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Abstract: Distinct thalamic nuclei, like the mediodorsal (MD) nucleus and the centromedian/parafas-
cicular complex (CM/Pf), are embedded in different basal ganglia—thalamocortical loops, which
were shown to integrate cognitive and emotional aspects of human behavior. Despite well described
connections on a microscopic scale, derived from tracing studies in animals, little is known about
the intrinsic anatomical connections of these nuclei in humans. This lack of knowledge limits not
only interpretation of functional imaging studies but also estimation of direct effects of deep brain
stimulation which treats diseases as different as epilepsy or major depression. Therefore, non-
invasive diffusion tensor imaging (DTI) studies are key to analyzing connectivity patterns and elabo-
rate approaches to close this gap. For our study, we explored the structural connectivity of the MD
thalamic nuclei and the CM/Pf complex towards five cortical and six subcortical regions by using a
preferential fiber calculation. We found both thalamic nuclei to be preferentially associated to distinct
networks: whereas the MD is preferentially connected to prefrontal and limbic cortical regions, the
CM is linked to subcortical regions. The anterior insula was the only cortical region associated with
the subcortical network of the CM and the cortical network of the MD comprised one subcortical
hub, the caudate nucleus, suggesting an integrative role of these two regions. Adding to predes-
cribed anatomical tract tracing connectivities in animal studies, our finding lends support to the
existence of similar basal ganglia-thalamocortical circuits in humans and we could show a robust
distinction of preferential connectivity for both thalamic nuclei. Hum Brain Mapp 33:2627-2637,
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INTRODUCTION

There is clear consensus that different human behaviors
are mediated through the complex interaction of heteroge-
neous brain networks. The continuing debate on segre-
gated networks generally aims at cortical regions [Barabasi
and Albert, 1999; Bullmore and Sporns, 2009; Hagmann
et al., 2008], but it is likely that similar network segrega-
tion appears in subcortical regions—especially in the basal
ganglia-thalamocortical circuits as suggested by Alexander
et al. [1986].

One of the main thalamic nuclei involved in those loops
is the mediodorsal (MD) nucleus, whose functional speci-
ficity has also been suggested in recent functional mag-
netic resonance imaging (fMRI) studies [Walter et al,
2008]. In high-resolution fMRI studies, MD activation dur-
ing affective processing could be segregated from atten-
tion-related processes, which were mediated in the nearby
centromedian (CM) and parafascicular (Pf) nuclei [Metzger
et al., 2010].

This preliminary evidence describing MD functioning in
humans corresponds with its previously described roles in
cognition, memory, motivation, and emotions [Oyoshi
et al., 1996]; for reviews see [Haber and McFarland 2001;
Haber and Knutson, 2010]. The MD is mainly connected to
limbic [Groenewegen, 1988; Ray and Price, 1993; Vogt
et al., 1987] and prefrontal regions, as reviewed by Barbas
[2000] or Price [1999], and local activations as well as vol-
umes and cell numbers have been shown to be impaired
in depression and schizophrenia [ Anand et al., 2009; Min-
zenberg et al., 2009; Steiner et al., 2008].

In a recent diffusion tensor imaging (DTI) tractography
study, Gutman et al. [2009] described a convergence of
fiber tracts from different sites of deep brain stimulation
as applied in therapy resistant depression. Although exact
localization remains one of the primary challenges in MRI-
guided neurosurgical approaches to brain function, sub-
cortical structures present anatomically well-defined tar-
gets with limited intersubject variability, as compared to
potential cortical targets. Sartorius et al. [2010] recently
demonstrated the antidepressant effectiveness of deep
brain stimulation for electrode placements at the level of
the habenular complex. However, the high functional di-
versity of neighboring nuclei within the thalamus requires
more exact knowledge of individual connection profiles
for these structures. Non-invasive tractography in humans
has so far focused on gradients of connectivity, which
were oriented on lobar preference of intrathalamic regions.
This approach limited the integration of functionally spe-
cific, anticorrelated networks with adjacent cortical nodes,

especially within the frontal lobes. Such adjacency of corti-
cal targets would affect the discrimination of the neighbor-
ing MD and CM nuclei, for which a clear functional
distinction could be made in humans [Metzger et al,
2010]. The CM, an anatomically circumscribed region for
deep brain stimulation in epilepsy [Cukiert et al., 2009],
has been historically classified as a part of the so-called
nonspecific thalamocortical projections that have been
reviewed by Haber [2001].

