¢ Human Brain Mapping 35:5667-5685 (2014) ¢
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Abstract: Interest in mapping white matter pathways in the brain has peaked with the recognition
that altered brain connectivity may contribute to a variety of neurologic and psychiatric diseases. Dif-
fusion tractography has emerged as a popular method for postmortem brain mapping initiatives,
including the ex-vivo component of the human connectome project, yet it remains unclear to what
extent computer-generated tracks fully reflect the actual underlying anatomy. Of particular concern is
the fact that diffusion tractography results vary widely depending on the choice of acquisition proto-
col. The two major acquisition variables that consume scan time, spatial resolution, and diffusion sam-
pling, can each have profound effects on the resulting tractography. In this analysis, we determined
the effects of the temporal tradeoff between spatial resolution and diffusion sampling on tractography
in the ex-vivo rhesus macaque brain, a close primate model for the human brain. We used the wealth
of autoradiography-based connectivity data available for the rhesus macaque brain to assess the ana-
tomic accuracy of six time-matched diffusion acquisition protocols with varying balance between spa-
tial and diffusion sampling. We show that tractography results vary greatly, even when the subject
and the total acquisition time are held constant. Further, we found that focusing on either spatial reso-
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lution or diffusion sampling at the expense of the other is counterproductive. A balanced considera-
tion of both sampling domains produces the most anatomically accurate and consistent results.
Hum Brain Mapp 00:000-000, 2014. © 2014 Wiley Periodicals, Inc.
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INTRODUCTION

Mapping white matter connections in the brain has been
a major goal of neuroscientists over the last century. Inter-
est in the so-called “connectome” has peaked recently
with the realization that aberrant brain connectivity is
involved in a variety of neurologic and psychiatric dis-
eases [Lo et al.,, 2010; Skudlarski et al., 2010; Sundaram
et al., 2008]. Many different techniques have been used to
map white matter pathways in ex-vivo human brain speci-
mens, including gross brain dissections, myelin-stained
histology (e.g., silver staining, Luxol fast blue), antero-
grade/retrograde tracer studies [Schmahmann and Pan-
dya, 2009], and, more recently, polarized light imaging
[Axer et al., 2011]. Rather than replacing its predecessor,
each of these techniques has contributed a valuable new
perspective to our overall understanding of white matter
architecture. One major shortcoming of these techniques is
that they are all inherently destructive to the tissue and do
not allow direct visualization of three-dimensional (3D)
spatial relationships.

Diffusion tractography, one of the newest additions to the
white matter mapping initiative, has the potential to non-
destructively map the entire connectome at once [Mori
et al., 1999]; however, this technique is not without limita-
tions. Diffusion tractography is susceptible to many types of
error that can call its anatomic validity into question [Lazar
and Alexander, 2003]. Particularly concerning is the fact that
there are many different diffusion tractography imaging
protocols, each of which yields different results. It is clear
that there is something to be gained from diffusion tractog-
raphy, but further exploration of the consequences of select-
ing different diffusion acquisition strategies is needed.

The accuracy of any diffusion tractography method
depends on its ability to estimate underlying axonal orien-
tation from discrete measurements of tissue diffusion. Dif-
fusion MRI measures tissue diffusion in the spatial
domain (i.e., at each image voxel) and in the diffusion
domain (often referred to as g-space) [Callaghan et al.,
1988]. Increased spatial sampling is achieved with higher-
resolution imaging, and increased g-space sampling is
achieved by measuring more diffusion angles, and/or
more b-values. Both spatial sampling and diffusion sam-
pling consume acquisition time, so realizable diffusion
experiments must strike a compromise between the two.

Fortunately, high spatial sampling and high g-space
sampling are usually not required for reconstructing accu-

rate fiber tracks, and there is often a tradeoff between the
two [Jahanshad et al., 2010; Zhan et al., 2012a,b]. Increased
spatial sampling can reduce intravoxel fiber complexity,
while increased g-space sampling can resolve intravoxel
fiber complexity [Kim et al., 2006, Tuch et al., 2002]. At
very high (theoretical) resolution, where each voxel con-
tains only a single fiber population, fiber orientation can
be estimated with simple models like diffusion tensor
imaging (DTI) [Basser, 1995]. In this theoretical case, DTI
yields equivalent results to more complex g-space sam-
pling schemes [Basser, 2002; Yamamoto et al., 2007].
Larger (and more realistic) imaging voxels are likely to
contain some degree of fiber complexity, which can often
be resolved with increased g-space sampling and more
complex reconstruction techniques like Q-ball imaging
(QBI) [Tuch, 2004] or diffusion spectrum imaging (DSI)
[Wedeen et al., 2005]. Importantly, some intravoxel fiber
architectures, like interdigitating crossing, can only be
resolved with higher g-space sampling, and others like
bending or kissing fibers can only be resolved with higher
spatial resolution [Basser et al.,, 2000; Tuch et al., 2003].
The degree to which these complex geometries exist in the
human brain is still debated [Catani et al., 2012; Jeurissen
et al., 2013; Wedeen et al., 2012].

The tradeoff between simplifying intravoxel fiber archi-
tecture with image resolution, and resolving it with g-space
sampling presents an interesting problem: if the goal is ana-
tomically accurate tractography, is it better to spend scan
time on increased spatial resolution or increased g-space
sampling? This question is particularly relevant for ex-vivo
brain mapping initiatives, including the ex-vivo component
of human connectome project [McNab et al., 2013], where
advanced imaging protocols are commonly used and ana-
tomic accuracy is essential. In this study, we explore these
questions with a combination of computer simulations and
ex-vivo imaging of the rhesus macaque brain.

