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The subthalamic nucleus (STh) is a small subcortical structure which is involved in regulating motor as well as cognitive functions. Due
to its small size and close proximity to other small subcortical structures, it has been a challenge to localize and visualize it using magnetic
resonance imaging (MRI). Currently there are several standard atlases available that are used to localize the STh in functional MRI studies
and clinical procedures such as deep brain stimulation (DBS). DBS is an increasingly common neurosurgical procedure that has been
successfully used to alleviate motor symptoms present in Parkinson’s disease. However, current atlases are based on low sample sizes and
restricted age ranges (Schaltenbrand and Wahren, 1977), and hence the use of these atlases effectively ignores the substantial structural
brain changes that are associated with aging. In the present study, ultra-high field 7 tesla (T) magnetic resonance imaging (MRI) in
humans was used to visualize and segment the STh in young, middle-aged, and elderly participants. The resulting probabilistic atlas maps
for all age groups show that the STh shifts in the lateral direction with increasing age. In sum, the results of the present study suggest that
age has to be taken into account in atlases for the optimal localization of the STh in healthy and diseased brains.

Introduction
The subthalamic nucleus (STh) plays a key role in a range of
motor and cognitive functions such as task switching (Mansfield
et al., 2011), inhibition of ongoing behavior (Aron, 2007; Aron et
al., 2007; Forstmann et al., 2012), and cognitive conflict
(Cavanagh et al., 2011; Brittain et al., 2012; Zaghloul et al., 2012).
The STh is a small subcortical structure and forms part of the
basal ganglia (BG). Due to its small size and close proximity to
structures such as the substantia nigra and the red nucleus, it has
been a challenge to localize and visualize the STh (Mai and
Paxinos, 2008).

An often-used atlas to localize the STh in surgical procedures
and functional MRI is the human brain atlas from Schaltenbrand
and Wahren (Schaltenbrand and Wahren, 1977; Starr, 2002).
However, the disadvantage of this atlas is that only three brains
with several consecutive slices were used to illustrate the BG
(Schaltenbrand and Wahren, 1977; Vayssiere et al., 2002; Alho et
al., 2011). Moreover, the three specimens were all male and the
age range restricted (two specimens from 40-year-olds and one
specimen from a 51-year-old at the time of death). Finally, the
exact location of the STh differs across all three brains (Niemann
and Van Nieuwenhofen, 1999). While other atlases of the STh are

available, most suffer from similar problems which are (1) the
restricted sample size, (2) the restricted age range, and (3) that
they ignore the variability of location (Lucerna et al., 2002; Mai
and Paxinos, 2008; Evans et al., 2012; Nakano et al., 2012).

The use of such atlases that do not incorporate the variability
in the location frustrate the precise localization of the STh. Also it
calls into question to what extent between-subject variability and
within-subject age-related morphometric changes are taken into
account when localizing the STh. Notably, den Dunnen and Staal
(2005) showed that the location of the STh changes with age. By
measuring the location of the STh in 12 postmortem brains (age
range 29 – 85 years), the authors found that increasing age causes
the STh to shift in superior, lateral, and anterior directions. Kitajima
et al. (2008) report a similar lateral shift of the STh for in vivo data
measured with 3T MRI. However, a recent paper by Massey et al.
(2012) came to a different conclusion. Based on a sample of eight
postmortem brains (age range 38–95 years), no relationship be-
tween the age at death and STh location was found. In sum, until
now it has remained unclear whether there is a shift in location and
possibly changes in volume of the STh in the aging brain.

In the present study, healthy young, middle-aged, and elderly
participants were scanned on an ultra-high field 7T MRI scanner.
Using ultra-high resolution 7T MRI, it is possible to investigate a
shift in location of the STh in vivo related to aging. Both a shift in
location as well as changes in STh volume have important impli-
cations for surgical procedures and the localization of the STh in
general.

