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Abstract: The subthalamic nucleus (STN) is an important node of the cortico-basal ganglia network
and the main target of deep brain stimulation (DBS) in Parkinson’s disease. Histological studies have
revealed an inhomogeneous iron distribution within the STN, which has been related to putative sub-
divisions within this nucleus. Here, we investigate the iron distribution in more detail using quantita-
tive susceptibility mapping (QSM), a novel magnetic resonance imaging (MRI) contrast mechanism.
QSM allows for detailed assessment of iron content in both in vivo and postmortem tissue. Twelve
human participants and 7 postmortem brain samples containing the STN were scanned using ultra-
high field 7 Tesla (T) MRI. Iron concentrations were found to be higher in the medial-inferior tip of the
STN. Using quantitative methods we show that the increase of iron concentration towards the medial-

inferior tip is of a gradual rather than a discrete nature. Hum Brain Mapp 00:000-000, 2014. © 2014
Wiley Periodicals, Inc.
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INTRODUCTION

In this study, the spatial distribution of iron in the STN
was investigated using ultra-high resolution 7T MRI and
QSM of both in vivo and postmortem brains. QSM is a
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novel MR contrast mechanism that provides a map of local
tissue magnetic susceptibility, which allows for the quanti-
fication of iron content [Deistung et al., 2013; Langkammer
et al., 2012; Schweser et al., 2011].

In the basal ganglia (BG), and more specifically the STN,
iron is present in relatively high concentrations as com-
pared to other brain areas [Aquino et al., 2009; Deistung
et al.,, 2013; Schéafer et al.,, 2011]. Previous histochemical
work has shown that iron is heterogeneously distributed
in the STN and that a close relationship exists between
iron and cytoarchitectonic features [Dormont et al., 2004;
Fiedler et al., 2007; Massey et al., 2012].

The heterogeneous distribution of iron might be related
to functional subdivisions in the STN, in line with the
influential tripartite model of a (oculo)motor, associative,
and limbic networks within the BG [e.g., Alexander and
Crutcher, 1990]. In one interpretation of this tripartite
hypothesis, the iron-rich medial part of the STN should be
related to the limbic circuit, an intermediate level of iron
should be found in the associative network, and the
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Figure I.

Hypothetical distributions of iron: (A) Simulated (2D) data of
both the discrete subdivisions and gradient hypothesis. The cop-
per color map indicates iron concentration, the arrows the
direction of the gradient and their color the size of the gradient.
(B) Histograms of raw intensity values. According to the dis-
crete subdivision hypothesis, multiple clusters of susceptibility

posterior-lateral sensorimotor part should reveal the lowest
concentration of iron [Dormont et al., 2004]. The tripartite
hypothesis is at odds with a recently conducted literature
review revealing an inconsistent pattern of the precise num-
ber and location of subdivisions in both humans and non-
human primates [Keuken et al., 2012]. This inconsistency in
the literature might be rooted in the assumption of sharp
borders between the projections of functionally distinct cir-
cuits in such small nuclei. Instead of discrete subdivisions,
projections of distinct networks to the STN might largely
overlap and are organized in a continuous manner similar
to the striatum [Alkemade, 2013; Haber, 2003]. Such a

values should be present. According to the gradient hypothesis,
only a single cluster of values is present. (C) Distribution of gra-
dient vector lengths. According to the discrete subdivision
hypothesis, a small fraction of the vector lengths is much higher
and the distribution is bimodal. According to the gradient
hypothesis, the vector lengths are distributed unimodal.

model is in line with recent findings that argue for a con-
vergence rather than discrete functional bounds within the
STN [Haynes and Haber, 2013] and follows the model pre-
viously proposed by Alexander et al. [1986].