MATERIALS AND METHODS
Diffusion Tractography Simulations

Computer simulations were carried out in MATLAB
(MathWorks, Natick, MA) to interrogate the effects of
varying spatial and angular resolution diffusion imaging
on tractography. We generated two 1 X 1 cm? digital fiber
phantoms, a circularly curved fiber phantom with thick-
ness 0.5 cm (radius 0.5-1 cm) and an intravoxel crossing
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TABLE I. Acquisition details for the six diffusion imaging protocols used in this study

Name DTI-12 QBI-30 QBI-60 QBI-120 DSI-124 DSI-257
# Directions 12 30 60 120 124 257

# b-values 1 1 1 1 13 22
Isotropic resolution (mm) 0.13 0.2 0.3 0.4 0.4 0.6
Max b-value (s/ mmz) 1,500 4,000 4,000 4,000 10,000 10,000
3 (ms) 4 4.7 4.7 4.7 449 449
A (ms) 14 26 26 26 5.2 5.2
TE (ms) 21.9 321 32.1 32.1 514 514
Acquisition matrix 590 X 444 X 394 384 X 288 X 256 256 X 192 X 176 192 X 144 X 128 192 X 144 X 128 128 X 96 X 88
b0 SNR 62 60 96 131 65 127
bmax SNR 48 38 50 58 17 30

fiber phantom consisting of the same circular curve and a
3.5-mm thick diagonal crossing bundle (crossing angle
60°-90°). Noiseless diffusion weighted image sets were
simulated for each of five different gradient schemes (12—
120 directions) at 1-um resolution using a multiple
Gaussian diffusion model as described in previous work
[Barmpoutis et al., 2009]. Images were then down sampled
to reflect varying isotropic acquisition resolutions (0.5-
0.1 mm) and corrupted with Rician noise to yield a b0
signal-to-noise ratio (SNR) of 30 in all cases. Although
SNR typically varies with acquisition resolution, we used
constant SNR for simulations to isolate the effects of vary-
ing angular and spatial resolution. Similar simulations
accounting for the effects of SNR were also performed and
are included as Supporting Information. For these supple-
mentary simulations, SNR was adjusted to be proportional
to voxel volume. Diffusion dataset reconstruction and
tracking were performed as described later in this section.

Brain Specimens

Two fixed rhesus macaque brains were obtained from
the Wisconsin National Primate Research Center at the
University of Wisconsin-Madison. The brain specimens
were from adult animals that were euthanized humanely
by veterinary staff for non-neurological reasons. Following
necropsy and tissue extraction by a trained pathologist,
the brains were immersed in 10% neutral buffered forma-
lin doped with 1% (5 mM) gadoteridol (ProHance, Bracco
Diagnostics, Milan, Italy). Three weeks prior to imaging,
specimens were transferred to a 0.1 M solution of phos-
phate buffered saline doped with 0.5% (2.5 mM) gadoteri-
dol. Immediately prior to imaging, specimens were placed
in custom-made MRI-compatible tubes and immersed in
Galden low-viscosity perfluoropolyether for susceptibility
matching and to prevent specimen dehydration (Solvay
Plastics, Brussels, Belgium).

MR Imaging

Imaging was performed on a 7 Tesla small animal MRI
system (Magnex Scientific, Yarnton, Oxford, UK) equipped

with 650 mT/m Resonance Research gradient coils (Reso-
nance Research, Billerica, MA), and controlled with an Agi-
lent Direct Drive console (Agilent Technologies, Santa Clara,
CA). RF transmission and reception were achieved with a
65-mm inner-diameter quadrature RF coil (M2M Imaging,
Cleveland, OH). Brain specimens were imaged using each
of six time-matched g-space sampling schemes. Each scheme
was realized with a 3D spin-echo pulse sequence. Repetition
time was held constant at 100 ms to ensure that regardless
of the acquisition protocol, a single line of 3D k-space was
acquired per TR. Diffusion preparation was accomplished
using a pair of unipolar, half-sine diffusion gradient wave-
forms. The range of acquisition parameters included spatial
resolution from 0.13 to 0.6 mm isotropic, angular sampling
from 12 to 257 directions, and b-value sampling from one to
22 b-values. One b0 volume was collected for each protocol.
Scan time was held constant at 60 h +5%. The details of
each acquisition strategy are provided in Table I. Complete
diffusion datasets and gradient tables from all six protocols
are available in the online Supporting Information (http://
www.civim.duhs.duke.edu/2013_macaque_tractography/).

In addition to diffusion datasets, a single high-resolution
(50-pum isotropic) anatomic image volume was acquired
using a 3D gradient echo pulse sequence (repetition time
(TR)/echo time (TE) = 50ms/7.2ms).

Diffusion Data Reconstruction and Tractography

Diffusion data were reconstructed in Diffusion Toolkit
(http:/ /trackvis.org) using the most appropriate algorithm
for the chosen g-space sampling scheme. The 12 direction
scheme (DTI-12) was reconstructed using a single-tensor
least-squares estimation [Basser and Pierpaoli, 1996]. The
30, 60, and 120-direction schemes (QBI-30, QBI-60, and
QBI-120, respectively) were reconstructed with the spheri-
cal harmonic basis implementation of Q-ball [Descoteaux
et al.,, 2007; Hess et al., 2006]. The two multi-b-value
schemes, DSI-127 and DSI-257, were reconstructed using
the DSI Fourier transform approach [Wedeen et al., 2005].
Fiber orientations were estimated from orientation distri-
bution function (ODF) maxima without the use of ODF
sharpening techniques.
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Whole-brain diffusion tractography was carried out in
Diffusion Toolkit (http://trackvis.org) using the FACT (for
DTI) or FACT-like (for Q-ball and DSI) tracking algorithm
[Mori et al., 1999]. Tracking parameters included an intra-
voxel turning angle threshold of < 30° and a length thresh-
old of >5 mm. We chose not to use a fractional anisotropy
threshold to facilitate tractography comparisons across dif-
ferent reconstruction methods. Tracks were spline filtered
using a one-voxel step length to smooth tracts and elimi-
nate improbable tract geometry.