Materials and Methods
Participants. Thirteen young participants were scanned, with an average
age of 24.38 years (age range: 22–28 years, SD 2.36; six females). In
addition, nine middle-aged participants with an average age of 50.67
years (age range 40 –59 years; SD 6.63; five females), and nine elderly
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participants were scanned. The elderly participants were on average
72.33 years old (age range 67–77 years; SD 2.87; four females). None of
the participants had a history of neurological disorders or suffered from
psychiatric disorders. The study was approved by the local ethical com-
mittee of the Max Planck Institute for Human Brain and Cognitive Sci-
ences in Leipzig. All participants gave written informed consent.

Data acquisition of ultra-high resolution anatomical images. All partic-

ipants underwent structural scanning on a 7T Magnetom MRI system
(Siemens, Erlangen) using a 24-channel head array Nova coil (NOVA Med-
ical Inc., Wilmington MA). Whole-brain images were acquired with an MP-
RAGE sequence (TR � 3000 ms, TE � 2.95 ms, TI � 1100 ms, voxel size: 0.8
mm3, flip angle � 6°, GRAPPA acceleration factor 2) for the young and
elderly group. For the middle-aged group the whole-brain images were ac-
quired with an MP2RAGE sequences (TR � 5000 ms, TE � 2.45 ms, TI �

900/2750 ms, voxel size: 0.7 mm3, flip angle �
5/3°, GRAPPA acceleration factor 2). Moreover,
a multi echo spoiled 3 dimensional (3D) gradient
echo (FLASH) sequence (TR � 43 ms, TE �
11.22 ms, TE � 21.41 ms, TE � 31.59 ms, flip
angle � 13°, voxel 0.5, 0.5, 0.6 mm, 56 coronal
slices) was acquired (for more detailed informa-
tion about the scan sequence see Forstmann et al.,
2012).

Manual segmentation of the STh. Manual
segmentation was performed using the FSL
4.1.4 viewer (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/).
Segmentation was performed by two indepen-
dent researchers and inter-rater agreement was
assessed. For more detailed information regard-
ing the segmentation protocol see Forstmann et
al. (2012). The FLASH sequence for one of the
middle-aged participants contained severe mo-
tion artifacts which made it impossible to distin-
guish the STh and as a consequence this
participant was excluded from the data analyses.
Only voxels rated by both raters as belonging to
the STh were included in any further analyses.
Finally, inter-rater reliability (young: mean/SD of
Cohen’s��0.86/0.05; middle-aged: mean/SD of
Cohen’s � � 0.61/0.10; elderly: mean/SD of Co-
hen’s � � 0.61/0.15) were calculated. Due to un-
known factors, the distinction of the STh from
the SN was lower for the middle-aged and elderly
participants compared with the young partici-
pants. Therefore the STh for the middle-aged
participants were segmented twice and the data of
the elderly participants were segmented three
times in total. Only the last segmentation was
used for further processing. There was a main
effect of inter-rater values between age groups
(F(2) � 7.41, p � 0.001). Post hoc analyses re-
vealed lower inter-rater values for middle-aged
and elderly participants compared with the
young participants (young vs middle-aged: p �
0.005; young vs elderly: p � 0.006, corrected for
multiple comparisons using Tukey HSD).

A possible cause for the reduced inter-rater
values for the middle-aged and elderly partici-
pants could be a different local increase in iron
in both the STh and SN with age. This increase
blurs the borders between both structures pos-
sibly inducing variability. This explanation is
in line with work of Aquino et al. (2009) show-
ing that the level of iron in the SN stabilizes at
the age of 25. In addition, the work of Schäfer et
al. (2012) revealed that the T2* values of the
SN, measured with a magnetic field strength of
7T, is on average 14 ms for the young partici-
pants. In sum, it appears that the T2* value of
the STh and SN in the middle-aged and elderly

participants are more comparable than in the young participants possibly
hampering a clear distinction between the two structures.

