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Abstract

Understanding anatomical connectivity is crucial for improving outcomes of deep brain stimulation surgery.
Tractography is a promising method for noninvasively investigating anatomical connectivity, but connections
between subcortical regions have not been closely examined by this method. As many connections to subcor-
tical regions converge at the internal capsule (IC), we investigate the connectivity through the IC to three sub-
cortical nuclei (caudate, lentiform nucleus, and thalamus) in six macaques. We show that a statistical
correction for a known distance-related artifact in tractography results in large changes in connectivity pat-
terns. Our results suggest that care should be taken in using tractography to assess anatomical connectivity
between subcortical structures.
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Introduction

Deep brain stimulation (DBS) is a successful treatment
for refractory Parkinson’s disease and other movement

disorders (Deuschl et al., 2006; Machado et al., 2006; Rodriguez-
Oroz et al., 2005). The primary targets of DBS are subcortical
gray matter structures ( Johnson et al., 2008). Mapping con-
nections among these structures may prove important for im-
proving treatment outcomes while providing insight into
deep brain circuits such as the cortico-striato-pallido-thalamic
motor circuit (McIntyre et al., 2004; McIntyre and Hahn, 2010).

Tractography can noninvasively map anatomical connec-
tions (Behrens et al., 2003; Hagmann et al., 2008a; Skudlarski
et al., 2008). However, tractography is an indirect measure of
anatomical connectivity. Great caution must be taken before
interpreting tracks generated via tractography as represent-
ing actual white matter fascicles (Yamada, 2009). Due to the
propagation of uncertainty in the fiber orientation probability
density functions, there is a known artifact in probabilistic
tractography in which proximal regions are systematically
more highly connected than distal regions ( Jones, 2008; Mor-
ris et al., 2008). Even along well-organized, straight fiber
tracts, voxels close to a seedpoint will have a higher percent-
age of tracks than voxels further from the seedpoint because
of the propagation of uncertainty ( Jones, 2008). The result is a
flare pattern of high track frequency in regions near the seed-
point where uncertainty is low and low track frequency fur-

ther from the seed as uncertainty grows (Morris et al.,
2008). Subcortical structures are particularly susceptible to
this bias because of their proximity to each other. Correcting
this bias may prove essential in establishing probabilistic trac-
tography as a noninvasive tool for measuring anatomical con-
nectivity. However, almost no work has been done to correct
for uncertainty propagation in probabilistic tractography.
Recently, Morris and associates (2008) have introduced a sta-
tistical correction (the Morris correction) to address this issue,
but it has not been widely used.

The internal capsule (IC), a bundle of white matter fibers, is
particularly important in DBS. The IC is highly connected to
both subcortical and cortical structures and thus has the po-
tential to spread stimuli far from the site of activation
(Haber and Brucker, 2009). Such stimulus spread could be
beneficial, allowing stimulation of a variety of target struc-
tures from one activation site. However, unintentional stimu-
lation of the wrong structures could lead to side effects (Xu
et al., 2010). Of practical importance is that white matter
requires lower stimulation thresholds than gray matter
nuclei—a beneficial feature for DBS performance in general
(Frankemolle et al., 2010).

In this work we segment the IC in 6 macaques based on an-
atomical connectivity to three subcortical nuclei: the caudate,
lentiform nucleus (LN), and thalamus. We perform segmenta-
tion with and without the Morris correction. The principal
foci of this work are
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� Using tractography we demonstrate connection among
deep brain structures correcting for the known distance
bias. This is one of the few tractography studies of sub-
cortical connections.
� We find that the Morris correction has a large impact on

connectivity results. Without the correction, the patterns
of connectivity are largely governed by proximity. With
the correction we find many examples in which proxim-
ity does not determine connectivity. In some studies the
correction reveals areas of the IC with no significant con-
nections to one or more target structures.
� We find that the caudate is most strongly and consis-

tently connected to the anterior limb of the IC. The
LN is most strongly and consistently connected to
the lateral genu of the IC. The thalamus is most
strongly and consistently connected to the medial
genu of the IC.