Primate Brain Track Segmentation

We conducted tractography on two “simple,” two
“intermediate,” and four “complex” fiber pathways in the
primate brain. Simple fiber pathways included the anterior
commissure (AC), and the optic tracts (OT). These pathways
have no major fiber crossings or complex curvature. Interme-
diate pathways included the cingulum bundle (CB) and the
corticospinal tracts (CT). These pathways have central bun-
dles that are relatively simple, but also have major fiber
crossings or complex curvature. Complex pathways included
the extreme capsule (EmC), the inferior longitudinal fascicu-
lus (ILF), the middle longitudinal fasciculus (MdLF), and the
uncinate fasciculus (UF). These long cortical association path-
ways have complex anatomy with frequent fiber crossings
and are known to be difficult to reconstruct with tractogra-
phy [Schmahmann et al., 2007]. Segmentation was achieved
by placing a single region of interest (ROI) disc in the ana-
tomic center of the fiber pathway and accepting only tracks
passing through the disc at angles less than 30°. In some
cases, obvious stray fibers were manually removed.

Tract-Based Comparisons with Known Anatomy

Unfortunately, there is no universally accepted anatomic
“gold standard” for mapping axonal projections in the pri-
mate brain, particularly in 3D. This lack of a “gold stand-
ard” highlights both the difficulty in validating diffusion
tractography, and the scientific need to do so. There is, how-
ever, a large collection of autoradiographic connectivity
data on the primate brain [Schmahmann and Pandya, 2009].
Autoradiographic connectivity data are not ideal for com-
parison because they lack a 3D picture of white matter struc-
ture; however, they do allow unbiased anatomic validation
against a non-tractography-based technique. We performed
qualitative comparisons between known anatomy, as
defined by autoradiography, and the six diffusion tractogra-
phy datasets generated for this study. Tract similarity was
evaluated based on length, course, and branching pattern.

Quantitative Comparisons Between
Tractography Datasets

In addition to qualitative comparisons with known anat-
omy, we performed quantitative comparisons between

tractography datasets. Maximum, and average track
length, as well as total track volume, were recorded for
each dataset. Differences between tractography datasets
were further evaluated using track density images (TDIs).
TDIs were generated for each tractography dataset at the
native acquisition resolution to ensure a consistent tractog-
raphy seeding pattern (i.e., one seed per voxel). TDIs were
then resampled to 130-pm isotropic resolution using near-
est neighbor interpolation to allow direct comparison
between protocols. For each white matter pathway
included in the analysis, a mean TDI was generated by
averaging TDIs from all six acquisition protocols. Individ-
ual TDIs were then compared to the average using nor-
malized cross-correlation. This comparison did not assess
anatomic accuracy directly, but rather assessed consistency
between different tractography datasets.

RESULTS
Tractography Simulations

We first used tractography simulations (Figs. 1 and 2) to
determine the effects of varying angular and spatial reso-
lution on diffusion tractography. Simulated fiber tracts are
colored on the basis of the angle of the line defined by the
two endpoints of each track relative to the vertical direc-
tion, where green specifies 0° and red specifies 90°. Both
phantoms were designed such that the line connecting the
endpoints of all fibers was at a 45° angle relative to verti-
cal; thus, all correct tracks should appear yellow (equal
parts red and green in RGB color space).

The curve phantom (Fig. 1) represents a relatively simple
tractography target. There are two major tractography errors
evident in these simulations. First, low spatial resolution
datasets (left side of figure) yielded several short and prema-
turely terminating tracks near the edges of the fiber bundle.
These errors are likely the result of partial volume averaging,
as they are present in all angular sampling schemes and are
diminished at higher spatial resolution. Second, the combina-
tion of high spatial and low angular resolution (i.e., bottom
right of figure) caused virtually all tracks to terminate prema-
turely. Increasing angular resolution, or decreasing spatial
resolution, yielded a lower proportion of prematurely termi-
nating tracks. This effect is likely the result of minor errors in
the primary fiber orientation that accumulate as the propa-
gating tractography streamline passes through multiple vox-
els [Lazar and Alexander, 2003].

The crossing phantom (Fig. 2) shows a similar pattern of
premature fiber termination on the edges of fiber bundles,
particularly in lower spatial resolution datasets. The fiber
crossing was relatively well resolved in all datasets except
the 12 and 30-angle datasets. The 30-angle datasets had
only minor errors that caused tracks to prematurely termi-
nate within the crossing region. These errors were more
apparent at higher spatial resolutions, presumably because
there are simply more voxels within the crossing region at
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Figure 1.

Curved fiber phantom tractography simulations showing the
effects of varying angular and spatial resolution. Each track is
colored based on the angle of the line connecting its endpoints
relative to vertical, with red = 90° and green = 0°. The phantom
was designed such that the line connecting the endpoints of

higher resolution. The 12-angle dataset suffered from both
premature termination and erroneous turning in the cross-
ing region, and these errors were present at all spatial res-
olutions. It is important to note that the 12-angle datasets
were reconstructed as a tensor, so resolving more than a
single fiber population per voxel is not possible. Nonethe-
less, the 12-angle sampling scheme was included in the
crossing phantom analysis for completeness and to dem-
onstrate the type of errors that occur when tensor recon-
struction is used on complex fiber geometry.

Both the curve and crossing phantom simulations were
also carried out accounting for the interdependency of
SNR and voxel volume, and are included as supplemental

each fiber is at 45° relative to vertical, thus correct tracks
appear yellow (equal parts red and green in RGB color space).
Checkerboard voxel grids are included at the bottom of each
column to show voxel size. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

Figures 1 (curve phantom) and 2 (crossing phantom). In
these simulations, SNR values below ~30 lead to notice-
able tractography errors. These data demonstrate that SNR
can only be sacrificed for increased spatial resolution up
to a point, after which SNR-induced errors predominate.

