days) P

1 F Both 94 4149 T
2 M Right 94 51 1

2
3 M Right 38 56 1
4 M Left 78 78 1
5 M Right 79 1029 1

6 F Left 82 366 1
2
3

7 F Right 82 302 1
2
3

8 F Right 72 67 1
These parameters were chosen on the basis of pilot acquisitions to
yield optimal image contrast for the structures of interest; due to the re-
duced T2 relaxation times in fixed tissue at 9.4 T (unpublished data) the
SE sequence parameters produced predominantly T2-weighted image
contrast. Images were viewed and processed in ImageJ (version 1.43 h,
US National Institutes of Health, Bethesda, Maryland) (Rasbrand, 2009).

Histological protocol

After imaging tissue blocks were cut and embedded in paraffin wax
and serially sectioned at 20 mm. Every 20th section was stained with
the Luxol Fast Blue and Cresyl Violet (LFB/CV) method in 4 cases, and
in 3 of these further sectionswere stainedwith Perl's stain for iron.Mac-
roscopic images were obtained at 20–40× magnification using Image
Pro Plus (Mediacybernetics, Bethseda, MD www.mediacy.com).

Image segmentation, orientation, dimensions and volume calculations

MR images were segmented manually in ITK-SNAP (version 1.8.0)
(Yushkevich et al., 2006) with reference to neuroanatomical atlases
(Carpenter and Sutin, 1983; Nieuwenhuys et al., 1988, 2008;
Schaltenbrand and Wahren, 1977). After manual segmentation the
STN volume was calculated using the volume and statistics function.
Segmentation-mask measurements of the STN width (maximum dis-
tance in the axial plane frommedial to lateral tip) and depth (maximum
distance in the axial plane between the anterior and posterior borders
perpendicular to the width measurement) in the axial plane were
obtained with ImageJ; the height was calculated with reference to the
number of 1–1.5 mm axial slices in which the STN appeared. The
higher-contrast SE imageswere used for calculation of volume andmea-
surements. Ge3d images were used to demonstrate the relationship of
structures in three dimensions due the their intrinsic higher resolution
in all 3 orthogonal planes.

Position relative to internal markers

The position of the STN was determined in relationship to three
arbitrary lines in the axial plane [Fig. 1]:

1. The midline
2. A line connecting the anterior border of the fornix with the poste-

rior border of the mamillothalamic tract (the FMT line)
3. A line parallel to the axis of the myelinated fibres separating the

substantia nigra (SN) and red nucleus (RN) (the RN line) through
the maximum diameter of the red nucleus

The position of the STN itself was represented by a line connecting
the posterolateral and the anteromedial tip of the STN (the STN line).
The FMT line and STN line were used as reference at all levels. The RN
line however; was not used at levels above the RN, the transverse
athological diagnosis Cause of death

issue not examined pathologically “Old age”
. Small vessel disease (severe Broncho-pneuomonia
. Braak and Braak stage IV
. No diagnosis made Metastatic disease
. Cerebral amyloid angiopathy (moderate) Metastatic carcinoma of the lung
. No diagnosis made 1. bilateral broncho-pneumonia

2. possible metastatic disease
. Pathological ageing
. moderate cerebral amyloid angiopathy
. mild small vessel disease
. Control 1. Broncho-pneumonia
. Pathological Ageing
. Parietal Infarct
. Amyotrophic lateral sclerosis 1. Metastatic disease

http://www.mediacy.com


Fig. 1. Assessing the anatomical variability of the STN at 9.4 T. SE axial image through a
superior level of the STN with the MTT and F clearly identifiable. Reference points are
the midline, and the midpoint between the F and MTT. Measured points are marked
as red dots and included the medial and lateral tips, the anterior and posterior borders
of the STN. See text.

2037L.A. Massey et al. / NeuroImage 59 (2012) 2035–2044
myelinated fibres have a more circular shape at this level and are thus
less amenable to being used as a reliable marker of axis. SPSS 16.0 for
Mac (Microsoft, Redmond, WA) was used for statistical analysis.