Together with the Pf, the CM/Pf complex is mainly
involved in attentional processing [Metzger et al., 2010;
Minamimoto and Kimura, 2002] as also suggested by
Haber and Calzavara [2009]. The CM/Pf has also been
considered to be involved in motor control [Smith et al.,
2009], pain [Krauss et al., 2002], and sexual processing
[Coolen et al., 2003; Temel et al.,, 2004] and lesions seem
to be related to complex attentional deficits representing
its function in modulating attention towards motivation-
ally relevant stimuli [Matsumoto et al., 2001]. The CM/Pf
seems to have especially strong connections to subcortical
regions, as reviewed by Haber and Calzavara [2009], such
as the caudate nucleus [Macchi et al., 1984], putamen,
and pallidum [Berendse and Groenewegen, 1991; Krettek
and Price, 1977], as well as the nucleus accumbens
[Jayaraman, 1985]. Projections described from the CM/Pf
to amygdala [Ottersen and Ben-Ari, 1979] and hippocam-
pus [Cavdar et al., 2008] are sparser and of lower density.
Further projections to anterior cingulate cortex (ACC) and
insula have also been reported for the CM/Pf [van der
Werf et al., 2002].

Both structures, the MD and the CM/Pf, have been
associated with salience processing [Metzger et al,
2010; Seeley et al, 2007] and seem to be mediators
between specific regions involved in their respective
functional networks. Thus, the interactions of subcortical
and cortical networks follow preferences in anatomical
connectivity to possible hubs within the thalamus [Liao
et al.,, 2011]. Preferential connectivity more likely repre-
sents actual selectivity in anatomical connections, since
thalamic nuclei—despite having little direct connections
between each other—seem to connect to a large number
of cortical regions within different functional networks.
This methodological variation in previous DTI investiga-
tions of the thalamus seemed to suggest an optimiza-
tion of the functional architecture of the thalamus in
terms of specified cell assemblies (i.e., nuclei), which
are normally intersected by intrathalamic fiber bundles.
Such architecture allows an efficient yet flexible process-
ing of cognitive content and basic emotions as well as
their interaction.
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The gap in knowledge about anatomical correlates of dis-
tinct functional networks provided the inspiration for the
current study. At first, we tested whether the previously
described connectivities, as revealed by animal models, can
also be found in humans using non-invasive fiber tracking
as measured by DTI For that purpose, we used the MD
and CM/Pf complex as seeds to perform a tractography
towards 11 cortical and subcortical regions. We then tested
whether segregated networks involving cortical and sub-
cortical regions can be consistently found in humans and
whether they can be assigned to either the MD or the CM/
Pf, in healthy male subjects. The selection of these neigh-
boring nuclei followed the previous functional characteriza-
tion from fMRI data, their different roles in processing
salience information, and their potential roles as anatomi-
cally defined targets of deep brain stimulation.

As a primary objective of our investigation, we aimed at
defining specific networks of these two nuclei in humans
based on non-invasive imaging of anatomical connectivity.
Given the high ontogenetic variability of brain develop-
ment for males and females [Huster et al., 2009] related to
differences in gray matter (GM) and white matter (WM) in
adults [Bellis et al., 2001], as well as in volumes of subcort-
ical structures, we decided to initially examine only
healthy male subjects.

METHODS
Subjects

We recruited 23 healthy, male subjects without history of
neurological or psychiatric disorders (age range: 24—44 years,
mean = 30.7, SD = 5.2). In accordance with the requirements
of the Declaration of Helsinki and the University of Magde-
burg Ethical Committee, all participants provided written
and informed consent before MRI examinations.

MRI-Data Acquisition

Data were acquired using a 3 Tesla Siemens MAGNE-
TOM Trio scanner (Siemens, Erlangen, Germany) with an
8-channel phased-array head coil for signal reception and
Syngo MR2004A software.