Here, iron concentrations in the STN were used as a
proxy to test two opposing hypotheses: (a) that there are
discrete subdivisions of iron distribution in the STN; (b)
there is a gradual increase of iron distribution in the STN.
These hypotheses make different predictions about the
shape of the magnetic susceptibility distributions dis-
played in QSM as well as the size of the vectors in the gra-
dient field of the QSM (see Fig. 1 for a simulation of these
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TABLE I. Demographics of the postmortem tissue

Brain Sex Age Hemisphere Cause of death PMD (hours) Resolution MRI
1 M 88 L Aortic stenosis, hypertension, 6 0.2 mm?
hypercholesterolemia,
cardiorenal syndrome,
ischeamic cardiomyopathy,
atrial fibrillation, rupture of
the bowel.
2 F 101 L Hypertension, old myocardial 5 0.2 mm®
infarction, stomach
carcinoma, metastasized,
reflux oesophagitis, anemia,
coxarthrosis, respiratory
insufficiency
3 F 91 L Cardiac insufficiency, urinary 22 0.2 mm?
tract infection, bronchitis
R 0.2 mm’
4 F 70 L Cardiac decompensation 28 0.15 mm?®
R 0.15 mm’
5 M 62 L Sepsis 36 0.15 mm®
R 0.15 mm’

PMD: postmortem delay.

two models). In case of discrete boundaries, a multimodal
distribution of iron concentration is expected (Fig. 1b), as
well as the presence of a subset of relatively large gradient
vectors (Fig. 1c), reflecting a large increase of iron concen-
tration over small distances. In case of a gradual increase
of iron concentrations, a unimodal distribution of both
iron concentration and gradient vectors is expected.

In the following we will test these different predictions
and show using quantitative measures that there is a con-
sistent increase of iron toward the medial-inferior tip of
the STN, but that this increase is of a gradual nature.

METHODS

MR Acquisition Protocol and Segmentation
of the STN

In vivo data

Thirteen healthy young participants (mean age 24.38
years old, range 22-28 years, standard deviation 2.36, six
females) were scanned on a 7T Magnetom MRI system
(Siemens, Erlangen) using a 24-channel head array Nova
coil (NOVA Medical, Wilmington, MA). The study was
approved by the local ethics committee at the University
of Leipzig, Germany. All subjects gave their written
informed consent prior to scanning and were given a mon-
etary compensation. One participant had to be excluded
due to problems with the orientation of the acquisition
matrix, which resulted in uncertainty regarding the ana-
tomical orientation. Whole brain images were acquired
with an MP-RAGE [Deichmann et al., 2000] sequence (TR
= 3,000 ms, TE = 2.95 ms, TI = 1,100 ms, voxel size: 0.8

mm isotropic, flip angle = 6°, GRAPPA acceleration factor
2). Moreover, multiecho spoiled three dimensional (3D)
gradient echo images (GRE) FLASH [Elolf et al., 2007;
Frahm et al., 1986] sequence (TR = 43 ms, TE = 11.22/
21.41/31.59 ms, flip angle = 13°, voxel 0.5 X 0.5 X 0.6
mm?, 56 coronal slices) were acquired. Subsequently, indi-
vidual QSM of the STN were calculated in the following
way: First, the phase images of the FLASH data, which
show the field perturbations of a magnetic susceptibility
distribution [Schafer et al., 2009], were unwrapped using a
best-path 3D unwrapping algorithm [Abdul-Rahman et al.,
2007]. Second, the unwrapped phase data were converted
in units of ppm and highpass-filtered using the SHARP
algorithm [Schweser et al., 2011]. To calculate the magnetic
susceptibility distribution from filtered phase data, the
approach of inversion of the thresholded dipole kernel
was applied [Wharton et al., 2010].

Postmortem data

Postmortem tissue blocks obtained from five human
brains were scanned on a 7T Magnetom MRI system (Sie-
mens, Erlangen) with a dedicated in-house built RF coil
for small tissue samples. For three of the five brains tissue
blocks both hemispheres were available resulting in five
left and three right STNs in total.

Two tissue blocks were obtained from the Netherlands
Brain Bank in Amsterdam, the Netherlands (http://www.
brainbank.nl/). The remaining postmortem tissue blocks
were obtained from the Max Planck Institute for Human
Cognitive and Brian Sciences, Leipzig, Germany. All post-
mortem tissue was obtained in accordance with all legal
requirements. Tissue blocks were fixed in 4%

*3 e


http://www.brainbank.nl/
http://www.brainbank.nl/

¢ de Hollander et al. ¢

formaldehyde for ~30 days prior to 7T MRI scanning. See
Table I for the clinico-pathological data of the postmortem
tissue.

