




the primary motor cortex, we noted several distinct patterns.
First, we were able to confirm the striated structure of inputs
along the subcortical nuclei that we observed in the prefrontal
pathway. This is particularly salient in the sagittal view of Fig.
6B. Second, most of the fibers from lower extremity regions of
cortex were represented in dorsal areas like the caudate, while

fibers from upper extremity regions terminated in mostly ven-
tral areas such as the putamen. To determine the consistency of
this pattern, we took the integral of the categorization score,
i.e., the first spatial PCA component of the cortical start points,
for the caudate and putamen separately as an estimate of the
degree of lower or upper extremity representations. In both

Fig. 5. A: distribution of striatal end point
locations along the sagittal plane. Fibers
were classified as rostral or caudal based on
the probability distribution (Pr) of their po-
sition in cortex (dashed lines in B). B: ex-
ample distribution of cortical and striatal end
point positions for a single subject. The cu-
mulative distribution function (CDF) of spa-
tial positions was estimated separately for
cortical and subcortical positions in the y-
plane. Solid line shows the best-fit regres-
sion for cortical CDF on striatal CDF.
Dashed lines show upper and lower bounds
of the 33% confidence interval (i.e., 1/3 of
fibers fall between the lines). C: probability
of fiber convergence (starting at one side of
cortex and ending on the same side of the
striatum) or divergence (starting at one side
of cortex and projecting to a different seg-
ment of the striatum). Convergence and di-
vergence were estimated based on the prob-
ability distribution of the residuals from the
regression shown in B. All error bars reflect
SE. *P 	 0.01.

Fig. 6. A: distribution of fiber start locations along the central sulcus and posterior aspects of the left precentral gyrus (i.e., primary motor cortex) for another
example subject (D, dorsal; V, ventral; M, medial; L, lateral). Fibers originating in areas of cortex that represent lower extremity fibers are illustrated by blue
dots, while projections from upper extremity areas are illustrated as red dots. B: end point locations of the same fibers in the striatum shown in 2 views. As in
Fig. 5, the color of these dots represents their cortical origins shown in A. Because these project to more posterior areas, there is a clear separation of caudate
and putamen projections. Orientations of coronal plane are same as in A, while orientations of sagittal plane are the same as in Fig. 5A. C: mean integral of the
cortical principal component analysis (PCA) component loading used to categorize fibers for the caudate and putamen separately. Error bars reflect SE. *P 	
0.05, **P � 0.005.
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hemispheres we consistently found more lower body represen-
tations in the caudate and more upper body representations in
the putamen [Fig. 6C; left hemisphere: t(9) � 3.25, P � 0.005;
right hemisphere: t(9) � 2.19, P � 0.03].

Thus it appears that there are two motor clusters along the
striatum: one on the body/tail junction of the caudate and
another on the lateral wall of the putamen (see also Fig. 2E).
This dual representation suggests that motor fibers may be
more broadly distributed along the striatal nuclei than the
DLPFC projections. To get a better understanding of this, we
looked at the joint distribution of fiber positions in cortex and
the two segments of the striatum. A k-means clustering method
was used to automatically separate caudate from putamen
fibers. Within each cluster we looked at how a fiber’s position
along the central sulcus, from lower (dorsal sulcus) to upper
(ventral sulcus) body representations, predicted its position
along the coronal plane of the striatum. Figure 7A shows this
distribution in a typical subject. Unlike the DLPFC fibers, the
motor projections were highly variable, with no clear linear
pattern. However, there was a trend for upper body represen-
tations to project to more dorsal aspects of the caudate and
putamen.

One possibility for this noise is that the coronal plane may
not be the appropriate direction to look for somatotopic orga-
nization of motor projections. Therefore, we repeated this
analysis by classifying fiber positions along the sagittal plane
of the striatum. Figure 7B shows this analysis for the same
subject as Fig. 7A. As with the coronal analysis, there was no
clear linear pattern like that visible in DLPFC fibers. However,
there was a weak trend for upper body representations to
project to more lateral aspects of the striatum. In both planes,
this persistent within-subject variance precluded analysis of the
asymmetry of fiber projections (e.g., Fig. 5, B and C).