To test this hypothesis, the mean T2* value which is thought to reflect
the level of iron (Schenck, 2003; Aquino et al., 2009; Schäfer et al., 2012)
was calculated and extracted for every individual STh. There was a main
effect of age group on the mean T2* values of the STh (F(2) � 15.26, p �

Figure 1. The overlap among the three age groups of the STh probabilistic maps based on the inter-rater masks. The probability
maps for the young participants are displayed in red-yellow. The probability maps for the middle-aged participants are displayed
in green. The probability maps for the elderly participants are displayed in blue. Color intensity reflects the percentage overlap
between individuals.

Table 1. Mean volume (SD) in cubic millimeters of the inter-rater STh masks for the
left and right hemisphere separately for the three age groups

Left Right

Young 67.55 mm 3 (25.89) 57.20 mm 3 (20.66)
Middle-aged 77.25 mm 3 (20.99) 73.68 mm 3 (19.77)
Elderly 51.58 mm 3 (23.31) 52.22 mm 3 (30.27)
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0.001).The middle-aged and elderly partici-
pants had a lower mean T2* STh value com-
pared with the young participants (young vs
middle-aged: p � 0.000, young vs elderly: p �
0.001, middle-aged vs elderly: p � 0.23, cor-
rected for multiple comparison using Tukey
HSD). The mean T2* values of the STh for the
young participants was 17.22 ms (SD 0.26),
middle-aged 14.56 ms (SD 0.35), and elderly
participants 15.44 ms (SD 0.46). Finally the
mean T2* values of the STh correlated with the
inter-rater Cohen’s � (r(56) � 0.35, p � 0.006).
To ensure that the decrease in T2* across age
groups has no effect on the volume estimation
or shift of the STh with increasing age, the T2*
values are always taken into account by using
partial correlations.

Computation of probability maps and atlasing
of the STh. The STh masks were delineated in
the acquisition space of the T2*-weighted
FLASH images which covered a thin region
oriented coronally and centered on the subtha-
lamic region. To register these masks to MNI
standard space, the FLASH image was first
aligned to the MP(2)RAGE image of the same
participant. In a next step, the individual
MP(2)RAGE was registered to standard space.
Finally, the original FLASH images and the
masks were directly transformed to standard
space by using the two transformation matri-
ces. Due to B1 inhomogeneities at 7T, the reg-
istration from FLASH to MPRAGE required a
semiautomated approach based on landmark
correspondence. First, the following land-
marks on the anatomy were identified: the pos-
terior commissure, the top indentation of the
pons, the start of the trigeminal nerves out of
the brainstem, left and right, and the top of the
crux of the fornix. Landmark identifications
were performed in triplanar views displaying both images simultane-
ously in the MIPAV software package (http://mipav.cit.nih.gov). Second,
the FLASH STh mask image was transferred into subject space with a
rigid transformation estimated from the landmarks. All landmark-based
registration results have been visually checked, and the entire procedure
repeated if any misalignment could be detected to the region of the STh.
To compensate for interpolation in these small structures, the signed
distance function for each of the masks were computed first and trans-
ferred, and the final delineation was obtained by thresholding the trans-
formed function. Once all the delineations were in MNI space, a
statistical atlas was generated by averaging the masks.

Given the small size of the STh, the multiple registration steps, and the
anatomical variability, the statistical atlas was checked for outliers by
comparing the average probability for each delineated mask with each
individual STh mask. This resulted in discarding one young participant
from all analyses because the participant fell below 1 SD compared with
the rest of the young participants. Note that this is the same participant
who was also excluded in the full registration procedure as described by
Forstmann et al. (2012).

The young, middle-aged, and elderly MNI probabilistic masks have been
made publicly available (http://www.nitrc.org/projects/atag/). Note that the
probabilistic maps are different from the standard maps included in FSL
(http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/Atlases or http://www.nitrc.org/
projects/atag), which are based on the full registration procedure
(landmark-based and automated) and only the young subjects (see
Forstmann et al., 2012 for details).