The MRI protocol included a Tl-weighted sagittal 3D
scan (MPRAGE sequence, 192 slices, slice thickness: 1.0 mm,
echo time (TE): 4.77 ms, repetition time (TR): 2,500 ms,
inversion time (TI): 1,100 ms, flip angle: 7°, bandwidth: 140
Hz/pixel, scan time: 9:20 min) a T2-weighted axial 2D scan
(turbo spin echo (TSE) sequence, 72 slices, slice thickness: 2
mm, TE: 78 ms, TR: 3300 ms, acquisition matrix: 256 x 192
x 72, voxel size: 1.0 x 1.0 x 2.0 mm?>, scan time: 4:24 min)
and a DTI-scan with an EPSE sequence [Reese et al., 2003].
The parameters of the DTI-scan were 68 axial slices with the
same center position of the image block as in the T2-
weighted scan, TR: 8,200 ms, TE: 89 ms, PAT-modus:
GRAPPA (acceleration factor 3, 25% phase oversampling),

slice thickness: 2.0 mm, acquisition matrix: 128 x 128 x 68,
voxel size: 2.0 x 2.0 x 2.0 mm?, 4 runs each with two aver-
ages and frequency adjustment for each run, total scan time:
4 x 4:39 min, each run with one non-diffusion weighted vol-
ume and 12 diffusion weighted volumes (non-collinear dif-
fusion gradient directions from Siemens MDDW mode), b-
values of 0 and 1,000 s/mm?.

Defining the Regions of Interest

Using MRIcron [Rorden et al., 2007] with thalamic seed
regions: the MD and the CM/Pf were defined based on
high-resolution images utilizing anatomical observations in
human brain atlases [Mai et al., 2004]. Target regions con-
sisted of cortical and subcortical regions of interests (ROIs).
The cortical target regions were drawn spherically in both
hemispheres and made of the main subregions of the four
region model of the cingulate cortex [Vogt and Laureys,
2005]: pregenual anterior cingulate cortex (pgACC), dorsal
anterior cingulate cortex (dACC), posterior cingulate cortex
(PCC), and the anterior insula/frontal operculum (ai/fo),
given its important functional connectivity with the cingu-
late subregions [Dosenbach et al., 2008; Horn et al., 2010].
We also included a spherical target bilaterally in the dorso-
lateral prefrontal cortex (dIPFC) at the level of Brodmann
Area (BA) 46 given its central involvement in basal ganglia-
thalamocortical circuits [Alexander et al., 1986]. The sub-
cortical regions involved: caudate nucleus, amygdala, nu-
cleus accumbens, hippocampus, putamen, and pallidum.
These structures were provided by the fsl 4.0 package
[http:/ /www .fmrib.ox. ac.uk/fsl/] as separated anatomical
masks [Mazziotta et al., 2001]. We used them bilaterally as
target regions on the same MNI skull-striped T1 template
also supplied by fsl 4.0 [Smith, 2002]. Fiber estimation was
performed for each thalamic seed region separately. For
graphical display of the anatomical localization and spatial
extent of all ROIs please refer to Figure 1.

DTI-Data Preprocessing and Fiber Tracking

For DTI images, head motion was removed by aligning
all diffusion-weight scans to the non-diffusion-weighted
images (b0, b = 0 s/mm?) of the first run based on the b0-
images using SPM5 (Wellcome Dept. of Cognitive Neurol-
ogy, London, UK). We minimized eddy current distortions
existing in the single-shot spin-echo planar imaging
sequence by utilizing the implementation developed by
Reese et al. [2003]. Additionally, corrections were made by
affine registration to the b0-image of the corresponding run.

Diffusion tensors were calculated for each voxel and
further decomposed into eigenvalues and eigenvectors
using the SPM diffusion toolbox provided by Glauche
(URL: http://sourceforge.net/projects/spmtools). Further-
more, the apparent diffusion coefficient (ADC) and frac-
tional anisotropy (FA) maps were computed. The fiber
tract reconstruction was carried out in DTI native space
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Figure I.

Network segregation based on relative fiber counts. (a) Sagittal
plane; (b) coronal plane; (c) transversal plane (d) color bars:
indicating the level of T-values for each region shown in (a)—(c).
Regions with preferential connectivity to the MD are shown in
blue and those connecting stronger to the CM/Pf complex are
shown in red, the strength of the connectivity are visualized in
the brightness of the blue and red colors. The PCC and the nu-
cleus accumbens do not show significant preferences and appear

for each subject. Briefly, a Monte Carlo simulation algo-
rithm [Bodammer et al., 2009] that repeatedly searches for
probable paths through the determined diffusion tensor
matrix was implemented in MATLAB (MathWorks,
Natick, MA). An estimate of the voxel-specific probability
distribution of axonal connections was used to calculate
the probabilities of all allowable propagation steps. Specifi-
cally, each step was chosen by drawing randomly from
this distribution. We used a probabilistic instead of a
deterministic approach for our calculations, which is less
prone to false negative results [Bodammer et al., 2009;
Guye et al., 2008].