To provide a more sensitive measure of the direction of
somatotopic projections into the striatum, we applied the di-
rectional shift analysis described above (Fig. 3B; see Topo-
graphic shift analysis). This was performed separately for the
caudate and putamen. In both striatal nuclei, we found that
descending along the central sulcus tended to shift a fiber’s
position in a primarily rostral and slightly ventral direction
(Fig. 8). This shift was significant across subjects in both left
(caudate: z � 7.88, P � 0.0001; putamen: z � 8.37, P 	

0.0001) and right (caudate: z � 7.51, P � 0.0001; putamen:
z � 7.03, P � 0.0002) hemispheres. Thus we are able to
confirm the global ventral-dorsal somatotopic organization of
corticostriatal projections and a more local rostral-caudal or-
ganization of inputs, both of which have been recently de-
scribed in the nonhuman primate (Miyachi et al. 2006).

DISCUSSION

We were able to show the first in vivo evidence of the micro-
structural (i.e., millimeter resolution) topographies of inputs into
the basal ganglia, using high-resolution diffusion imaging meth-
ods in humans. Consistent with histological work in nonhuman
primates (Haber et al. 2006; Kemp and Powell 1970, 1971a;
Ragsdale and Graybiel 1990; Selemon and Goldman-Rakic 1985)
and rodents (see Voorn et al. 2004), human imaging (Dragan-
ski et al. 2008; Lehéricy et al. 2004b), and a single case report

Fig. 7. A: joint distribution of motor cortex
fiber positions along the coronal plane in an
example subject (left hemisphere) using
plotting conventions similar to Fig. 5B. Fi-
bers projecting to the caudate (light gray
dots) and putamen (dark gray dots) were
analyzed separately. B: same analysis as A
but with striatal fiber positions isolated in the
sagittal plane.

Fig. 8. Vector shifts of striatal positions as a fiber’s origin moves from dorsal,
lower-body regions of the primary motor cortex to ventral, upper-body regions.
Same plotting conventions as Fig. 3B.
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in humans (Wiesendanger et al. 2004), we found that lateral
frontal, orbital, and medial frontal (e.g., limbic), premotor,
primary motor, and somatosensory projections were topo-
graphically organized in the striatum. Based on our analysis,
fibers from prefrontal areas were the most commonly mapped
projections and this fits with previous observations in the
primate (see Haber 2003); however, the overall density of
projections appeared to be constant across cortical areas.
Closer inspection of the termination fields revealed a patched
organization of these termination fields. Indeed, at this milli-
meter level we were able to use the high spatial resolution of
our methods to map within-region topographies that were
predicted from previous functional imaging studies (Badre and
Frank 2012; Badre et al. 2010; Staempfli et al. 2008) and
histological work on the nonhuman primate (Kemp and Powell
1970; Miyachi et al. 2006; Haber et al. 2006; see Haber 2003
for review).

Of particular interest is the detection of a novel rostral-
caudal organization within the DLPFC projections from the
middle frontal gyrus. Previous imaging work had found that
conditions that activated a focal portion of lateral frontal cortex
also activated a restricted region of striatum at approximately
the same rostral-caudal extent (Badre et al. 2010; Badre and
Frank 2012). Notably, this observation was predicted by a
computational model of learning and decision making, in
which more rostral regions of prefrontal cortex modulate the
cognitive control operations of caudal prefrontal areas via local
corticostriatal loops (Frank and Badre 2012). This model
proposes that such a nested corticostriatal organization may
underlie complex planning and executive functions, and may
be a basis for previously observed functional differences along
the rostral-caudal axis of lateral frontal cortex (Badre 2008;
Badre et al. 2009; Koechlin et al. 2003). Indeed, other imaging
evidence in humans suggests that this information integration
may happen across different segments of the cortico-basal
ganglia pathways (i.e., interactions between separate compu-
tational loops in this system) during learning and cognitive
control, suggesting that this convergence of information prop-
erty is a global principle of cortico-basal ganglia processing
(see for review Seger 2008; Seger and Spiering 2011). In fact,
Lopez-Paniagua and Seger (2011) reported a similar rostral-
caudal spectrum of information processing during category
learning in humans, which is consistent with the overall direc-
tion of information processing predicted by Badre and Frank
(2012). Our present findings provide the first visualization of
this local rostral-caudal connection pattern in both prefrontal
and motor pathways. Finally, while much of our work has been
focused on describing the gradient of organization in the
sagittal plane, histological work suggests that this organiza-
tional pattern is actually best described as a dorso-lateral-
caudal directional shift as fibers move from anterior cortical
regions to posterior regions (Haber 2003; Voorn et al. 2004).
Future work should focus on more specifically mapping the
gradient of information within local corticostriatal segments in
a full three-dimensional context, rather than isolated along one
two-dimensional plane.