The tissue blocks were placed in an acrylic sphere filled
with Fomblin® (Solvay Solexis, West Deptford, NJ), a
highly viscous fluid of perfluoropolyethers, to avoid back-
ground signal. All tissue blocks were scanned using a
GRE FLASH sequence (three tissue blocks were scanned
with TE = 10 ms, TR = 30 ms, bandwidth = 100 Hz/px,
angle = 10°, voxel size = 0.2 mm?; two tissue blocks were
scanned with TE = 7 ms, TR = 23 ms, bandwidth = 120
Hz/px, angle = 30°, voxel size = 0.15 mm?;). Three differ-
ent orientations of each tissue sample to the main mag-
netic field were acquired by rotating each sample around
the left-right axis of +60 degrees and —60 degrees. The
phase information of the resulting three FLASH datasets
were unwrapped using best-path 3D unwrapping algo-
rithm [Abdul-Rahman et al., 2007]. The magnitude images
of the FLASH data sets were coregistered using SPM and
the registration matrices were applied to the unwrapped
phase data. The coregistered phase data were highpass-
filtered using a fourth order polynomial and converted in
units of ppm. The QSM were calculated using the COS-
MOS approach and the phase data of the three different
orientations for each tissue block [Liu et al., 2009].

Manual segmentation of the subthalamic nucleus

Manual segmentation was performed using the FSL
4.1.4 viewer. Segmentation was carried out by two inde-
pendent researchers. Subsequently, the inter-rater agree-
ment was assessed. Only voxels rated by both raters as
belonging to the STN were included in further analyses.
Inter-rater reliability for the manual segmentation was
assessed using the Dice coefficient [Dice, 1945]. For more
detailed information regarding the segmentation protocol,
see [Forstmann et al., 2012; Keuken et al., 2013].

Analyses of Iron Distribution

To allow for earlier findings to be replicated and distin-
guish between the two main hypotheses of (a) discrete
subdivisions, or (b) a gradual increase of iron within the
STN (Fig. 1), QSM and quantitative gradient vector analy-
ses was performed. After the QSM contrast was con-
structed, the gradient vector field of the QSM was
estimated. Such a field indicates, for every voxel, the direc-
tion in which the largest increase of iron concentration is
present as well as the magnitude of this increase.

Both hypotheses predict a single direction of iron
increase. To test whether this was a plausible assumption
for further analyses, the QSM data were tested for one or
more gradient directions using the most likely number of
clusters according to a spherical clustering algorithm [Mai-
tra and Ramler, 2010]. Second, the direction of the mean
gradient vector was computed. This mean vector reflects
the main direction of the overall increase in iron and

allowed the quantitative replication of earlier qualitative
findings of increased iron concentrations in the anterior-
medial tip of the STN [Dormont et al., 2004; Massey et al.,
2012]. Third, to distinguish between the two main hypoth-
eses, k-means clustering was performed on the raw QSM
values as well as the gradient vector lengths (Fig 1).

Gradient vector field estimation in the QSM

The derivatives of the QSM were estimated over all three
axes (I, I,and I.). This was done by convolution with a
Gaussian first derivative-operator [Lohmann, 1998; Solem,
2012; Szeliski, 2010], with an absolute sigma of 1.5 times the
voxel width of the in vivo data. To prevent the occurrence
of any spurious gradients as a result of differences in inten-
sity with voxels partly outside the STN (partial volume
effects), the masks were eroded by one voxel. All voxels out-
side the resulting masks were interpolated with the mag-
netic susceptibility value of their nearest neighbor within
the mask to ensure that no gradients were rooted in suscep-
tibility values outside the mask. This procedure yielded a
vector field indicating the main direction and size of the
derivative of the image at every voxel inside the STN.

Number of distinct gradient vector field directions

To assess whether a single direction of iron increase was
plausible, a spherical k-means algorithm was applied to all
gradient direction vectors of the QSM gradient vector field
within the STN-mask. The likelihoods of different numbers
of orientation clusters were assessed using a formal
version of the “elbow method” proposed by Maitra and
Ramler [2010].

Anatomical regularity

To test for a regular pattern in gradient direction within
the sample population, the k main gradient directions
according to the maximum likelihood of the spherical k-
means algorithms were binned in an eight-bin orientation
histogram which was tested for uniformity using a y*-test
and plotted on a Lambert plane for visual inspection [Mar-
dia and Jupp, 2000, Chapter 9].