As the ROIs with morphometric alterations were derived
from the normalized MNI space, the inverse transformation
of the spatial normalization was applied to acquire the seed
ROl in the native DTI space [Gong et al., 2009; Liao et al., in
press]. More precisely, the inverse transformation was
applied to the ROIs in the normalized MNI to the individ-
ual skull-stripped T1 volume, which was coregistered with
the individual T2 volume and consecutively to the b0 vol-
ume of every subject, resulting in the subject-specific ROI

in green. Abbreviations: MD, mediodorsal thalamic nucleus; CM,
centromedian/parafascicular complex of the thalamus; amy, left
amygdala; hipp, left hippocampus; PCC, posterior cingulate cor-
tex; put, right putamen; pall, right pallidum; NAcc, right nucleus
accumbens; caudate, right caudate nucleus; dIPFC, right dorso-
lateral prefrontal cortex; dACC, dorsal anterior cingulate cor-
tex; pgACC, pregenual anterior cingulate cortex; al/fo, left
anterior insula-frontal operculum.

in the native DTI space. The ROIs were added to the MNI
template and together they were transformed to the indi-
vidual skull-stripped T1 volume, which was coregistered
with the individual T2 volume and consecutively to the b0
volume of every subject. After visual verification of the
transformation process, the thalamic regions were used as
seed regions for fiber tracking towards the cortical and sub-
cortical targets. The tractography analysis was performed
independently with 5,000 starts for each start voxel in each
seed region, which resulted in a calculation time of nearly 8
weeks for a 16-core Linux server. Within each predefined
seed region, the number of paths to a predefined target
region detected for a given number of path calculation
starts was used as a measure of neuronal connectivity
within the axonal tract being considered.

Statistical Analysis

The analysis was run in two steps: firstly an ANOVA
for the detection of main effects of seed, target, and
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TABLE I. Counted DTI fibers of each thalamic seed region (n = 23)

Target regions Left MD Right MD Left CM/Pf Right CM/Pf

Cortical
ai/fo 7 (£6.2) 5 (£3.9) 20 (£23)*** 16 (£15.3)***
dACC 11 (£11.4)* 8 (£7.3)* 3 (£3.5) 3 (£3.3)
dIPFC 4 (£5.1* 10 (£10.2)* 2 (£3.4) 3 (£3.6)
PCC 5 (+£4.7) 7 (£6.9) 6 (£7.7) 6 (£8.8)
pgACC 6 (£5.2)** 4 (£2.9)+ 3 (£3.1) 2 (+£1.7)

Subcortical
Amygdala 30 (£21.2) 19 (£16.8) 125 (£72.8)*** 64 (£45.1)***
Caudate nucleus 341 (£164.5)** 334 (£176.4)** 151 (+94.5) 138 (+106.4)
Hippocampus 19 (+£12.8) 25 (£17.3) 58 (£25.3)*** 59 (£45.3)***
NAcc 68 (£32.2) 54 (+41.3) 71 (+42.7) 52 (£39.4)
Pallidum 124 (£62.6) 94 (+£61.4) 202 (£104.2)%* 153 (£99.2)***
Putamen 64 (£35.7) 61 (£50.9) 101 (+64.3)* 89 (£58.4)*+*

Quantitative depiction of the DTI fiber counts for each connection between the thalamic seeds and the target regions. The numbers
indicate the means (£SD) of counted connections for all 23 subjects, corrected for seed volumes.

Please note that the less numerous cortical connections might be affected by technical limitations of DTI, and do not necessarily
represent the same degree of anatomical connectivity. Statistical thresholds: ***P < 0.001, **P < 0.01 indicate significantly greater fiber
counts for one thalamic region (MD or CM/Pf) compared to the other.

ai/fo: anterior insula/frontal operculum; dACC: dorsal anterior cingulate cortex; dIPFC: dorsolateral prefrontal cortex; PCC: posterior

cingulate cortex; pgACC: pregenual anterior cingulate cortex.

hemisphere on the number of detected fiber tracts was
applied with a significance cutoff value of P<0.05, sec-
ondly post hoc pairwise t-tests were calculated (P<0.05) for
significant effects. Fiber counts between the two thalamic
seed nuclei under study and the cortical and subcortical
targets were set relative to each other after taking into
account the different volumes of the MD and the CM/Pf.