Ex-Vivo Primate Brain Imaging Schemes

The six time-matched g-space sampling schemes used for
this ex-vivo macaque tractography analysis are described
more completely in Table I and Figure 3. Table I lists all of
the relevant acquisition parameters for each protocol as well
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Figure 2.

Crossing fiber phantom tractography simulations showing the effects
of varying angular and spatial resolution. Crossing angle varies from
60° to 90° within the phantom. Each track is colored based on the
angle of the line connecting its endpoints relative to vertical, with
red = 90° and green = 0°. The phantom was designed such that the

as the SNR for the b0 and maximum diffusion weighted
image (bmax). SNR was measured as the ratio of the signal
average in a cortical ROI and the standard deviation of a
large area of background noise. Measured SNR values are in
excess of general recommendations for the respective g-
space sampling scheme [Descoteaux et al., 2007; Farrell et al.,
2007; Hess et al., 2006; Tuch, 2004; Wedeen et al., 2005] and
are comparable to previous ex-vivo work in the macaque
brain [D’Arceuil et al., 2007; Rane et al., 2010; Wedeen et al.,
2008]. Figure 3 highlights the sampling differences between
protocols in both the spatial and g-space domains. Higher
spatial resolution was achieved at the cost of decreased g-
space sampling and vice versa such that the scan time

line connecting the endpoints of each fiber is at 45° relative to verti-
cal, thus correct tracks appear yellow (equal parts red and green in
RGB color space). Checkerboard voxel grids are included at the bot-
tom of each column to show voxel size. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]

remained constant between protocols. Partial volume effects
at gray matter and white matter borders are readily apparent
in the lower spatial resolution schemes and are virtually
absent in the higher-resolution DTI-12 scheme. Additionally,
there are minor variations in the image contrast due to echo
time differences between the different protocols.

Ex-Vivo Primate Tractography Results

The following sections and corresponding figures (Figs.
4-11) present a comparison of tractography results from
the time-matched diffusion sampling protocols described
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Figure 3.

Visualization of spatial sampling and g-space sampling in each of
the six time-matched diffusion MRI protocols used in this study.
For each protocol, the left half of a single coronal slice from the
b0 image is shown along with a diagram of the g-space sampling
scheme. The color (see legend) and radius of each g-space dia-

in Table I. In each case, directionally colored tractography
images from all six protocols are displayed side-by-side
along with a single slice from the corresponding b0 image.
Slice location is indicated in the top-left corner of each fig-
ure with a plane intersecting a 3D surface rendering of the
macaque brain. The relevant diagrams from an
autoradiography-based fiber pathway atlas are included
for anatomic reference (by permission of Oxford Univer-
sity Press) [Schmahmann and Pandya, 2009]. Autoradiog-
raphy diagrams were not available for AC, CT, and OT, so
high-resolution anatomic images are displayed instead.
Additional views of all tracks are included as Supporting
Information (http://www.civm.duhs.duke.edu/2013_maca
que_tractography/).

gram indicates b-value, and each point represents a single mea-
surement in g-space. Acquisition resolution is indicated to the left
of each image. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

Simple Fiber Pathways
Anterior commissure

The AC is a compact bundle of fibers that, along with
the corpus callosum, is a major pathway for interhemi-
spheric connections (Fig. 4). The AC crosses the midline
immediately rostral to the fornix and superior to the basal
forebrain. The large posterior limbs of the AC connect the
bilateral superior and inferior temporal lobes. The consid-
erably smaller anterior limbs form a U-shaped bundle that
extends rostrally connecting various olfactory structures.
The anterior and posterior limbs of the AC can be clearly
seen in the magnified inset of the anatomic image pre-
sented in the bottom left panel of Figure 4. Tractography
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Figure 4.
Anterior commissure (AC) tractography results. Tractography in this “simple” pathway was qualita-
tively similar across protocols, with the exception of the small anterior limbs (anatomic image, yellow
arrowheads). Low spatial resolution datasets had small or absent anterior limbs (e.g. DSI-257, red
arrowheads), presumably due to partial volume effects. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

in this relatively simple fiber pathway was fairly consistent
across all acquisition protocols. The major difference
between protocols was the thickness of the posterior limbs
and presence or absence of the anterior limbs. Higher spa-
tial resolution datasets (DTI-12, QBI-30, QBI-60) had
thicker posterior limbs and more well-defined anterior
limbs. In contrast, lower-resolution datasets with higher g-
space sampling had thinner posterior limbs and small or
absent anterior limbs. Overall higher spatial resolution
datasets were more representative of known anatomy.

Optic tracts

The OT (Fig. 5) forms the middle portion of the visual
system and courses between the optic chiasm and the lat-
eral geniculate nucleus (LGN). The LGN sits just rostral to

the hippocampal formation at the lateral side of the thalamus
as shown in the high-resolution anatomic image (Figure 5, bot-
tom left). Tractography of the OT was very consistent across
all six acquisition protocols. All six datasets correctly con-
nected the LGN and represented midline crossings in the optic
chiasm. The DTI-12 dataset had slightly more stray tracks than
other datasets but still closely represented known anatomy.
Overall differences between protocols were minimal for the
OT and no dataset was significantly better than the others.