Calculation of location. To determine the location of the STh, we cal-
culated the center of mass (CoM) of the inter-rater masks of each STh
using FSLUTILS as implemented in the FSL software package. Thereby

no prior assumptions were made about the shape or mean relative dis-
tance of the boundary of the STh to other structures.

Results
Volume of the STh
The volume of the STh was calculated in individual space by using
the inter-rater masks and only incorporate voxels that both raters
agreed on (see Table 1 for the results).

Based on an ANOVA there was no effect of hemisphere on
STh volume (F(1) � 0.60, p � 0.44). A partial correlation between
age and STh volume controlling for mean T2* differences in the
STh was computed. No significant relation was found (t(58) �
�1.89, p � 0.057).

Location of the STh
Based on the registration to MNI space for young, middle-aged,
and elderly participants, there was some overlap among the three
age groups (Fig. 1).

However, when quantifying the spatial distance of the CoM
coordinate, the groups differed significantly in spatial location.
By correlating the X, Y, and Z MNI coordinates (respectively,
sagittal, coronal, and axial directions) separately for each hemi-
sphere with age, while controlling for T2* values, we found that
the X dimension correlated highly with age (left hemisphere:
r(27) � �0.44, p � 0.041; right hemisphere: r(27) � 0.57, p �
0.001), corrected for multiple comparisons using a Bonferroni
correction). The correlation revealed that there is a shift of STh

Figure 2. Top row, The X CoM coordinates of the STh masks in millimeters. Middle row, The Y CoM coordinates of the STh masks.
Bottom row, The Z CoM coordinates of the STh masks. The young masks are plotted in red; the middle-aged masks are plotted in
green; the elderly masks are plotted in blue.
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location in a lateral direction with increasing age (Fig. 2). No
significant correlation between location and age was found for
either the Y or Z direction.

As proposed by Kitajima et al. (2008), a possible cause for such
a shift could be an increase of the ventricles and specifically the
third ventricle. To test this hypothesis, the lateral, aqueduct,
third, and fourth ventricle were manually segmented in individ-
ual space separately for each participant and hemisphere. Once
the ventricles were segmented, the volumes were extracted and
tested with a paired t test to test for differences between hemispheres.
There were no significant differences between hemispheres for the
lateral ventricle volume over age groups (F(1) � 0.02, p � 0.88).
Overall, the total ventricle size increased with increasing age reflected
by a significant correlation of r � 0.68 (t(56) � 6.80, p � 0.001).

Based on the CoM coordinate, differences between the age
groups, we first investigated whether a relationship exists be-
tween the shift of the STh and the total size of the ventricle system.
By correlating the X, Y, and Z MNI coordinates with the total
ventricle size for each hemisphere separately, we found that the
x-axis center of mass coordinate of the STh correlated highly with
the ventricle volume (left hemisphere: r(27) � �0.42, p � 0.023;
right hemisphere: r(27) � 0.67, p � 0.001). There was no signifi-
cant correlation between the total ventricle volume and the y-axis
or z-axis center of mass coordinate of the STh. However, when
controlling for age, no significant correlation was found between
total ventricle size and x-axis CoM coordinate (left hemisphere:
r(27) � �0.28, p � 0.40; right hemisphere: r(27) � 0.33, p � 0.23,
corrected for multiple comparisons using a Bonferroni correc-
tion). This result indicates that the total ventricle size does not
explain more variance compared with the variance explained by
age alone.

More specifically, to test whether the third ventricle alone
could explain the lateral shift of the STh, we first computed
a correlation between the volume of the third ventricle and age
(correlation of 0.77 (t(56) � 8.93, p � 0.001). In addition, we
computed partial correlations between third ventricle volume
and X location of the STh controlling for age. Again, no signifi-
cant correlation was found (left hemisphere: r(27) � �0.17, p � 1;
right hemisphere: r(27) � 0.40, p � 0.07, corrected for multiple
comparisons using a Bonferroni correction).