RESULTS

Both MD and CM/Pf showed countable fiber tracts to
all target regions.

General Preference of MD and CM/Pf Seeds

ANOVA calculation revealed two single significant
main effects—one for target (F(10, 140) = 41519, P <
0.001) and one for hemisphere (F(1, 14) = 5504, P =
0.034)—as well as a significant interaction effect for the
two factors of seed and target (F(1, 140) = 50.546,
P<0.001):

Mediodorsal thalamus

Relative preferences in fiber counts were found bilater-
ally for the MD (relative to the CM/Pf seeded tracts) with
cortical targets in pgACC (T = 5.203; P<0.001), dACC
(T = 4.758; P<0.01), and dIPFC (T = 4.020; P<0.01). The
only subcortical target with a numerical preference of the
MD tracts was the caudate nucleus (T = 8.007; P<0.001)
(see Fig. 1, blue voxels).

CMIPf complex

The CM/Pf seeded tracts, in contrast to the MD, showed
a stronger numerical preference towards subcortical
regions of the hippocampus (T = 9.347; P<0.001), amyg-
dala (T = 7.704; P<0.001), pallidum (T = 5.926;, P<0.001),
and putamen (T = 4.326; P<0.001). In contrast, only one
cortical target in the anterior insula/frontal operculum
(ai/fo) (T = 3.476; P<0.001) showed relatively stronger
connections, in terms of relative fiber counts, towards the
CM/Pf (see Fig. 1, red voxels) as compared to the MD (see
Fig. 1, blue voxels).

Nucleus accumbens and PCC showed no preference to
the MD or the CM/Pf (Fig. 1, green voxels).

Notably, even though strong differences in counted
fibers between the thalamic seeds and our ROIs generate
highly significant T-values, they might simply be based on
low absolute fiber counts. For a quantitative characteriza-
tion of the connections please see Table I.

Validation

According to the work of Anderson [2001], noise
effects limit the comparability of DTI data. Different fiber
lengths as well as different tissues, which the fibers pass
through, are not comparable. The algorithm we used
allows for selective filtering of the fiber count for each
step of computed fiber length. Using a pairwise f-test,
no significant differences of fiber length between MD
and CM/Pf for each hemisphere could be found. The
close vicinity of both thalamic structures made it most
likely that they use the same pathways to reach their
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targets, which we verified using the fiber atlas of
Schmahmann and Pandya [2006]. Once the connecting
fibers follow a curved pathway, the path length is diver-
gent to the linear distance. To exclude a possible bias of
selected path length and to examine our results beyond
the chosen fiber length, we performed the above-
described analysis over a range of path lengths for each
connection, which vary from the first detected distance
to 50 voxels with an increment of 5 voxels (Fig. 2). Simi-
lar patterns were found over a large interval and even
when using extreme values—which do not necessarily
represent meaningful direct anatomical connections—and
the described preference for the MD or the CM/Pf
remained stable. More importantly, no effect for seed
preference was reversed to the alternative nucleus when
changing the path length.

DISCUSSION

Based on our findings, for the first time, a preferential
connectivity pattern of the MD and the CM/Pf thalamic
nuclei—as suggested by the postmortem and animal lit-
eratures—could be derived from non-invasive human
MRI data. The observed pattern of relative preference of
fiber tract distributions for the MD and the CM/Pf
reflected a difference in cortical and subcortical target
regions for these structures. This pattern was robust
across hemispheres and across variable fiber lengths. In
general, we found preferential connections of the MD
with cortical target-regions, with the exception of the
caudate nucleus, and preferential connections of the
CM/Pf with subcortical structures, with the exception of
the anterior insula. This is consistent with the cortical/
subcortical division of target regions described in a
number of animal studies.