Results

Shape and signal characteristics of the STN on SE images

Excellent contrast betweenwhite and greymatter allowed clear def-
inition of the STN boundaries on SE images in all cases. In the axial
plane, the STN was almond shaped and lay at an oblique angle to the
anteroposterior (AP) axis of the brainstem [Fig. 2]. In 5/8 cases studied
(6/9 nuclei) the STN was of intermediate signal intensity, similar to
that of the internal capsule and between that of grey matter structures
Fig. 2. Axial Plane. The anatomy of the STN on SE MRI at 9.4 T showing both halves of the m
anteromedial border of the STN defined by the confluence of the ZI and posterior border o
subthalamic nuclei studied). Arrow head in 2E identifying the hypointense band forming th
levels—see 2E on the right side the most inferior portion of the STN can distinguished media
posterior, M—medial, L—lateral.
such as the pulvinar and hypothalamus which appeared hyperintense,
and that of the pallidum, ansa lenticularis (AL), RN and SN which
were hypointense [Fig. 2]. In 2 cases (long duration fixation) the signal
arising from the STN was higher and in one the STN was relatively
hypointense and comparable to other iron-laden nuclei. The anterome-
dial portion of the STN was relatively hypointense in 6/8 cases com-
pared to the posterolateral portion [Figs. 2A–D short white arrow].

Position of the STN

Axial SE images were available in all cases; additional coronal and
sagittal SE images were available in one [Figs. 3 and 4]. The STN lay
obliquely in all three planes. In the axial plane, the STN was approxi-
mately 40 degrees oblique to the midline: at the more superior level
studied the mean angle was 42.8 degrees (SD 7.3) and at the inferior
level studied 38.1 degrees (SD 3.8) [Table 4b]; in the sagittal plane 35
degrees oblique to the vertical axis [Fig. 3] and in the coronal plane 50
degrees oblique to the midline [Fig. 4].

Borders of the STN

The anterior border of the STNwas formed by the internal capsule su-
periorly [Figs. 2A–D, 3B, 4C] and the substantia nigra inferiorly [Figs. 2E,
3C–G, 4A–E arrowed]. The STN was outlined by a rim of hypointensity,
particularly atmore inferior levels, in all cases [Figs. 2D–F]. The SN envel-
oped the anterior and inferior aspect of the STN at the level of the optic
tract [Figs. 3A–G], with the zona incerta (ZI) running along the posterior
and superior surface [Figs. 3C–E] and the lenticular fasciculus (LF, H2
field of Forel) at the most superior aspect of the STN [Figs. 3D–F]. In
moremedial sagittal slices, the ansa lenticularis (AL) was seen sweeping
around the medial internal capsule [Figs. 3F and G] forming part of the
medial and anterior border of the STN. The AL was also seen joining H2
to form the H Field of Forel [Figs. 3F–G] and the thalamic fasciculus
(H1) [Figs. 3B–F]. The anterior and medial border was clearly defined,
idbrain in serial axial sections from superior to inferior levels [A-F]. Long white arrow:
f the hypothalamus. Short white arrow: medial hypointensity of the STN (seen in 6/9
e anterior border of the STN and enabling discrimination from the SN at more inferior
l to the SN. Acquired with an in-plane resolution of 88 μm. Orientation: A—anterior, P—

image of Fig.�2


Fig. 3. Sagittal plane. The STN in serial 1 mm sagittal sections from lateral to medial [A–G]. Acquired with an in-plane resolution of 88 μm. Orientation: S—superior, I—inferior, P—
posterior, A—anterior.

Fig. 4. Coronal plane: The STN in serial 1 mm coronal sections in a control case from posterior to anterior [A–F]. The SN can be seen enveloping the inferolateral border of the STN
(white arrow). Acquired with an in-plane resolution of 88 μm. Orientation: S—superior, I—inferior, M—medial, L—lateral.

2038 L.A. Massey et al. / NeuroImage 59 (2012) 2035–2044
bounded by the ZI, and the posterior aspect of the hypothalamus. [Fig. 2C
long arrow] (Hamani et al., 2004). The LF also formed themostmedial 1/3
of the anterior border of the STN at the most superior level.

The superior border of the STN was formed by the LF, seen as a re-
gion of hypointensity in all cases in axial sections but best appreciated
in the sagittal and coronal planes [Figs. 3D–F, 4D–E]. The LF was seen
as a slightly lower intensity structure in MR slices above the STN in
the axial, coronal and sagittal planes.