Susceptibility distributions and gradient vector length
clustering

To test for distinct clusters of iron concentrations, as pre-
dicted by the discrete subdivision hypothesis (Fig. 1b), a
standard k-means algorithm [MacQueen, 1967; Maechler et
al., 2013] was applied to the one-dimensional vector con-
taining the susceptibility values of all voxels within the STN
mask. The optimal number of clusters was determined
using the gap statistic proposed by Tibshirani [2001].

To test for the presence of any sharp boundaries, as pre-
dicted by the discrete subdivision hypothesis (Fig. 1c), the
sizes of the gradient vectors were also clustered using the
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Figure 2.

Overview of the analysis pipeline. (A) The input of the pipeline
is the QSM image which quantifies the magnetic susceptibility
for each voxel and thus the iron content in basal ganglia regions.
The susceptibility values are then clustered. (B) The QSM is
convolved with the derivative of a Gaussian separately in all
three directions. This yields a vector field indicating, for each

same k-means algorithm and gap statistic. See Figure 2 for
a visual representation of the analysis pipeline.

RESULTS

Inter-rater Reliability Coefficients of the STN
Masks

Across the in vivo participants and hemispheres, the
mean (SD) Dice coefficient varied between 0.43 and 0.85
with a mean of 0.73 (0.09). Across the remaining postmor-
tem STN tissue and hemispheres the mean (SD) Dice coef-
ficient varied between 0.74 and 0.87 with a mean of 0.83
(0.05). For one of the tissue blocks, i.e., the right STN of
case no.3 (see Table I), both raters agreed on a STN over-
lap of only 20 mm®. Given this very small volume, this
sample was excluded from any further analysis. In sum-
mary, both the in vivo and postmortem inter-rater reliabil-
ity coefficients showed a high overlap across raters. See
Figure 3 for a representational in vivo and postmortem
QSM scan of the STN.

Number of Gradients in the Vector Directions

According to the spherical clustering algorithm, a single
direction of iron increase across the STN, as predicted by
both hypotheses, seemed plausible for the large majority
of the data. In the in vivo data, in the left hemisphere,

voxel, in which direction the iron increases most. These direc-
tions are also clustered. (3) Finally, the length of the gradient
vectors is calculated and clustered. Plots in this figure are con-
structed using the actual QSM data of a representative subject
of the in vivo dataset.

k = 1 was the most likely model for 9 out of 12 partici-
pants. For the remaining three participants, k = 2 was
found to be the most likely number of clusters. In the right
hemisphere, for 11 participants a single cluster was the
most likely and for 1 participant, k = 2 was the most likely
number of clusters. When clustering the gradient vectors
in the postmortem data, 7 out of the 7 postmortem sam-
ples showed k = 1 as the most likely number of distinct
gradients. See Supporting Information Table I for the
explained variance per k number of gradient clusters.

Consistency of the Main Iron Gradient Direction
Across Participants

The consistency of the main iron gradient direction
across participants was tested by plotting the cluster cent-
roids for the most likely number of clusters together on a
Lambert azimuthal equal-area projection circle. In such a
projection, the surface of a sphere is represented as a circle
where relative area is preserved [Mardia and Jupp, 2000,
Chapter 9]. As can be seen in Figure 4, the main direction
of the iron gradient, for both the in vivo data sets and
postmortem tissue and both in left and right STN, lie in
the medial-inferior direction: iron concentrations increase
towards the medial-inferior tip of the STN.

To quantitatively assess whether the distribution of the
main gradient directions over participants and postmor-
tem tissue was nonuniform and consistent, we divided the
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Figure 3.

QSM-images of the STN in vivo and postmortem. (Upper panel)
QSM-image of a single in vivo participant. Superimposed on the
scan are the raw QSM values for the STN mask in copper. Lower
two panels) QSM images of a right and left hemisphere tissue
block of an ex vivo sample. Superimposed on the scans are the

unit sphere in eight bins of equal surface representing the
22 =8 possible combinations of the axes medial vs. lateral,
anterior vs. posterior, and inferior vs. superior. A chi-
squared test shows that in the in vivo-data, in both hemi-
spheres the main directions are not uniformly distributed
over the eight direction bins (7N = 15)= 2073p =
.0042) for the left STN, and (;*(7,N = 13)= 15.92,p = .026)
for the right STN, where for both hemispheres the medial-
inferior direction was the preferred direction. In summary,
the direction of the individual iron gradient is consistent.

raw QSM values for the STN in copper. Note that the voxel size
of the ex vivo sample is about 37 times smaller than the voxel
size of the in vivo sample (0.15 X 0.15 X 0.15 mm?® vs. 0.5 X 0.5
X 0.5 mm3). Pu: putamen, GPe: globus pallidus externa, GPi:
globus pallidus interna, SN: substantia nigra, RN: red nucleus.