Discussion
Are there age-related changes in location and volume in the STh?
In the present study, young, middle-aged, and elderly partici-
pants were structurally scanned using ultra-high resolution 7T
MRI. In line with previous postmortem work by den Dunnen and
Staal (2005) (see their Fig. 3) and in vivo work by Kitajima et al.
(2008), the results clearly indicate that the location of the STh
shifts in the lateral direction with increasing age. However, no
significant decrease in STh volume was detected despite a large
body of literature showing that healthy aging is accompanied by
structural gray matter changes (Raz and Rodrigue, 2006; Fjell and
Walhovd, 2010). A possible explanation for the current finding is
the age range of our elderly sample. The oldest participant was 77
years old, while certain structural changes may only occur at a
later stage in life [Barron et al., 1976; Cherubini et al., 2009; but
see also Massey et al. (2012), who, investigating a broader age
range, also failed to find a decrease in STh volume associated
with age].

Importantly, the present results showed a significant change
in location of the STh in the elderly compared with the younger
participants. This finding is in line with previous work (den
Dunnen and Staal, 2005; Kitajima et al., 2008). A possible expla-

nation for this lateral shift is the enlargement of ventricles with
increasing age which might be due to the loss of white matter
tissue (Guttmann et al., 1998; Fjell and Walhovd, 2010). The
results clearly indicate a positive correlation between volume of
ventricles and age. However, when controlling for age, there is no
significant correlation found between the enlargement of ventri-
cles and the lateral shift of the STh. Unfortunately, the lack of
diffusion-weighted imaging in the current study does not allow
the investigation of changes in white matter tissue in, e.g., the
internal capsule (Kawaguchi et al., 2010), as a possible reason to
explain the lateral shift of the STh.

Finally, the present results point to the fact that between-
subject variability and within-subject age-related brain changes
should be taken into account for new generation atlases (Evans et
al., 2012). For more than two decades, the severe motor symp-
toms of Parkinson’s Disease (PD) have been alleviated using deep
brain stimulation (DBS) (Limousin et al., 1995). DBS in PD re-
quires a surgical procedure in which a microelectrode is lowered
into the STh to induce electrical stimulation (Perlmutter and
Mink, 2006; Limousin and Martinez-Torres, 2008). Common
neurosurgical practice in deciding where to place the DBS micro-
electrodes is to superimpose an anatomical MRI of the patient to
a normalized standard atlas diagram (Abosch et al., 2010). Note
that current atlases for the STh that are used for surgical proce-
dures are based on low sample sizes, a very restricted age range,
and low field MRI (Schaltenbrand and Wahren, 1977; Lucerna et
al., 2002; Mai and Paxinos, 2008; Nakano et al., 2012). Because
PD is diagnosed at an increasingly early age (Shulman et al.,
2011), and the possibility to implant DBS electrodes is at an in-
creasing broad age range (Kleiner-Fisman et al., 2006; Parent et
al., 2011), a mismatch between the current atlas coordinates and
the actual location of the target structure appears likely. A possi-
ble consequence could be a heightened occurrence of highly un-
desirable side effects such as a decline in cognitive functioning,
whereas others experience depression, hypermania, hypersexual-
ity, and in some extreme cases, commit suicide (Burkhard et al.,
2004; Temel et al., 2005).

In sum, a higher level of clinical efficacy might be achieved by
providing atlases that incorporate individual differences (cf.
Forstmann et al., 2012), account for age-related changes (cf.
Habas et al., 2009), possibly disease-specific brain changes, and
are based on ultra-high field MRI (e.g., 7T). The increase in
signal-to-noise and decrease in isotropic voxel size available at
ultra-high field MRI is essential to study small structures like the
STh (Cho et al., 2008, 2010; Abosch et al., 2010; Beisteiner et al.,
2011).
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