The posterior border was formed by a hyperintense band that cor-
responds to the grey matter of the zona incerta above the level of the
RN [Figs. 2A and B]. At lower levels the hyperintense signal arose
from tissue between the STN and more caudally the SN and the RN:
this is the site of myelinated fibres orientated in the axial plane in a
posterolateral–anteromedial axis (Adachi et al., 1999) of the nigros-
triatal tract (Adachi et al., 1999; Moore et al., 1971) or the pallidore-
ticular bundle (bundle Q) (Schaltenbrand and Wahren, 1977).

The inferior border of the STN is formed by the SN,which is wrapped
around themost inferolateral aspect [Figs. 3A–F, 4A–Ewhite arrow]. It is
more difficult to accurately define this boundary in the axial plane [Fig.
2E where the most inferior part of the right STN is seen and Fig. 2F
where the most inferior part of the left STN is seen]. The STN returns a
slightly higher signal than the SN in 4/8 cases. More importantly, a

image of Fig.�3
image of Fig.�4


Table 2
Dimensions and volume of the STN.

Case number Max width Max depth Max height Volume (mm3)

1 (R) 12.0 3.3 6 120
1 (L) 11.4 3.2 6 103
2a 12.6 3.3 4.5 83
3 15.5 3.5 7.5 113
4 12.6 3.2 6 100
5 11.5 3.3 7.5 126
6 11 2.9 6 103
7 11.2 2.9 7 95
8 10 2.9 7 87

Mean values (range)*: Max width: 12.0 (10–15.5) mm; Max Depth: 3.2 (2.9–3.5) mm;
Max Height: 6.6 (6–7.5) mm; Volume: 106 (87–126) mm3.
* Mean height and volume calculation excludes case 2 where the imaging data did not
cover the entire STN.

a Incomplete STN measurement as MRI did not cover entire STN hence for these
cases the volume and height are underestimates; (R) right; (L) left.

Table 3
Definition of axes used in studying the STN variability.

Line/axis Definition

FMT Line Drawn between the Fornix and
Mammillothalamic tract (FMT)

STN line Drawn across the medial and
lateral tips of the STN in
the axial plane

Midline Placed in the midline
RN line Parallel to the high signal line

running between the STN and
RN at inferior levels
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relatively hypointense signal band was found in all cases enabling sep-
aration of STN from SN [Figs. 2C–E, arrow head 2E].

In the cases where higher resolution images acquired with an in
plane resolution of 44 μm) were available this also enabled accurate
identification of fibres of the subthalamic fasciculus as they pass
through the internal capsule [Fig. 5].

Comparison of MR images with LFB/CV stain and Perl stain

MR images with corresponding LFB/CV stained sections were
available in 4 cases. Comparison of the SE MR images with the histo-
logical sections confirmed a good anatomical correspondence [Fig. 6
and legend].

Perl's stain for iron was performed in 3 cases. At superior levels
the most intense staining was seen in the globus pallidus and the
AL as it courses around the internal capsule and comes to lie adjacent
to the anteromedial tip of the STN [Figs. 7A–C]. The SN was seen at
lower levels with intense Perl-positive staining particularly in the
most anterior and medial portion [Figs. 7D–F]. The STN itself stained
Table 4
Measurements: angles (SD) in degrees, otherwise linear measurements mean (SD) in mm.

a. Measurements relative to the midpoint between the mamillothalamic tract and the Fo

FMT-STN Angle Medial tip Lateral tip

x y x y

Sup 42.3 (9.7) 2.9 (1.6) 0.2 (0.6) 10.3 (1.2) 8.6 (1.9)
Inf 57.6 (10.4) 3.2 (1.1) 0.2 (0.7) 12.6 (1.3) 6.6 (2.2)

b. Measurements relative to the midline.

STN-midline Angle Medial tip Lateral tip

x x

Sup 42.8 (7.3) 5.8 (1.9) 13.5 (2.0)
Inf 38.1 (3.8) 5.7 (1.3) 13.4 (1.4)
less intensely and the more lateral and posterior portions were least
heavily stained in 2/3 cases, particularly in the more inferior sections
[Figs. 7B–E]. By comparison the most hypointense signal, correlating
to the distribution of most intense Perl staining, was seen in the supe-
rior, anterior and medial STN [Fig. 2]. In one case, Perl stain was uni-
form in the STN and corresponded to uniform hypointensity on high
field MR images.