Methods

Imaging and postprocessing

Six rhesus macaques (macaca mulatta) were scanned under
a protocol approved by the Cleveland Clinic Institutional
Animal Care and Use Committee. Animals were anesthetized
with a propofol drip and held snugly on a Plexiglas board to
minimize motion. High angular resolution diffusion imaging
(HARDI) (Tuch et al., 2002) (71 diffusion weighted image vol-
umes with b = 1000 sec/mm2, 8 b = 0 images) was performed
at high spatial resolution (96 · 96 mm FOV, 64 · 64 matrix,
1.5 mm slice thickness, yielding 1.5 · 1.5 · 1.5 mm voxels)
with TR = 2000 ms, TE = 87 ms, NEX ranging from 23 to 36
(corresponding to acquisition time of 4–6 h) on a Siemens 3
tesla Trio (Erlangen, Germany). Partial brain scans (fourteen
or fifteen 1.5-mm-thick slices) centered on the deep brain
structures were performed to improve signal-to-noise ratio
(SNR). The SNR was approximately 40 and 10 for the b = 0
and diffusion-weighted images, respectively. At each voxel,
the diffusion tensor was calculated using a standard log-lin-
ear fit (Basser et al., 1994), and fractional anisotropy (FA)
was calculated from the diffusion tensor (Basser and Pier-
paoli, 1996). The fiber orientation distribution (FOD) was cal-
culated at each voxel using regularized spherical
deconvolution (Sakaie and Lowe, 2007; Tournier et al.,
2004). The FOD was then used as the basis of probabilistic
tractography.

Tractography

We assessed anatomical connectivity between the IC and
three surrounding subcortical structures: caudate, LN, and
thalamus. For each study, caudate, LN, and thalamus region
of interests (ROIs) were drawn by hand on coronal and axial
FA images on the right side of the brain using the Saleem and
Logothetis MRI histology atlas of the rhesus macaque as a ref-
erence (Saleem and Logothetis, 2006). We limited the IC at the
posterior using a line between the posterior borders of thala-
mus and LN and at the anterior using a line between anterior
borders of caudate and LN (Zarei et al., 2007). The medial and
lateral borders of the IC were easy to distinguish because of
the sharp contrast between the bright white matter of the
IC and the dark surrounding gray matter. The superior and
inferior borders were defined based on the boundaries of
the caudate, LN, and thalamus in conjunction with the
Saleem atlas. Figure 1 shows an example of a manual ROI
for one study.

Probabilistic tractography was used to define anatomical
connectivity between each voxel in the IC and the three sub-
cortical structures of interest. We ran an in-house algorithm
using a rejection sampling approach based on the FOD
(Lowe et al., 2008; Tournier et al., 2005). We generated 250
tracks per IC seed voxel with a step length of 1.125 mm and
maximum bending angle of 90�. Tracks initiated in the seed
region (IC) proceeded throughout the entire brain until the
tracks left a mask defined using a robust range threshold on
the b = 0 image (Smith, 2002).

The Morris correction

As the tractography algorithm is probabilistic, a given
voxel in the IC typically exhibited connections to each nu-
cleus. To correct for distance-related bias, we performed the
correction developed by Morris and associates (2008). The
correction provides a framework for determining whether
connectivity between a seed voxel and a given target is statis-
tically significant. The method has been shown to account for
distance artifact in anatomical connectivity results. The key
insight of the Morris correction is to compare track counts
generated by probabilistic tractography to a null distribution,
thus allowing the statistical comparison. In practice, the null
distribution is simply achieved by repeating the tractography
with an isotropic FOD. The null distribution therefore provi-
des a map of connections due purely to chance instead of the
directionality inferred from diffusion anisotropy.

FIG. 1. Example of manual
ROIs drawn on an FA map.
(A) The FA map with labeled
arrows pointing to the IC,
caudate, LN, and thalamus.
(B) The color FA image, and
(C) the ROIs drawn on this
slice. ROI, region of interest;
FA, fractional anisotropy; IC,
internal capsule; LN,
lentiform nucleus.
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Connection profiles and segmentation

To assess the impact of the Morris correction, we generated
an anatomical connectivity profile of the IC to each subcorti-
cal nucleus and then performed a so-called hard segmenta-
tion of the IC (Zarei et al., 2007). The anatomical
connectivity profiles were generated by superimposing the
target ROIs on the whole brain tractography results seeded
from each IC voxel and adding up the number of tracks
that intersect that ROI. The hard segmentation classified
each IC voxel according to which target had the highest num-
ber of connecting tracks. The connectivity profiles and the
segmentation were performed with and without the Morris
correction.