Intermediate Fiber Pathways
Cingulum bundle

The CB courses rostrocaudally immediately dorsal to the
corpus callosum and connects the orbital-frontal,
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Figure 5.
Optic tract (OT) tractography results. Tractography was qualitatively very similar across protocols in this
“simple” pathway. All six protocols correctly represented the optic chiasm midline crossing (e.g. DTI-12,
red arrowhead) and extended to the lateral geniculate nucleus (LGN) (e.g. DTI-12, yellow arrowhead).
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

prefrontal, cingulate, parietal, and temporal cortices (Fig.
6). All six tractography datasets were able to reconstruct
nearly the full rostrocaudal extent of the CB, but the
branching pattern differed substantially between datasets.
The rostral-most branches to the prefrontal and orbital-
frontal cortices were more correctly represented by QBI-
120 and DSI-124 and were largely absent from other data-
sets. Although DTI-12 appears to have a prefrontal branch,
these tracks curve dorsally and medially and may be
largely erroneous. Many of the tractography datasets
picked up dorsally oriented cingulate cortex U-fibers along
the major limb of the CB to varying degrees. DTI-12
picked up the most U-fibers while DSI-256 had none. All
six datasets tracked the small dorsal branch connecting the
caudal parietal cortex (area Opt); however, DTI-12 and
QBI-30 had several erratic stray fibers emerging from this
branch. The major caudal branch connecting retrosplenial
areas 29 and 30 was present in all datasets, but the larger

branch, which extends ventrally into the temporal lobe,
was absent from all six datasets.

Corticospinal tracts

The CT are formed by axons from upper motor neurons
in the primary motor cortex (Fig. 7). These fibers course cau-
dally and ventrally from the motor cortex, through the inter-
nal capsulae, the cerebral peduncles, and the pyramids
before decussating and terminating in the spinal cord. The
internal capsule portion of the CT is shown in high-
resolution anatomic image in the bottom left panel of Figure
7. The subcortical portion of the CT was well represented by
all six tractography datasets, but cortical tracks varied con-
siderably. Although CT fibers originate from the length of
the primary motor cortex, only the superior-most fibers
were reconstructed in tractography datasets. Interestingly,
bilateral cortical tracks were only correctly represented in
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Figure 6.

Cingulum bundle (CB) tractography results. This “intermediate”
pathway has a relatively simple central bundle, but also features
distal branching with complex curvature. For example, the
rostral-most branches to the prefrontal and orbital-frontal corti-
ces (QBI-120, yellow arrowhead) were only present in QBI-120

the high spatial resolution DTI-12 and QBI-30 datasets.
Lower-resolution datasets with higher g-space sampling
had unilateral or completely absent cortical tracks. In these
datasets, premature termination occurred near the conver-
gence of several other fiber bundles including the frontooc-
cipital fasciculus (FOF), the superior longitudinal fasciculus
IT (SLF II), the striatal bundle (StB), and the subcallosal fasci-
culus of Muratoff (MB). It is presumed that partial volume
contributions from these other pathways lead to erroneous
fiber orientation estimation in low spatial resolution data-
sets. Supporting Information, Figure 3 provides visualiza-
tions of the estimated fiber orientations in the premature
termination area for both the QBI-30 and QBI-120 datasets.

Complex Fiber Pathways

Middle longitudinal fasciculus

The MdALF forms the major white matter component of
the superior temporal gyrus and courses between the cau-
dal inferior parietal lobule and the superior temporal sul-

and DSI-124. Some datasets erroneously tracked dorsally ori-
ented cingulate cortex U-fibers (e.g. DTI-12, red arrowhead).
[Color figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

cus (Fig. 8). All six protocols were able to approximate
nearly the full extent of the pathway; however, DTI-12 and
DSI-257 were slightly shorter than the other four datasets.
This difference is reflected in the mean length measure-
ments in Table II, which shows that DTI-12 and DSI-257 are
several millimeters shorter than other datasets. The degree
of stray tracks appeared to decrease with increasing q-space
sampling, with DTI-12 having the most stray fibers, and
DSI-257 having almost none. The branching pattern at the
ventral terminus of the MdLF was well represented by the
three QBI protocols and DSI-124, but was less apparent in
DTI-12 and DSI-257. No single dataset clearly stood out as
the most similar to known anatomy, but QBI-60, QBI-120,
and DSI-124 each had very similar length, course, and
branching patterns with relatively few stray fibers.

Inferior longitudinal fasciculus

The ILF is a particularly long association pathway that
connects the temporal lobe with the occipital lobe, caudal
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DTI-12

QBI-120

DSI-124

Figure 7.

Corticospinal ~ tract  (CT)  tractography  results.  This
“intermediate” pathway has a relatively simple posterior course,
but features a major crossing with horizontally oriented callosal
fibers (as shown in magnified inset of anatomic image). This

crossing was a major source of error (e.g. QBI-120, red arrow-

parietal cortex, and caudal cingulate gyrus (Fig. 9). Despite
its length, tractography was relatively successful at recon-
structing the ILF. The ventral limb, which courses through
the temporal lobe white matter, was accurately recon-
structed by all diffusion protocols except DTI-12, where the
ventral tracks followed a tortuous path, eventually straying
rostrally into the superior temporal gyrus. The dorsal
branches connecting the parietooccipital area (POa), caudal
parietal cortex (area Opt), and dorsal prelunate area (DP)
were missing in the DSI protocols, but were present to vary-
ing degrees in the three QBI protocols. Interestingly, all six
protocols correctly reconstructed the small branch of the ILF
that extends into the ventral preoccipital areas (i.e., V4V and
V3V). Overall, the three QBI datasets appeared closest to the

head). Only the two highest spatial resolution protocols cor-
rectly extended bilaterally into the primary motor cortices (e.g.
QBI-30, yellow arrowhead). [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

known anatomy with the major difference between datasets
being the dorsal branching pattern.

Uncinate fasciculus

The UF connects the rostral and ventral temporal
regions with the medial and orbital-frontal cortices
(Fig. 10). Tractography results for the UF were quite simi-
lar across the six protocols used for this study. The DTI-12
protocol yielded the most stray fibers, but was otherwise
similar to other datasets. The major difference between
datasets was the representation of the rostral limb extend-
ing into the medial and orbital-frontal cortices. Although
no tractography dataset extended as far rostrally as
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QBI-120

DSI-124

DSI-257

Figure 8.