Demonstration of three dimensional relationships of the STN to sur-
rounding structures

We have reconstructed the anatomy of the STN and surrounding
structures by manually segmenting the ge3d images. This allowed
us to display the relationship of the STN to surrounding structures
in three dimensions (Fig. 8).

Measurements of the STN and its landmarks

The volume of the STN was 106 mm3 on average (range
87–126 mm3), the maximum width 12 mm, the maximum depth
3.2 mm and the height 6.6 mm [Table 2]. The STN lies at a mean angle
of approximately 40 degrees to the midline [Table 4a and b; Fig. 1]. The
medial tip is 6 mm, the lateral tip 13.5 mm, the midpoint 10 mm, the
posterior boundary 9 mm and the anterior boundary 11 mm to themid-
line. The posterior boundary lies 4.3 mm(range 3.3–5.2) and the anterior
boundary 7.5 mm (range 6.1–8.2) from the centre of the RN [Table 5].
The angle of the FMT line varies as the axial position becomesmore infe-
rior as it rotates to increase the angle between itself and the STN and
midline. The midpoint of the FMT lies 3.3–3.5 mm lateral to the midline.
Themedial tip of the STN lies approximately 3 mm lateral to the FMT and
within 1 mm of it in the AP axis. The lateral tip and midpoint measure-
ments are more discrepant between the superior and inferior levels
based on the FMT line as one might expect given the difference in
angle of the FMT with axial position [Table 4a and b]. The position of
the STN relative to a midpoint between the Fornix and MTT at superior
and inferior levels can be seen in 7/8 cases [Fig. 9]. These scatter plots
demonstrate visually the anatomical variability. No significant associa-
tion was found between the position of the STN and age at death. How-
ever, with duration of fixation there was a trend towards an increase in
distance for the lateral, anterior and posterior borders and a statistically
significant increase in distance of themidpoint of the STN from themid-
line (Pearson correlation coefficient−0.769, p=0.043 for the STNmid-
point). However, this relationship is no longer significant when the
outlier with very long fixation time is excluded from the analysis.

Discussion

We have described the anatomy of the STN, its internal structure
and anatomic variability seen using high field MRI, with histological
validation. On 9.4 T MRI, a variable signal was distinguished within
x is distance medial-lateral; y is distance anterior-posterior.

rnix

Mid point Dorsal mid point Ventral mid point

x y x y x y

6.5 (1.2) 4.3 (1.3) 5.3 (0.8) 5.1 (1.2) 7.5 (1.4) 3.6 (1.3)
7.9 (1.3) 3.6 (1.2) 7.1 (0.9) 4.4 (1.2) 8.4 (0.9) 1.9 (1.3)

Mid point Dorsal mid point Ventral mid point

x x x

9.9 (1.8) 8.9 (1.6) 10.7 (2.0)
9.7 (1.0) 8.9 (1.2) 11.2 (1.1)



Fig. 5. The STN in the axial plane using SE MRI with image resolution acquired at 44 μm in plane. Panel A just above the level of the STN, Panel B at a superior level of the STN above
the RN. The resolution of these images allows clear identification the fibres of the subthalamic fasciculus radiating through the internal capsule.
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the STN in 75%, reflecting differences in iron deposition as confirmed
by Perl's stain. This anatomical variability confirms the importance of
direct STN visualisation when targeting it for stereotactic surgical
procedures.

High field MRI of post mortem tissue has been used to define the
anatomy of structures difficult to visualise on clinical MRI (Lane et al.,
2005; Silver et al., 2002), including the STN (Rijkers et al., 2007). The
main advantages of MR microscopy are increased signal to noise ratio
(SNR), minimisation of movement artefacts and the ability to image in
orthogonal planes with multiple averages. This enables a significant in-
crease in spatial resolution and reduced partial volume effects. We
obtained in-plane resolution comparable to macroscopic post-mortem
examination - with clear demarcation of the boundaries of the STN
and visualisation of small structures such as the subthalamic fasciculus,
the lenticular fasciculus and the zona incerta.