Results

Figure 2 demonstrates the overall impact of the Morris cor-
rection. Connectivity through the IC from caudate is shown
with and without the Morris correction. For comparison,
the null distribution map is also shown. As the null distribu-
tion map does not include information from tissue micro-
structure, it primarily reflects the proximity between
individual voxels of the IC and the caudate. The null distribu-
tion map and the connectivity map without the Morris correc-
tion demonstrate a high degree of similarity. After the
correction, the connectivity profile is qualitatively different
from the null distribution map.

Figure 3 demonstrates the effect of the Morris correction on
the anatomical connectivity profile. Before the correction, re-
gions of IC close to the caudate are more connected than those
further away—there are many connections from caudate run-
ning through the anterior limb of the IC, fewer connections
between caudate and genu of IC, and fewer still from caudate
running through the posterior limb of IC. The correction re-
sults in a large reorganization of the connection pattern.
The anterior limb is still highly connected. However, a por-
tion of the genu and posterior limb (both relatively far from
the caudate) become highly connected after the correction.
Some of the posterior limb remains weakly connected, show-
ing that the impact of the filter is not uniform. Variability of
connectivity is particularly high in the posterior limb of IC
even after the correction.

Figures 4 and 5 show reorganization of IC connections to
the LN and thalamus due to the Morris correction. Without
the correction, regions located closer to the LN or thalamus
are systematically more connected than those further away.
After the correction, lateral genu of IC shows high connectiv-
ity to the LN, whereas medial genu of the IC shows high con-

nectivity to thalamus. These patterns are consistent among
subjects.

Figure 6 shows the connectivity profile after correction for
each of the three targets across the six studies. Row A shows
the connectivity profiles for the caudate, row B for the LN,
and row C for the thalamus. We observe similar connection
patterns to those mentioned above where caudate is most
connected to anterior limb of IC, LN to lateral genu, and thal-
amus to medial genu. Significantly, with the correction we see
that numerous regions across the different targets have no
significant connections at all. Many voxels in the genu of
the IC have no significant connections to the caudate (row
A). Interestingly, there are still significant connections be-
tween the caudate and the distant posterior IC even in studies
where voxels in the genu of the IC show no significant con-
nection. The LN shows least connection and occasional drop-
out of connection to posterior limb of IC and medial genu.
The thalamus has highest connectivity throughout the entire
IC with minimal number of insignificantly connected voxels
in the anterior limb and lateral genu.

Hard segmentation provides a means for comparing con-
nection differences among the three target structures. The sta-
tistical correction had a strong impact on hard segmentation
results as 23% – 6% of voxels change classification. However,
there does not appear to be an obvious pattern to which re-
gions change classification because of the correction. Figure
7 shows hard segmentation results for all six studies before
(row A) and after (row B) the correction.

Discussion and Conclusions

We investigated anatomical connectivity of the IC to three
bordering subcortical structures (caudate, LN, and thalamus)
with particular focus on the impact of a statistical correction
to account for distance-related bias. In general, the correction
shifts connectivity patterns away from one in which proxim-
ity determines the degree of connectivity. After the correction,
the caudate is most strongly and consistently connected to the
anterior limb of the IC with some connection to the posterior
limb. The LN is most strongly and consistently connected to
the lateral genu of the IC. The thalamus is most strongly
and consistently connected to the medial genu of the IC.

Tracer studies provide support for the results. Leichnetz
and Astruc (1976) found connections between the anterior
limb of the IC and the caudate. Yeterian and Pandya (1991)
noted a similar result. Morecraft and associates (2002) ob-
served a medial–lateral division in the anterior IC where me-
dial regions were more connected to caudate and lateral

FIG. 2. Overall impact of
Morris correction on profile of
connections from caudate
through the IC. (A) shows the
null distribution map. (B) and
(C) show connection profiles
before and after the
correction, respectively.
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regions to LN. These results agree with the caudate and LN
connectivity maps and the hard segmentation results. Tanaka
(1976) found some evidence that medial regions in the genu
and posterior limb were connected to the thalamus. However,
these tracer studies primarily focused on cortical–subcortical
connections and only noted if tracts passed through the IC
along the way from subcortical nuclei to the cortex. Existing
tracer studies therefore do not provide a comprehensive pic-
ture of connectivity between subcortical nuclei and the IC.