The small number of postmortem cases did not allow the
computation of chi-squared test.

Susceptibility Distribution and Gradient Vector
Length Clustering

The discrete subdivision hypothesis predicts that multi-
ple discrete clusters of similar susceptibility values exist.
However, k-means clustering on the raw QSM yielded
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Figure 4.
Main directions of the iron gradient for in vivo and postmortem data. Every point represents
one of the main directions of iron gradients in the left and right STN mask. Markers with the
same color and glyph are main directions within the same sample when k = 2 was the most
likely model (4 out of 24 cases). The size of the glyphs represents the size of the gradient clus-
ter. The diamond glyphs represent the postmortem brain.

k = 1 as the most likely number of clusters in all 12 in
vivo data sets, for both the left and right hemispheres. The
postmortem data also showed k = 1 as the most likely
number of clusters in all seven postmortem samples. These
analyses suggest a gradual increase of iron rather than dis-
crete boundaries. See Supporting Information Table II for
the maximum likelihood per k number of QSM susceptibil-
ity value clusters.

For the gradient vector lengths, the discrete hypothesis
predicts a multimodal distribution of gradient vector magni-
tudes with a distinct subset of gradient vectors of large mag-
nitude. Clustering on the magnitudes of the gradient vectors
using k-means showed k = 1 as the most likely number of
clusters in all 12 in vivo data sets in both hemispheres and
all seven postmortem tissues. In summary, both in vivo and
postmortem data confirm the gradient hypothesis. See Sup-
porting Information Table III for the maximum likelihood
per k number of the gradient vector length clusters.

DISCUSSION

The present study replicates and extends previous
findings of heterogeneous iron distributions throughout
the STN [Dormont et al., 2004; Massey et al., 2012] by
using ultra-high resolution 7T quantitative susceptibility
MR mapping of both in vivo subjects and postmortem
tissue. Single iron gradients, mainly pointing in the

medial-inferior direction, were found in the majority of
the samples (7/7 in postmortem, 9/12 for left and 11/12
for right in vivo STN).

Complementary to the findings of Dormont et al. [2004]
and Massey et al. [2012] who reported an increase in iron
in the medial-anterior direction, here we show increased
iron concentrations in the medial-inferior-anterior direc-
tion. This difference might be due to the different method-
ologies employed in the aforementeiond studies, as both
Dormont et al. [2004] and Massey et al. [2012] used histo-
logical staining on a limited number of specimens and
reported the topology of the employed stainings only qual-
itatively. Also, histological work is always confined to a
single cutting plane eventually inducing biases of changes
in intensities in one axis of the plane. Any gradients in the
inferior-superior axis will especially be less evident when
axial sections are used, as was done in Massey et al.
[2012]. In Dormont et al. [2004], coronal sections were
used so that inferior gradients should be more visible,
however, only one single specimen was investigated. Both
anatomical variability and the lack of any quantitative
measures might explain that an inferior gradient was not
found in the Dormont study. Here we present quantitative
analyses in the intact STN in 3D on a much larger number
of specimens which suggest a similar pattern of increased
iron as the abovementioned studies and complementing
these findings with the presence of an inferior component
to the iron gradient.
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Importantly, this quantitative approach allowed the test-
ing of two hypotheses regarding the functional organization
of the STN using the iron distribution as a proxy: (a) the
discrete subdivision hypothesis, and (b) the gradient
hypothesis. K-means clustering analysis of the QSM suscep-
tibility values showed no discrete clusters of iron intensities.
In addition, the k-means clustering analysis of the gradient
vector lengths revealed that there are no sharp boundaries
or septa within the STN. Note that these analyses are
agnostic towards the number of possible subdivisions
because they only reveal a lack of distinct boundaries.