As further confirmation of predictions made by computa-
tional models (Frank and Badre 2012), even though there was
clear segregation of inputs, projections from each cortical area
had some degree of overlap with projections from other corti-
cal sites (Draganski et al. 2008). Even within the DLPFC, we

were able to detect a small but significant overlap in represen-
tations from the rostral and caudal portions of the prefrontal
cortex. Roughly 20% of fibers projected to overlapping termi-
nation zones along the striatum, validating that there may be
some divergence of information in these corticostriatal loops.
Moreover, in the left hemisphere, these divergent projections
were asymmetrically distributed from rostral cortex to caudal
striatum more than vice versa, an asymmetry also predicted by
this computational model. This suggests that there is some
divergence of information happening at the striatal level (Eblen
and Graybiel 1995; Flaherty and Graybiel 1991, 1994, 1995).
This would be in accordance with previous theories suggesting
that information integration across corticostriatal systems is a
key principle in basal ganglia processing (see Haber 2003;
Seger 2008; Seger and Spiering 2011). However, as with any
novel pattern identified with human brain imaging, only further
ex vivo histological studies can definitively confirm the under-
lying neuroanatomical organization. Nonetheless, taken to-
gether with the previous functional imaging studies, our ob-
servations provide strong evidence for this organization of key
corticostriatal loops involved in human decision making.

We were also able to confirm the striated, longitudinal
organization of inputs into the striatum. In both prefrontal (Fig.
3A, Fig. 4) and motor (Fig. 6B) subfields, we observed distinct
patches of fiber end points oriented primarily in the sagittal
plane. This longitudinal organization was first reported for
individual axon projections by Selemon and Goldman-Rakic
(1985) and fundamentally altered the existing models of syn-
aptic organization in the striatum (Kemp and Powell 1970,
1971a, 1971b, 1971c). Our findings suggest that the longitudi-
nal organization reflects a local level pattern, while the rostral-
caudal segmentation reflects a more global organization pat-
tern. Within these longitudinal projection fields, we observed a
patchy clustering of fiber end points. A similar patched/striated
organization has been reported in the biochemical makeup of
the striatal nuclei in the nonhuman primate (Graybiel and
Ragsdale 1978; Miyachi et al. 2006; Selemon and Goldman-
Rakic 1985), humans (Holt et al. 1997; Prensa et al. 1999;
Roberts and Knickman 2002), and rodents (Voorn et al. 2004).
Although there was a high degree of variability across subjects
in the precise organization of these patches (see Fig. 4), this is
not surprising given that the underlying biochemical systems,
i.e., striosome and matrix, that may mediate this clustering
have been shown to be highly variable in nonhuman animals as
well (Graybiel and Ragsdale 1978; Ragsdale and Graybiel
1990). Future studies are needed to determine whether the
patched clusters in fiber streamlines reflect the underlying
compartmental biochemical organization of the striatal nuclei.

Finally, we confirmed a complex somatotopic organization
of projections from the primary motor cortex that had been
previously described in the nonhuman primate (Miyachi et al.
2006). While both the caudate and putamen appeared to re-
ceive projections from lower- and upper-body areas of cortex,
a larger proportion of lower-body fibers terminated in the
caudate. In contrast, upper extremity projections terminated
more in the putamen. Unlike the prefrontal fibers, there was a
stronger degree of overlap in the projections from motor
cortex. These results do suggest a possible role for the caudate
in motor functions in humans, which has yet to be reported in
the literature. However, without a more specific functional
localization method for the motor strip in cortex, it is impos-
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sible to provide more specific details about the precise lower
extremity and upper extremity representations that project to
the caudate and putamen independently.