This study complements recent tractography-based studies
of connectivity of the IC. Zarei and associates (2007) studied
connectivity of cortical structures through the IC, showing
connectivity largely consistent with anatomical tracer studies.
Sullivan and associates (2010) showed age-related changes of
FA and diffusivity measures in IC segmented by cortical con-
nections. In general, patterns of cortical connectivity of the IC
show organization along the anterior–posterior direction.
However, we find a distinct pattern in the organization
of connections to subcortical nuclei along the lateral–medial
direction.

The individual connectivity profiles may be more useful
for DBS presurgical planning than hard segmentation results.
To illustrate, Figure 8 compares corrected hard segmentation
with connectivity profiles indicating connectivity between IC
and each of the three subcortical nuclei of interest. Although
hard segmentation classifies the indicated voxel as most
highly connected to thalamus, connectivity to caudate is
nearly as large. This region would therefore be a poor target
if selective stimulation of a single nucleus is expected to pro-
vide optimum therapeutic benefit.

This study was limited with regard to the ROIs. These lim-
itations will be addressed in future studies. Although we fol-
lowed the methodology of Zarei and associates (2007) using

FA maps to define ROIs, ROI selection is typically performed
on high-resolution anatomical images. However, HARDI
images in this study covered only part of the brain in the in-
ferior–superior direction as part of a trade-off between the
need for high spatial resolution, adequate SNR, and memory
limitations of the scanner. Unfortunately, we found it impos-
sible to reliably coregister these partial-brain images with
high-resolution anatomical scans with standard techniques.
Further, distortions from the echo planar acquisition for the
HARDI images typically result in the need for manual editing
of ROIs using the FA maps after coregistration.

The inability to coregister to anatomical scans also pre-
vented us from coregistering studies into a common space.
Consequently, we were unable to generate average connec-
tivity maps or quantify map consistency.

ROIs were determined manually, leading to systematic er-
rors that can be addressed by automatic segmentation.
Although there are widely used tools for automated segmen-
tation of cortical structures, fewer tools exist for segmenting
subcortical structures. Further, these tools were optimized
for human, not macaque, anatomy. As macaques are an im-
portant model for studies of the central nervous system, ded-
icated, automated methods for anatomical analysis of
macaque images are an important need for the research com-
munity in general.

Although we follow others’ precedents in using FA to iden-
tify regions (Zarei et al., 2007), other diffusion-based contrasts
can be used to identify regions. For example, generalized FA
(Tuch, 2004) should improve contrast particularly in regions
with crossing fibers and partial volume averaging.

A number of algorithms exist for tractography. Streamline
tractography (Mori et al., 1999) is commonly used, but prob-
abilistic tractography is required to perform the Morris cor-

FIG. 3. Effect of Morris
correction on connectivity
between IC and caudate. (A)
Fractional anisotropy image
indicating location of the
caudate (single arrow) and IC
(double arrow). Connectivity
(B) without and (C) with
correction.

FIG. 4. Effect of Morris
correction on connectivity
between the IC and LN. (A)
Fractional anisotropy image,
indicating location of the LN
(single arrow) and IC (double
arrow). Connectivity (B)
without and (C) with
correction.
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rection. Although we have demonstrated the use of the Mor-
ris correction using an in-house algorithm, the correction is
completely compatible with publicly available tools such as
FSL (Smith et al., 2004), Camino (Cook et al., 2006), and
MRtrix ( J-D Tournier, Brain Research Institute, Melbourne,
Australia; www.brain.org.au/software/ [last accessed April
15, 2011]). Future work will evaluate the impact of the correc-
tion on different probabilistic tractography methodologies.

The definition of anatomical connectivity is an open ques-
tion for the research community at large. One important
methodological issue is partial volume averaging. As the sub-
cortical regions are small, a relatively large layer of voxels at
the border of each region is, in fact, a mixture of the tissue of
interest and other tissue. A substantial fraction of tracks pass-

ing through these border voxels therefore do not truly inter-
sect the tissue of interest, but neighboring tissue. The
approach taken here simply assumes that if a track intersects
the user-defined ROI, it intersects the tissue of interest. The
partial volume effect may be addressed by close examination
of the trajectory of each track, excluding those that graze the
edge of the tissue of interest. Future work will examine the ex-
tent of this effect on measured connectivity values.