Middle longitudinal fasciculus (MdLF) tractography results. This
“complex” cortical association pathway features many fiber
crossings, which resulted in premature termination and stray
fibers in low diffusion sampling datasets (e.g. DTI-12, red arrow-

autoradiography data indicate, the two DSI protocols
extended the farthest medially and rostrally into the fron-
tal lobe.

Extreme capsule

The EmC connects the superior temporal region caudally
with the prefrontal and orbital-frontal cortices rostrally
(Fig. 11). Autoradiography data suggest that the rostral por-
tion of this fiber pathway forks into a superior ramus, which
courses into the prefrontal cortex, and an inferior ramus,
that connects to the orbital-frontal cortex. The EmC courses
very close to a sheet-like group of cortical U-fibers in the
frontal cortex, and the resulting aberrant tracking of these
U-fibers was a major source of error in these tractography
results. The DTI-12 dataset was the worst affected, with vir-
tually all tracks curving laterally into the cortical U-fiber
pathway. The three QBI protocols also had significant U-
fiber involvement, although in each case at least some tracks
continued correctly into the prefrontal cortex. Neither of the
two DSI datasets had any significant cortical U-fiber

head). The ventral branching pattern of the MdLF (e.g. QBI-120,
yellow arrowhead) was well represented by all datasets except
DTI-12 and DSI-257. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

involvement. The rostral branching pattern differed signifi-
cantly between datasets. The inferior ramus connecting the
orbital-frontal cortex was not present in any dataset. The
larger superior ramus connecting the dorsal prefrontal cor-
tex was present in QBI-60, DSI-124, and DSI-257, but was
absent or truncated in the other three datasets.

Quantitative Comparisons Between
Tractography Datasets

Tractography length and volume statistics are presented
in Table II. In most cases, mean track length was similar for
all six acquisition schemes; however, track volume varied
by an order of magnitude in some cases. In general, the
length and volume statistics from the DTI-12 scheme were
most different from other schemes. This observation is sup-
ported by the results of the mean track correlation analysis
(Fig. 12). DTI-12 tractography was, on average, the most dif-
ferent from mean tractography across the eight pathways
included in our analysis. There was a general trend toward
increasing similarity with other datasets as g-space
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TABLE Il. Length and volume statistics for tractography

data
Max length Mean length Volume

(mm) (mm) (ml)

AC DTI-12 46.37 27.84 0.05
QBI-30 57.31 41.11 0.15

QBI-60 58.23 36.30 0.21

QBI-120 44,12 27.28 0.11

DSI-124 56.51 38.19 0.09

DSI-257 41.91 31.22 0.18

CB DTI-12 66.09 26.48 0.17
QBI-30 43.14 26.20 0.14

QBI-60 48.35 24.49 0.26

QBI-120 53.47 29.08 0.28

DSI-124 50.49 23.43 0.16

DSI-257 26.40 16.64 0.15

CT DTI-12 67.40 46.08 0.32
QBI-30 69.06 47.91 0.79

QBI-60 66.72 45.55 0.78

QBI-120 65.21 42.13 0.97

DSI-124 54.05 39.64 0.92

DSI-257 57.31 41.76 1.11

oT DTI-12 41.04 17.21 0.11
QBI-30 53.72 24.89 0.21

QBI-60 43.79 23.14 0.18

QBI-120 38.59 16.27 0.15

DSI-124 37.23 16.25 0.28

DSI-257 40.04 17.13 0.32

MdALF DTI-12 23.17 12.46 0.03
QBI-30 29.09 17.88 0.06

QBI-60 31.01 18.86 0.09

QBI-120 28.28 17.49 0.12

DSI-124 29.47 16.11 0.15

DSI-257 18.46 11.25 0.10

ILF DTI-12 53.53 12.30 0.07
QBI-30 56.82 24.77 0.17

QBI-60 61.53 27.43 0.30

QBI-120 47.23 22.34 0.29

DSI-124 31.87 17.33 0.20

DSI-257 34.83 21.47 0.26

UF DTI-12 22.03 15.26 0.03
QBI-30 22.05 15.05 0.02

QBI-60 18.66 10.59 0.05

QBI-120 23.63 15.50 0.09

DSI-124 17.37 11.05 0.06

DSI-257 38.88 13.12 0.14

EmC DTI-12 66.11 22.62 0.43
QBI-30 45.04 17.47 0.15

QBI-60 44.01 19.15 0.32

QBI-120 45.63 19.95 0.33

DSI-124 44.04 18.16 0.31

DSI-257 46.90 22.39 0.63

sampling increased and spatial resolution decreased. QBI-
120, DSI-124, and DSI-257 were, on average, the most con-
sistent with other datasets. Importantly, tractography simi-
larity measurements did not directly correlate with the
choice of reconstruction protocol.

DISCUSSION

The Effect of Acquisition and Reconstruction
Strategies

One of the most interesting, and perhaps concerning,
findings to emerge from this study is that tractography
results can vary substantially, even in advanced ex-vivo
studies of the same subject with fixed total acquisition time.
This result is not necessarily surprising, when considering
the different acquisition and reconstruction strategies that
were used. Indeed, each of the three algorithms used for
this study has strengths and weaknesses, which dictate trac-
tography behavior in areas of fiber complexity. This study
highlights the problems that can arise when comparing trac-
tography results from different acquisition and fiber estima-
tion strategies. The effect of fiber estimation technique has
been more thoroughly explored elsewhere [Catani et al.,
2012; Fillard et al., 2011; Wedeen et al., 2012]. The fiber esti-
mation techniques used in this study were chosen to be in
line with previous ex-vivo work [McNab et al., 2009;
Wedeen et al., 2008]; however, newer methods, such as ODF
sharpening, have been shown to improve fiber estimation
accuracy, particularly for low-angle fiber crossings [Desco-
teaux et al., 2009; Yeh and Tseng, 2013; Yeh et al., 2011]. The
use of such fiber ODF estimation techniques could change
the diffusion sampling requirements for generating anatom-
ically accurate tractography. Interestingly, tractography
results were substantially different even between datasets of
the same type (i.e., between the three QBI protocols), sug-
gesting that the reconstruction method was not the only fac-
tor dictating these differences.