Mediodorsal Thalamic Nucleus

The MD, as a main part of the limbic thalamus [Vogt
and Pandya, 1987], is essentially understood as a relay
nucleus, linking basal ganglia and cortex [Haber and Cal-
zavara, 2009]. Strong connections of the MD have been
described to prefrontal areas including the dIPFC in
humans and monkeys [Klein et al., 2010; Ray and Price,
1993], as reviewed by Groenewegen [1988]. Additional
connections have been described to pgACC and dACC in
humans, primates, cats, and rats [Jones and Leavitt, 1974;
Klein et al., 2010; Krettek and Price, 1977; Ray and Price,
1993] as well as to subcortical structures such as the cau-
date nucleus in monkeys [Nakano et al., 1990]. In addition
to showing these reported connections in humans with
DTI, our study also demonstrated the preference of the
MD in contrast to the CM/Pf towards the dIPFC, dACC,
and pgACC, and the caudate nucleus (Fig. 3). This prefer-
ential connectivity is further supported by reports of
sparse fiber tracts between the CM/Pf and cortical regions

Validation of preference for the left hemisphere
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Figure 2.

For the left and right hemispheres, the above histograms show
significant T-values (P <0.05) between seed regions and different
target regions. Fibers were counted on steps of 5-voxel-path
length differences, from minimal detected distance to 50 voxels.
For each counting step, the CM-associated regions are shown
above T value = 0 and the MD corresponding regions are shown
below T value = 0. T values are given for relative preferences sig-
nificantly different from zero. Real anatomical distance was veri-
fied in the range of 10—19 voxels of path length between seeds
and target regions. Even beyond anatomical distance, the fiber
count revealed significant effects of constant relative preference.

[Herkenham 1980; van der Werf et al., 2002], which stands
in contrast to their heavy striatal projections as found in
rats, cats, and monkeys, as reviewed by Haber and Calza-
vara [2009] and Haber and McFarland [2001], and van der
Werf et al. [2002].

This specific preference of the MD towards the cortex
and the caudate nucleus is well in line with functionally
described thalamo-striato-cortical loops [Alexander et al.,
1986; Haber and Calzavara, 2009]. The MD, the caudate
nucleus, and the dIPFC are involved in dorsolateral-pre-
frontal loops associated with cognition, motivation, and
execution of movements [Haber and McFarland, 2001; Li
et al., 2008]. The link to the cingulate cortex forms a part
of the limbic network [Ongiir and Price, 2000; Price,
1999], which is fundamental in processing reward, moti-
vation, and emotion [Haber and Calzavara, 2009; Oyoshi
et al., 1996].
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target caudate nucleus

projections of the MD

projections of the
CW/PT

target nucleus accumbens
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projections of the
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Figure 3.

The fiber tracts (light red) from the thalamic seeds (Mediodorsal
thalamic nucleus (MD) in blue and Centromedian and Parafascic-
ular Complex (CM/Pf) in red) towards two target regions
(green) are depicted above. In (a) and (b) the MD and the CM/
Pf complex project towards the caudate nucleus—showing the

Centromedian and Parafascicular Complex

The CM and the Pf thalamic nuclei have been investi-
gated together in most anatomical studies because of their
close vicinity and were combined as a complex. Therefore,
our discussion of the regions that are preferentially con-
nected to those intralaminar nuclei relies on prior reports
of joint connectivity of both nuclei.

The CM/Pf complex forms a main part of the intralami-
nar nuclei [van der Werf et al., 2002], providing strong
connections to subcortical structures and especially the ba-
sal ganglia [Jones and Leavitt, 1974; Royce and Mourey,
1985]. Well-described subcortical connectivity is found
with the putamen [Johnson, 1961; van der Werf et al,
2002] as well as the nucleus accumbens and pallidum,
forming the ventral striatum [Berendse and Groenewegen,
1991; Krettek and Price, 1977, Nakano et al., 1990]. Based
on a review by Haber and McFarland [2001], it seems that
the ventral striatum receives a major part of its projections
from the CM/Pf complex. Our findings show that the MD
is more strongly connected with the caudate nucleus,
which is in line with findings critically evaluated by Haber
and Calzavara [2009], who report that the input from the
MD and the CM/Pf complex to dorsal striatum, consisting
of caudate nucleus and putamen, are equally large. Less
frequent subcortical connectivity for CM/Pf is described

difference in the counted fibers whereas in (c) and (d) the pro-
jections toward the nucleus accumbens illustrate the lack of dif-
ferences in the projections of the MD and the CM/Pf. [Color
figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

with amygdala [ Ottersen and Ben-Ari, 1979; Su and Benti-
voglio, 1990] and hippocampus [Green and Adey, 1956],
which is in concordance with our data. The large thala-
mostriatal projections as well as the lower fiber count for
CM/Pf to the other subcortical regions of interest are
depicted in Table I