The rejection sampling algorithm used to generate the
tracks is simple, and further refinements may improve perfor-
mance. Partial volume effects due to crossing fibers are
accounted for by use of the FOD. However, beyond the rela-
tively permissive 90� bending criterion, no further constraints
were placed on track shapes. For example, tracks were not

FIG. 5. Effect of Morris
correction on connectivity
between the IC and thalamus.
(A) Fractional anisotropy
image indicating location of
the thalamus (single arrow)
and IC (double arrow).
Connectivity (B) without and
(C) with correction.

FIG. 6. Connectivity maps after the Morris correction for all three structures across all six studies. The top row (A) shows
connectivity profiles between IC and caudate, the middle row (B) profiles between IC and LN, and the bottom row (C) between
IC and thalamus. Across the three structures we observe regions in the IC with no significant connections.
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forbidden from looping back on themselves or re-entering the
subcortical nuclei. Future work will examine appropriate con-
straints on track geometries for the assessment of anatomical
connectivity.

An important distinction should be made regarding the na-
ture of the Morris correction. The correction works on overall
statistics of track counts, but not on the track geometries
themselves. For example, the correction does not filter tracks
with improbable shapes from a mixture of tracks with plausi-
ble and implausible trajectories. An alternative approach ex-
amining the statistics of shapes may be a valuable approach
with better properties, but is beyond the scope of this article.

Relatively little work has examined anatomical connectiv-
ity of subcortical structures by noninvasive means. The work
of Iturria-Medina and associates (2007, 2008) examined the
connectivity patterns of a large number of brain regions, in-
cluding subcortical regions. An important issue to be exam-
ined is the degree to which the Morris correction would
alter such patterns.

Future work will examine the efficacy of the Morris correc-
tion and subcortical connections in detail. For example, simula-
tions on digital phantoms can be used to quantitatively test the

ability of the Morris correction to account for the distance-
related falloff in anatomical connectivity. Such simulations
can also be used to clarify distinctions in performance of the
Morris correction in conjunction with different probabilistic trac-
tography algorithms. Further, consistency with ground-truth
studies of connectivity using anatomical tracers (e.g., Stephan
et al., 2001; Modha and Singh, 2010) is another indirect method
for validating anatomical connectivity results. This type of ap-
proach has been taken by Hagmann and associates (2008b).

A number of opportunities for optimizing the methodol-
ogy of measuring anatomical connectivity are available.
Beyond the algorithmic approaches mentioned earlier in the
discussion, details of the image acquisition such as spatial res-
olution, diffusion-weighting, and gradient acquisition
scheme can each play an important role.

Optimization requires a reliable methodology for ground-
truth validation. Beside simulations and comparison with
known anatomical connectivity patterns in macaques, it
may also be possible to use electrophysiology measurements
taken in humans during DBS placement. There have been
several recent clinical studies using tractography in surgical
planning for DBS. Gutman and associates (2009) analyzed

FIG. 7. Impact of correction on hard segmentation across the six studies. Of the three target structures green regions had the
highest probability of connection to caudate, and purple and blue to LN and thalamus, respectively. The top row (A) shows
segmentation before the correction, and the bottom row (B) after correction. Many voxels in the IC change classification be-
cause of the correction, and although patterns seem similar in the top and bottom row, it is not clear how the Morris correction
impacted results.

FIG. 8. Comparison of hard segmentation (A) with connectivity profiles for caudate (B), LN (C), and thalamus (D). The
arrow indicates a region most connected to thalamus, but which is also highly connected to caudate.
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the connectivity patterns of subcallosal cingulate and anterior
limb of IC, two common stimulation sites for depression. Bar-
khoudarian and associates (2010) looked at tractography re-
sults for three DBS patients, suggesting that tractography
could help clinicians characterize potential effects and side
effects on a patient by patient basis. Coenen and associates
(2011) used tractography to implicate the dentate-rubro-
thalamic tract in controlling tremor in a single DBS patient.
None of these seem to have addressed the distance artifact.

DBS is attractive to study with tractography precisely be-
cause it provides some possibility of optimizing tractography
parameters via cross-validation with interoperative electro-
physiology and surgical outcomes. Modeling of stimulation
patterns from implanted electrodes (Miocinovic et al., 2009)
can be used to determine consistency between connectivity
profiles and observed clinical outcomes and side effects.
Upon validation of the connectivity profiles, we hope to pro-
spectively inform DBS implantation and stimulation parame-
ters for improved clinical outcomes.
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