These findings are in favor of the second hypothesis of a
gradual increase in iron. We suggest that this reflects that
projections of different cortical networks, such as the
motor, cognitive, and limbic system converge in the STN
and largely overlap, as argued before by Haynes and
Haber [2013]. This makes sense in light of the integrative
function of the STN: a relatively small nucleus, but with a
wide array of projections from almost the entire cortex as
well as many subcortical areas [Lambert et al., 2012; Temel
et al., 2005a]. It is, however, at odds with the well-known
but inconclusive tripartite subdivision model segregating
(oculo)motor, cognitive, and limbic networks (see, e.g.,
Alexander and Crutcher, 1990; Alexander et al., 1986, 1991;
DeLong et al., 1985; Hamani et al., 2004; Joel and Weiner,
1997; Krack et al., 2010; Nakano, 2000; Obeso et al., 2008;
Parent and Hazrati, 1993, 1995a,b; Parent, 1990; Rodriguez-
Oroz et al., 2001, 2009; Temel et al., 2005b).

Finally, a gradual organization of iron within the STN
could have important clinical implications, in particular
for the electrode placement in deep brain stimulation
(DBS) in Parkinson’s patients. DBS of the STN can cause
serious “cognitive” and “limbic” side-effects, theorized to
be due to disturbance of the limbic and associative net-
works as opposed to the motor network within the STN
[Temel et al., 2005a]. If these different networks largely
overlap within this nucleus, it could be possible to mini-
mize non-motor side effect in DBS by avoiding the region
that is least connected to motor-related areas [Lambert
et al.,, 2012]. However, it still remains unclear how large
these functional areas or transitional zones between areas
are. Should the overlap be substantial then it will be sig-
nificantly more challenging to devise a surgical solution
that minimizes non-motor side effects.

Limitations

Two limitations will be discussed in this section. First,
iron is just one of many heavy metal markers of the struc-
tural organization in the subcortex. It is possible that other
markers such as zinc and copper could show a different
distribution. However, there is evidence for a close rela-
tionship between iron and cytoarchitectonic features and
thereby potentially revealing anatomical subdivisions [Fie-
dler et al., 2007]. Second, iron plays a role in a range of
brain functions including myelin production, oxygen

transport, and neurotransmitter synthesis [Rouault, 2001;
Zecca et al.,, 2004]. Complementary to the role iron plays
in cellular functions, there is some evidence linking levels
of iron in subcortical structures to higher-level cognitive
functions [Penke et al.,, 2012; Sullivan et al., 2009]. It is
thus likely that a gradual distribution of iron in the STN is
related to its functional organization.

Third, four out of 24 participants showed more than one
gradient orientation cluster. One explanation for these
interindividual differences could be the size of the masks,
inducing partial volume effects related to the limited reso-
lution compared to the postmortem tissue. Partial volume
effects might have yielded gradient vectors pointing into
the STN, in particular at the dorsal and ventral borders.
These gradients are then exactly opposing each other, and
will thus be treated as separate clusters by the clustering
algorithm. Argueably, this is an artefact and not an actual
property of the iron distribution within the STN. A solu-
tion for the removal of these artificially induced clusters is
to use additional eroding of the masks. However, we
decided to leave the original data as unprocessed as possi-
ble to avoid any bias towards one of the two hypotheses.

CONCLUSION

In conclusion, the work presented here shows an
increased concentration of iron in the medial-inferior tip of
the STN. Iron concentrations in the STN increase gradually
towards this tip. It is likely that this gradual increase is
related to the functional organization of the STN. The cur-
rent finding of a gradual organization is at odds with the
prominent idea of a one-to-one mapping between clearly dis-
cernible cytoarchitectonic areas and specific cognitive func-
tions such as the popular tripartite motor-cognitive-limbic
model of the STN [Rodriguez-Oroz et al., 2009]. We propose
to update the tripartite motor-cognitive-limbic model of the
STN which, in our opinion, should include transition zones
as has been previously proposed by several authors [e.g.,
Alexander et al., 1986; Alkemade, 2013; Haynes and Haber,
2013]. Still, further experiments, including studies of tissue
composition and histology are needed in order to provide
more insight into the anatomical organization of the STN.
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