Effects of Tissue Fixation

Formalin fixation produces an approximately fourfold
reduction in brain diffusivity [Alexander et al., 2010;
Dyrby et al., 2011]. As a result, fourfold larger b-values are
required to achieve in-vivo equivalent diffusion weighting.
Fortunately, ex-vivo diffusion imaging offers several image
quality improvements that improve the ability to estimate
fiber orientation [Lerch et al., 2012]. Ex-vivo studies typi-
cally have higher SNR, are not complicated by physio-
logic/subject motion, and avoid EPI-induced eddy current
distortions, each of which affect the ability to estimate
fiber orientation [Jones, 2004; Le Bihan et al., 2006; Skare
and Andersson, 2001]. Previous ex-vivo studies have
shown that b-values of 2,000-8,000 s/mm? allow consistent
estimations of fiber directions with Q-ball, and accurate
tensor estimation typically requires even lower b-values
[Dyrby et al., 2011]. The optimal b-value for ex-vivo DSI
has not been tested directly to our knowledge; however,
the b-value used in this study is within the range of previ-
ously published ex-vivo DSI studies [de Crespigny et al.,
2005].

Formalin fixation also causes an approximately threefold
reduction in tissue T2 [Dawe et al., 2009]. In this study, T2
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Figure 9.

Inferior longitudinal fasciculus (ILF) tractography results. This
long, “complex” pathway has several major fiber crossings, which
caused major errors in the DTI-12 dataset (red arrowhead). The
thin, dorsal branches connecting the parietooccipital area (POa),
caudal parietal cortex (Opt), and dorsal prelunate area (DP) (e.g.

reduction was offset by the use of advanced magnetic field
gradients, which allow dramatically shorter diffusion
preparation time and, thereby, shorter echo time.

Recommendations for Anatomically Accurate
Tractography

Ensuring anatomic accuracy is essential for the future of
diffusion tractography studies. Accurate 3D maps of white
matter connectivity could allow researchers to assess archi-
tectural differences in a quantitative way, and foster the
development of automated approaches for identifying signa-
tures of normal versus diseased white matter tracts.
Although the results of this study are insufficient to provide
a definitive approach to ensuring anatomically accurate trac-
tography, they do shed light on a number of important con-
siderations. We have attempted to distill our observations
into a short list of recommendations for getting the most
meaningful tractography out of a given acquisition time.

QBI-30, yellow arrowhead), were sparse or missing in the lowest
spatial resolution datasets. The small branch of the ILF extending
into the ventral preoccipital areas was present in all six datasets
(e.g. DSI-257, white arrowhead). [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

Anatomy matters

It is well known that certain white matter pathways are
easy to reconstruct with tractography, and others are not.
Structures that are relatively easy to track, such as the
curved fiber phantom and the two “simple” pathways cho-
sen for this study, can be accurately reconstructed using
simple models like DTI. In contrast, more complex struc-
tures, including the crossing fiber phantom and the four
“complex” pathways analyzed in this study, require estima-
tion of fiber crossings. The optimal diffusion acquisition
strategy thus depends to some degree on the specific anat-
omy being imaged. Simple fiber pathways, such as the AC
and OT, were actually more accurately represented by high-
resolution/low-g-space sampling datasets. In these cases, it
seems that the reduction in partial volume effects provided
by high spatial resolution outweighs the effects of reduced
g-space sampling. This effect can be understood intuitively
in structures like the anterior limbs of the AC, which are
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Figure 10.
Uncinate fasciculus (UF) tractography results. Despite the complex curvature and crossings pres-
ent in this “complex” pathway, all six protocols generated qualitatively similar results. The major
difference between datasets was the rostral limb extending into the orbital-frontal cortex, which
was only present in the two DSI protocols (e.g. DSI-124, yellow arrowhead). [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.com.]

straight and coherent, but small and thus vulnerable to par-
tial volume effects. If the tractography target is relatively
simple, high spatial resolution may be preferable to high g-
space sampling. Additionally, track volume measurements
from high spatial-resolution datasets are more likely to
reflect actual volumes [Lebel et al., 2012].

Fiber complexity is still present at high spatial
resolution

The spatial resolution of the DTI-12 dataset presented
here (130 microns isotropic) is at a much higher resolution
than standard clinical diffusion imaging (>10> fold), and,
to our knowledge, is the highest resolution diffusion imag-
ing ever reported for the primate brain. Despite this
unusually high resolution, tractography from the DTI-12
dataset was very inaccurate in complex fiber pathways. It
seems that the 12-direction g-space sampling scheme,
coupled with the diffusion tensor model that such sparse
sampling necessitates, was simply incapable of accurately

representing the intravoxel fiber geometry. This outcome
suggests that the scale of fiber complexity is far smaller
than the scale of currently feasible imaging voxels. Unless
diffusion imaging resolution improves dramatically, it
seems prudent to assume fiber complexity will always be
present in some areas of the primate brain. In other words,
it is not sufficient to use high spatial resolution as a means
of globally eliminating intravoxel fiber complexity.