The borders of the STN were clearly visualised in all specimens
allowing straightforward differentiation from the SN [Figs. 2–4 and 6].
At 1.5 T, the STN returns an apparently homogeneously distributed
hypointense signal on T2-weighted MRI (Bejjani et al., 2000; Coenen
et al., 2008; Hariz et al., 2003). This hypointense area may only repre-
sent one component of the STN; another smaller component may not
be visible on MRI or with Perl's stain on histology (Dormont et al.,
2004). In our study at 9.4 T, we identified areas of signal variability
within the STN in 75% of cases: a relatively hypointense area was locat-
ed anteromedially and a relatively hyperintense area was located pos-
terolaterally [Fig. 2]. The anatomic location of the latter suggests that
it corresponds to the area not consistently visualised at 1.5 T. Perl's
stain confirmed the difference in iron deposition suggesting that the dif-
ference in T2 signal is related to a difference in tissue iron content.
Others have attributed the hypointense signal in the STN to iron
(Rutledge et al., 1987), although others have suggested that the high
neuronal density of the STN may contribute (Hamani et al., 2005). The
signal heterogeneity we observed may be related to the functional sub-
division of the STN into three separate territories—the limbic anterome-
dial part, the associative mid part and the sensorimotor posterolateral
part. These functional subdivisions are based on extrapolation from an-
imal work (Karachi et al., 2005; Parent and Hazrati, 1995; Yelnik et al.,
2007) but have not, to our knowledge, been specifically shown in
humans. It may be this posterolateral or “sensorimotor” portion that is
difficult to visualise on lower field conventional MRI. The homogeneous
signal in 25% (2/8) of our cases, with histological validation, highlights
the degree of variability that can be encountered. It is however impor-
tant to note that it is not clear whether the STN as visualised clinically
at 1.5 T represents a component of the STN or the complete nucleus
and this will have a bearing on targeting strategies in functional
neurosurgery. However, we would also argue that direct visualisation
of a portion of the surgical target is superior to estimating its location
based on indirect landmarks.

We have previously studied anatomical accuracy in context of stereo-
tactic targeting of the pedunculopontine nucleus (PPN) for deep brain
stimulation (Zrinzo et al., 2011). We were able to validate a method of
targeting the PPNby comparing its position as seen on both conventional
1.5 T MRI and high field 9.4 T postmortemMRI, with macroscopic histo-
logical images in the same tissue. A similar study comparing convention-
al and high resolution images with histological material to validate
methods for targeting the STN has not yet been undertaken.

In our study, the STN mean volume of 106 mm3 (range 83–126) is
comparable to previousmeasurements of around 127 mm3postmortem
in controls (the quoted measurement of 254 mm3 is for both sides to-
gether) (Hardman et al., 1997), 120 mm3 (assuming that both left and
right STN volumes were used in this paper also)(Hardman et al., 2002)
and 158 mm3 (Yelnik, 2002). In a further study the reported STN volume
was 174.5 mm3 but these individuals were younger at the time of death
and duration of fixation at the time of measurement shorter (Levesque
and Parent, 2005). After formalin fixation and processing into paraffin
wax there is marked potentially non-uniform tissue shrinkage (Quester
and Schroder, 1997). This has implications when comparing ante mor-
tem with post mortem measurements of volume and linear dimensions
which may be significantly affected by the fixation process.