By careful analysis within each segment of the striatum (i.e.,
caudate and putamen), we were able to resolve, for the first
time, a more local and small-scale topographic representation
in the sagittal plane. In this case, fibers originating in more
ventral regions of the central sulcus (i.e., upper body regions)
terminated in more anterior areas of the striatum compared
with fibers that originated from dorsal areas of the central
sulcus (i.e., lower body). Interestingly, this direction of repre-
sentation matches previous fMRI studies showing that hand
and face activation in the putamen happens in voxels anterior
to those engaged during foot actions (Staempfli et al. 2008). In
addition, a closer inspection of the rabies-labeled projections
from motor cortex reported by Miyachi and colleagues (Miya-
chi et al. 2006, Fig. 3) also shows evidence of this smaller
rostral-caudal pattern of projections. However, more definitive
characterization of the spatial organization of these fibers is left
to future histological studies in both human and nonhuman
primates.

There were some differences between our findings and
results from the nonhuman primate literature. First, the frontal
projections in our study were much more broadly distributed
across the striatum than what was found in the animal work.
Indeed, frontal projections tended to dominate the basal gan-
glia, encompassing much of the putamen, whereas cells from
lateral frontal cortex in primates solely terminate on the cau-
date. However, other diffusion imaging studies in humans have
also found evidence of broad prefrontal projections into the
putamen compared with motor or sensory inputs (Draganski et
al. 2008; Leh et al. 2007; Lehéricy et al. 2004b). Any inter-
pretation of this observation is difficult given that the frontal
regions are spatially closer to the striatum and the fibers from
this system navigate fewer fiber crossings on their way to the
striatum. This suggests that the abundance of prefrontal fibers
may reflect more of a methodological limitation with diffusion
imaging than a true underlying pattern.

Second, we found relatively few projections into the medial
wall of the caudate. This area of the basal ganglia has been
shown to receive projections from medial wall regions like the
cingulate cortex (Kemp and Powell 1970, 1971a; Miyachi et al.
2006; Selemon and Goldman-Rakic 1985; Takada et al. 1998).
Indeed, we detected relatively few fibers from the cingulate in
our analysis, indicating a persistent limitation in current diffu-
sion-weighted imaging methods. It has also been shown that
the basal ganglia receives input from the temporal (Saint-Cyr et
al. 1990; Baizer et al. 1993) and ventral posterior parietal
(Selemon and Goldman-Rakic 1985) regions. However, pilot
work showed that these projections were not consistently
detected in all subjects. In addition, these projections have not
been reported by previous diffusion imaging studies (Dragan-
ski et al. 2008; Leh et al. 2007; Lehéricy et al. 2004a, 2004b).
This is likely due to the fact that these fibers have to navigate
several complex fiber crossings before they reach the ipsilateral
striatum. Recent work in our lab has shown that contralateral
projections from the parietal cortex to the caudate are occa-
sionally detected in DSI-based tractography (Jarbo et al. 2012),
suggesting that these projections may have to navigate less
complex fiber crossings. As diffusion imaging and fiber track-

ing technologies improve, we expect that these fiber projec-
tions will also become visible.

Despite the robust resolution of our present approach, there
are several ways that future white matter mapping technologies
can be further optimized. First, the low signal to noise of very
high b-value images and the length of scan time required to
collect our DSI images preclude motion correction and correc-
tions for geometric distortion from the T2 signal and eddy
currents (see Jones and Cercignani 2010). This can impair the
resolution of orientation information in certain voxels, thus
limiting the ability to accurately map projections from more
distal areas of cortex or areas that have to navigate complex
fiber crossings (Hagmann 2006). In addition, the geometric
distortion likely impairs our detection of fibers to more ventral
regions of the putamen. Thus with optimization of preprocess-
ing methods for high-angular-resolution data, as well as refined
reconstruction and fiber tracking methods, the resolution of
corticostriatal mapping can only further improve.
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