Projections to cortical areas from the CM/Pf complex
have been reported as weak and more non-specific, as
critically appraised by Haber and McFarland [2001] and
van der Werf [2002]. At least in the case of frontal
regions, the cortical projections seem to be limited to
agranular cortex and do not exceed into prefrontal areas
[Finch et al.,, 1984; Hsu and Price, 2007; Jasmin et al.,
2004], which were preferentially connected to the MD.
This finding is also reflected by our results, which show
that the anterior insula, consisting in part of agranular
cortex [Mesulam and Mufson, 1982], was the only cortical
region in our analysis that showed preferential connectiv-
ity with the CM/Pf. This is supported by direct connec-
tions between the CM/Pf and the insula in rats
[Berendse and Groenewegen, 1991; Jasmin et al., 2004;
Mufson and Mesulam, 1984].

The results of our study lend support to the existence of
connections of the CM/Pf in humans that have hitherto
only been described by animal studies. Furthermore, our
study reveals a significant preferential connectivity for the
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CM/Pf compared to the MD in humans with primarily
subcortical regions: pallidum, putamen, hippocampus, and
amygdala. The only cortical exception to this pattern of
CM/Pf-subcortical connectivity is the anterior insular/
frontal operculum.

On the functional level, a strong connection of the CM/
Pf to basal ganglia is consistent with its described involve-
ment in motor preparation and control [Smith et al., 2009],
see also van der Werf et al. 2002 for an extensive review.
More specifically, the involvement of the CM in attentional
processing has been shown [Kimura et al., 2004; Kinomura
et al,, 1996], suggesting a role in directing attention and
modulating a directed response. Preferential connection of
the CM/Pf complex to the anterior insula as a core struc-
ture of attentional processing [Nelson et al., 2010] supports
the recently found functional connectivity of both struc-
tures during attentional tasks in humans. Dosenbach et al.
[2008] revealed its cortico-cortical connectivity with a dor-
sal portion of ACC (BA 32) and recently, Metzger et al.
[2010] reported its connectivity with the CM during inter-
nally generated attention towards an upcoming salient
stimulus. While the role of the CM/Pf in functions like
motor control and attentional processing is of high signifi-
cance, no such evidence exists for a specific involvement
of the MD, which lends further support to the observed
structural preference from a functional point of view.

Regions Without Preference

No preferential connection of either the MD or CM/Pf
could be found to the nucleus accumbens and PCC
(Fig. 3). Notably, whereas strong fiber connections to the
nucleus accumbens from the MD and the CM/Pf were
observed, we detected only weak connections to the PCC
from both thalamic nuclei (see Table I). These findings are
in accordance with previously described sparse interpro-
jections between the MD [Krettek and Price, 1977] as well
as the CM/Pf [Vogt and Laureys, 2005] to the PCC and
strong fiber connections from the MD [Guillery, 1959] and
the CM/Pf [Su and Bentivoglio, 1990] to the nucleus
accumbens. A functional relationship between the MD and
nucleus accumbens has been hypothesized for the field of
reward guided behavior by Haber and Knutson [2010] and
for limbic functions like emotional processing by Haber
and McFarland [2001] and also for mood regulation by
Price [1999], based on other reports. Functional implica-
tions of connections from the CM/Pf to the nucleus
accumbens have been described as reward modulating but
they are not necessarily involved in reward processing
itself [Matsumoto et al., 2001].

Overall, our results support an anatomical integration of
the MD in a network relevant for emotional and salience
processing and of the CM/Pf in a network which may
modulate attentional processes. Such a segregation of the
two thalamic structures in terms of distinct connections to
networks either processing internal representation of emo-

tion or external attention has been described on a func-
tional level and remains an important part of the ongoing
discussion of specialized cortical networks [Dosenbach
et al., 2008; Raichle et al., 2001; Zhang et al., 2010]. Hith-
erto, the ongoing debate of anticorrelated networks
involved mainly cortical regions. However, this may have
primarily reflected the technical difficulty of reliably isolat-
ing smaller subcortical structures—especially intrathalamic
nodes—because of comparably poor resolution of most
fMRI studies.