Significant anatomical variability of the STN was found on our
histologically-validated high resolution MRI in relation to the midline
and other internal structures. At the more inferior level studied, the
position of the lateral tip was most variable—this level includes the
RN and is close to the target slice used on conventional 1.5 T imaging
used for surgical STN planning (Bejjani et al., 2000). This is the region
of the STN not so clearly seen on conventional MRI and likely to be a
sensorimotor portion of the nucleus. Even small variations in position
of the STN in a region where the maximal depth of the STN in the
axial plane is only 3.2 mm are likely to be significant. On conventional
MRI the medial STN is 8.6±4.3 mm lateral to the midline and the lat-
eral STN 13±6 mm (Hamani et al., 2005). In this study the midpoint
of the STN at superior levels is found 9.9 mm lateral to the midline at
superior levels and 9.7 mm lateral to the midline more inferiorly. This
is comparable to other post mortem data (den Dunnen and Staal,
2005). Although it is important to note that our samples were not
studied in a plane parallel to the AC-PC line, this variability again
highlights the importance of direct visualisation of the STN for accu-
rate localisation. Furthermore, increasing the MRI spatial resolution
may improve the accuracy of STN localisation compared to current
conventional approaches.
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Fig. 6. Comparison of 9.4 T SE MRI images [A–D] and histological sections stained using the LFB/CV method [EG]. MRI in plane resolution 88 μm. Images are unlabelled to make com-
parison easier. For anatomical labels see Fig. 3. The STN is identified clearly as an almond shaped structure surrounded by white matter tracts (blue stain on LFB/CV images). LFB/CV
staining within the STN was uniform in 4/4 cases with no particular anteromedial/posterolateral gradient evident. Structures corresponding to the borders of the STN can be clearly
identified: at superior levels the LF can be seen as a dark blue myelinated structure corresponding to a region of hypointensity on T2w images [A and E]. One step inferiorly [B and F]
the STN is clearly demarcated by a rim of dark blue staining and the fibres of the subthalamic fasciculus are seen radiating through the internal capsule—corresponding to the
hypointensity seen on the anterolateral border of the STN on T2w/PDw images. The posteromedial border is clearly defined on the LFB/CV images as white matter tracts but on
the MR images there is a relatively hyperintense signal arising from the region of the zona Incerta [B and F]. A region densely staining for myelin is seen separating the STN ante-
romedially from the superior SN posterolaterally on the LFB/CV image—this corresponds to a relatively hypointense region on the MR image [D and H]. It can be seen that the medial
border of the STN is less clearly defined on the LFB/CV image at this level near the posterior aspect of the anteromedial tip on the LFB/CV image but this remains well defined on the
9.4 T SE MR image [H].
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Fig. 7. Perl stain of the STN and environs. Serial axial sections through the subthalamic
nucleus [A–F] from just above the STN [A] showing Prussian blue staining in the GP; in
the STN Prussian blue staining is evident mostly in the medial half of the STN [B–D] and
in the lower levels [D–F] intense staining of the SN pars reticulata is seen [D and E] just
anterior to the STN.

Table 5
Distance in mm from the midpoint of the RN.

Distance from mid
point of RN

Dorsal STN border Ventral STN border STN depth

Mean 4.3 7.5 3.6
(Range) (3.3–5.2) (6.1–8.2) (2.7–4.0)
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Like others we found MRmicroscopy to be an excellent tool to dis-
play and study anatomy in three dimensions (Rijkers et al., 2007)—a
feat which cannot be performed with standard histological tech-
niques [Fig. 8]. This study lays the groundwork for future imaging of
this region as high field MRI is becoming more widely available
with clinical 3 T (Slavin et al., 2006) and 7 T machines enabling de-
tailed study of the STN during life (Abosch et al., 2010; Cho et al.,
2010). Furthermore, newer MR methodologies are improving our
ability to accurately identify the STN during life (for review see
(Massey and Yousry, 2010)) including added susceptibility (T2*)
Fig. 8. Three-dimensional reconstruction viewed from the midline showing the relationship
grey), Fornix (yellow), AC and PC (dark grey, labelled) orientated so that the AC–PC line is
contrast using multiple gradient echoes (Elolf et al., 2007) suscepti-
bility weighted imaging (Vertinsky et al., 2009) and fast grey matter
acquisition T1 inversion recovery (Suhyadhom et al., 2009). However
none of these methodologies have thus far been validated by compar-
ison with histological material. The ability to image the STN during
life at spatial resolutions similar to those reported post mortem herein
would provide significant progress in both localisation accuracy for
stereotactic surgery and the assessment of pathological changes in
this nucleus.
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Fig. 9. Variability of the position of the STN. Scatter plots on the left include the measured locations of points for all available cases for superior and inferior levels examined. Scatter
plots on the right show the mean position relative to the midpoint between the fornix and mamillothalamic tract in the axial plane. The upper and lower 95% confidence intervals
are also plotted using coordinates in the x- and y-axis. Points plotted to give the profile of the STN are the medial and lateral tip, the anterior and posterior midpoints and the mid-
point of the STN. See Fig. 11. All samples were reoriented such that the midpoint between the MTT and fornix is at position 0 in the x- and y-axis. See Table 3 for mean values and
standard deviation.
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