High g-space resolution can be insufficient for large
voxels

It seems obvious that increased g-space sampling should
lead to improved tractography, but this conclusion is not
always true when it comes at the cost of decreased spatial
resolution. For example, the DSI-257 dataset analyzed in
this study was the most extensively sampled in g-space, but
was not the most anatomically accurate. In particular, the
DSI-257 dataset was prone to premature track termination
(e.g., in the ILF and CB). Part of the issue is that large voxels
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Figure 11.

Extreme capsule (EmC) tractography results. This “complex”
pathway courses immediately deep to a sheet-like group of cort-
ical U-fibers, which was a major source of erroneous stray
fibers (e.g. QBI-30, red arrowhead) in all except the two DSI
datasets. The superior anterior ramus extending into the dorsal

are more likely to contain multiple different white matter
pathways, as well as parts of adjacent gray matter areas
and/or fluid spaces. This effect is particularly pronounced
when voxel size is large relative to the size of the white mat-
ter pathway being reconstructed. For example, the CB was
only about four voxels wide in the DSI-257 dataset analyzed
here. In this case, even extensive g-space sampling was inca-
pable of accurately resolving underlying fiber geometry. It
indicates that when voxels are large relative to the structure
of interest, high g-space sampling may not be sufficient to
resolve intravoxel fiber architecture.

Balance is best

In this study, the most anatomically accurate tractography
results were achieved with a balance between spatial resolu-
tion and g-space sampling. The datasets that came the clos-
est to representing known anatomy (QBI-60, QBI-120, and
DSI-124) had small enough voxels to avoid major partial

prefrontal cortex was well represented in the QBI-30, DSI-124,
and DSI-257 (yellow arrowhead) datasets, but was truncated in
the other three datasets. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

volume effects, and sufficient q-space sampling to resolve at
least some degree of intravoxel fiber crossing. A similar
analysis of in-vivo human tractography in the internal cap-
sule and arcuate fasciculus seems to agree with these
results, and also highlights the large track overlap differen-
ces that result from different acquisition and reconstruction
strategies [Vos et al., 2013]. Based on these data, we sug-
gest>30 gradient directions for accurate tractography of
complex anatomy like the cortical association pathways
studied here. This determination concurs with previous
investigations on the effects of the number of gradient direc-
tions [Jones, 2004; Zhan et al., 2008, 2010], and is supported
by our crossing fiber simulation data where errors in the
crossing region were largely absent with >30 gradient
directions. However, previous studies have shown that the
optimal number of gradient direction depends on many fac-
tors including b-value, diffusion sampling pattern, and the
spherical harmonic order used for Q-ball reconstruction
[Tournier et al., 2013; White and Dale, 2009].
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Figure 12.

Track density imaging (TDI) correlation results. A mean track
was generated for each of the eight tracks analyzed in this study
by averaging TDIs from all six protocols. Individual TDIs were
then compared to the mean track using normalized cross corre-
lation. Correlation results for “simple” pathways are shown with
open (white) points, “intermediate” pathways with hatched
(gray) points, and “complex” pathways with closed points
(black). The average correlation coefficient across all eight path-
ways is indicated with a dotted line.

Relevance to Human Brain Mapping

We chose to image the macaque brain because its
encephalization and overall structure provide a good
model for the human brain. Previous tractography stud-
ies have shown that a many white matter pathways are
similar in humans and macaques [Croxson, 2005; Parker
et al.,, 2002], suggesting that the results presented here
are directly relevant to human brain mapping. Although
the spatial resolutions used for this study are much
higher than a typical human dataset, it is important to
consider differences in brain volume. The macaque brain
is about 17-fold smaller than the human brain by volume
[Herculano-Houzel, 2009], so voxels must be 17-fold
smaller to achieve comparable structural resolution.
Accounting for volumetric differences, the spatial resolu-
tions reported here (0.13—0.6 mm) are comparable to
spatial resolutions of 0.33 —1.5 mm in humans, which
has considerable overlap with advanced ex-vivo studies
of the human brain [McNab et al., 2009, 2013; Miller
et al.,, 2011] and even some in-vivo human studies [Golay
et al.,, 2002; Jeong et al., 2003; Kamali et al., 2009]. With
human brain mapping initiatives moving toward higher
field, multichannel receive coils, and stronger imaging
gradients, it seems likely that clinical diffusion imaging
resolution will continue to improve in the near future.
With increasing resolution capabilities and ever expand-
ing g-space sampling protocols, consideration of the
tradeoffs explored in this manuscript will inevitably play
a role in the future of human brain mapping with diffu-
sion tractography.

CONCLUSIONS

In this study, we have shown that diffusion tractogra-
phy results can vary widely with the choice of g-space
sampling and spatial resolution, even when the tissue
being imaged and the total acquisition time are held con-
stant. We have also demonstrated that balancing acquisi-
tion time between g-space sampling and spatial resolution
provides more anatomically accurate results than, for
example, focusing solely on spatial resolution. One of the
major limitations of our analyses, and of tractography in
general, is the fact that it is largely qualitative. There is
currently no quantitative method for assessing anatomic
accuracy of tractography, and no universally accepted
“gold standard” tractography protocol. Studies like this
one will be essential for future attempts to generate gold
standard tractography datasets for animal models and for
the human brain. These results are particularly relevant
for ex-vivo brain mapping studies where extended scan
times are possible and high anatomic accuracy is required.
Like other ex-vivo brain mapping methods (i.e., dissection,
myelin-stained histology, tracer studies), diffusion tractog-
raphy will certainly add to, rather than replace, previous
anatomic knowledge. Perhaps the most important contri-
bution of diffusion tractography will be to help integrate
previous knowledge into a meaningful 3D map, and allow
quantitative assessment of tract morphology and structural
connectivity. We hope that our systematic analysis of dif-
ferent diffusion imaging protocols provides some insight
into the best use of acquisition time for future brain map-
ping studies.
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