Given the functional specificity of subcortical and espe-
cially thalamic structures, failure to consider cortical inte-
gration might underestimate or oversimplify this network
model, whereas a close interaction of subcortical and corti-
cal structures forming integrated loops might be more
likely and would reflect what has been previously
hypothesized based on translational work [Alexander
et al., 1986; Haber and Calzavara, 2009; Price, 1999].

Our study, as is the case with non-invasive DTI studies
more generally, suffers from limited spatial resolution
when compared to established invasive tracing methods
and is unable to consider the impact of non-Gaussian dif-
fusion processes [Hagmann et al.,, 2006; Landman et al.,
2007]. Also, this method cannot detect axons, nor can it
differentiate between efferent and afferent fiber bundles.
Additionally, it is worth noting that within those relatively
large voxels, intermingling axonal tracts with multiple ori-
entations often exist. This diminished anisotropy causes
reduced fiber counts in DTI, and it is important that low
fiber counts are not interpreted as the absence of anatomi-
cal connections. However, the opposite is not necessarily
true for high fiber counts. Furthermore, due to a DTI iso-
voxel size of 2 mm, we combined the CM and the Pf into
one seed. However, previous studies have shown that
both intralaminar nuclei are closely connected in their pro-
jections and functions [Kimura et al., 2004; Royce and
Mourey, 1985]. The methodological approach used in this
article was guided by our research questions about tha-
lamic nuclei. We were specifically interested in the connec-
tivity profile of two nuclei of high functional and clinical
interest, such as for deep brain stimulation. Here, a
method focusing on the exact anatomical boundaries of
the start regions may be ideal, especially if direct, long-
range effects of focal stimulation have to be estimated. The
choice of a priori targets that have shown specific activa-
tions in tasks activating the CM or the MD, should how-
ever not exclude the notion that other regions—especially
in the frontal cortex—could be defined using appropriate
tasks of interest. While the CM and Pf have historically
been described as “nonspecific” [Jones and Leavitt, 1974]
in contrast to the MD [Haber and McFarland, 2001], our
study cannot contribute to this ongoing debate regarding
the specificity of thalamic projections [Vogt et al., 2008].
Given the inherent limitation of DTI studies, as well as the
specific limitation of our study which used a highly selec-
tive set of circumscribed target regions, we are unable to
determine laminar specificity, nor can we distinguish
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regionally specific from diffuse connections. Lastly, we
only included male subjects in our study based on
reported effects of sexual differences in brain development
and architecture [Bellis et al., 2001, Huster et al., 2009].
The investigation of potential gender-specific differences
represents an interesting subject for future studies.

CONCLUSIONS

Our DTI study provides direct evidence of the different
preferential anatomical connectivities of the thalamic MD
and the CM/Pf. To the authors” knowledge, this is the first
study to assess preferential connectivity for distinct ana-
tomically defined thalamic substructures towards anatomi-
cally defined cortical and subcortical regions in humans.

We observed similar connections in humans as charac-
terized previously using invasive methods in animal stud-
ies. Based on preferential connectivities, we could indicate
the structural basis of putative networks, showing that the
MD connects mainly to prefrontal cortical regions, whereas
the CM/Pf complex is more closely related to subcortical
regions. Exceptions to these cortico-subcortical preferential
networks are the association of the MD with the caudate
nucleus and the CM/Pf complex with anterior insular cor-
tex, which is in line with previous tracing studies. More-
over, this might suggest two important hubs of
structurally and functionally segregated networks for these
neighboring thalamic nuclei.

Exceeding prior knowledge of thalamic networks in
humans, our DTI results support the segregation of thalamic
nuclei into distinct functional units of cortico-subcortical
systems, which play an important role in shaping behavior.
In the context of a distinct involvement of cingulate cortex
and anterior insula during attentional set and switches of
attention [Yamasaki et al., 2002; Menon and Uddin, 2010],
these thalamico-cortical loops provide further evidence of
segregated yet integrated information processing.

Future work will have to explore such networks with
regard to their functional meaning by using combined
high-resolution fMRI and DTI approaches, as well as by
investigating patient populations.
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