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White matter fiber tracking using diffusion magnetic resonance imaging (dMRI) provides a noninvasive approach
to map brain connections, but improving anatomical accuracy has been a significant challenge since the birth of
tractography methods. Utilizing tractography in brain studies therefore requires understanding of its technical
limitations to avoid shortcomings and pitfalls. This review explores tractography limitations and how different
white matter pathways pose different challenges to fiber tracking methodologies. We summarize the pros and
cons of commonly-used methods, aiming to inform how tractography and its related analysis may lead to ques-

tionable results. Extending these experiences, we review the clinical utilization of tractography in patients with
brain tumors and traumatic brain injury, starting from tensor-based tractography to more advanced methods. We
discuss current limitations and highlight novel approaches in the context of these two conditions to inform future

tractography developments.

1. Introduction

Diffusion magnetic resonance imaging (dMRI) fiber tracking
(Basser et al., 2000; Mori et al., 1999) has been available to the neuro-
science community for two decades and remains the only non-invasive
way to systematically map white matter tracts in the human brain
(Craddock et al., 2013). Since their inception, fiber tracking approaches
have been leveraged as powerful tools to understand the circuit mech-
anisms behind normal and abnormal brain functions (Behrens et al.,
2003a; Schmahmann et al., 2007). The region-to-region connectivity
mapped by tractography facilitates the inference of the structural con-
nectome to elucidate brain network topology (Sporns et al., 2005) and
inform how brain connectivity patterns contribute to brain functions.
Although widely used in neuroscience research, fiber tracking has yet
to acquire widespread clinical utility for neurological disorders. The
primary limitation against such a more comprehensive application is
that utilizing and interpreting tractography requires a substantial un-
derstanding of brain architecture (Schilling et al., 2020) and the trac-
tography method (O’Donnell and Pasternak, 2014). These factors are
essential because tractography can yield false positive and false nega-

tive results (Kupper et al., 2015; Maier-Hein et al., 2017; Thomas et al.,
2014).

The purpose of this review is to provide background for an audience
with neuroimaging backgrounds aiming to acquire essential knowledge
on tractography to investigate brain conditions involving gross patholo-
gies, such as brain tumors and traumatic brain injuries (TBIs). Sections
are presented in the following order to provide the information we deem
essential. First, with histology images, we highlight the challenges of
fiber tracking in various brain regions. Second, we provide an overview
of dMRI acquisition, modeling methods, and fiber tracking algorithms
and discuss their relative strengths and weaknesses. Instead of provid-
ing a glimpse into all methods, we focus on a subset of methods and
compare them in depth. Finally, we discuss tractography applications
to brain tumors and TBI and outline the prospects of novel tractography
modalities as tools for exploring and understanding brain diseases.

It is noteworthy that there are several terminology conventions used
in tractography to describe brain connections. Here and throughout,
tract refers to macroscopic white matter pathways, such as the corti-
cospinal tract and other white matter tracts. By contrast, track (or stream-
line) refers to the inferred trajectories of underlying tracts, as calculated
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Fig. 1. Visualization of white matter pathways in the human brain and of challenges in mapping them across various white matter regions. (a) Brain pathways can be
categorized into association pathways (green), projection pathways (blue), and commissural pathways (red). Mapping these pathways involves different challenges
in different brain regions. (b), (c) and (d) show gyral blades in the superficial white matter on an immunohistochemistry section of a 34-year-old human brain.
Connections with abrupt turning angles are often ignored in fiber tracking, leading to bias in tractography. (e) and (f) show deep white matter where corpus callosum
(CC) bundles intersect projection pathways (PP) or association pathways (AP), demonstrating the challenge of mapping crossing tracts. (g), (h) and (i) show the white
matter around subcortical nuclei. (g) enlarged view of the internal capsule (IC) and caudate nuclei (CN). The connections from caudate nuclei are small pathways,
and mapping them requires higher angular and spatial resolution. (h) shows the putamen (PU), whereas (i) shows the boundary between the globus pallidus (GP),
internal capsule (IC), and thalamus (TH). The fibers within the basal ganglia are often undetectable in dMRI due to the heavy T,-weighting caused by iron complex

deposition.

by a fiber-tracking algorithm; such tracks include spurious tracks, which
are colloquially referred to as false tracks. Fiber refers to a tract popu-
lation within a voxel, where each population is oriented in a distinctly
different direction. The term is used in expressions such as crossing fibers,
which describes two or more tracts at a voxel, or fiber resolving methods,
which refer to methods that resolve local white matter tract orientations
at each voxel.

2. Challenges in mapping brain pathways

Common tractography targets can be classified into the association,
projection, and commissural pathways. As shown in Fig. 1a, the associa-
tion pathways (green), such as the arcuate fasciculus and cingulum, con-
stitute the superficial and deep white matter structures. The projection
pathways (blue) are vertically projecting tracts connecting cortical re-
gions to subcortical nuclei or brainstem regions. The commissural path-
ways (red), such as the corpus callosum, are connections between the
left and right hemispheres. They often pass through the deep white mat-
ter and intersect with association and projection pathways. We further
show histology images from a coronal section of the thalamus and basal
ganglia in the BrainSpan reference atlas (https://www.brainspan.org/)
(Miller et al., 2014) to illustrate the challenges in mapping white mat-
ter tracts. Fig. 1b-i are parvalbumin-labeled immunohistology, which
present line strips in the white matter to reveal fiber bundles’ gross ori-
entations. The superficial white matter, deep white matter, and subcor-
tical nuclei pose three distinct challenges to fiber tracking:

2.1. Gyral bias

The first challenge is the gyral bias of tractography at the super-
ficial white matter (Reveley et al., 2015; Schilling et al., 2018a). As
shown in Fig. 1b-d, superficial white matter comprises gyral blades,
which are bulging structures with fanning fibers aggregated into bun-
dles (Cottaar et al., 2020). In this region, most fiber tracking algorithms,
including probabilistic and deterministic, tend to track the least turning
trajectories to the gyral tip (e.g., the left three trajectories in Fig. 1b) and
ignore those with an abrupt turning to the sulcal band (e.g., the turn-
ing trajectories in the right-upper corner in Fig. 1b). This least-turning
preference avoids an abrupt turning that will produce considerable false
turning in other white matter regions. However, in the superficial white
matter, the resulting tractography only visualizes connections toward
the gyral tip while ignoring many others along sulcal banks, leading to
the false-negative mapping of the superficial pathways.

2.2. Crossing, turning, branching, and fanning structures

The second challenge of tractography occurs in the deep white mat-
ter (Fig. le and f), where tract bundles from different brain regions
meet and intersect. The challenge here is to resolve the crossing, turn-
ing, branching, and fanning architectures formed by these pathways
(Grisot et al., 2021). Many of them coexist within a white matter re-
gion, and thus resolving all of them could be a challenge. For example,
fiber tracking methods may fail to capture the lateral fanning branches
of the corpus callosum or projection pathways due to their relatively
small sizes in this fiber crossing region (Reveley et al., 2015). The deep
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white matter region in Fig. le and f, known as the centrum semiovale
(CS), has three sets of pathways intersecting in a grid-like structure
(Wedeen et al., 2012). The association pathways (as shown by label
AP in the figure) such as the super longitudinal and arcuate fasciculi
are often located laterally relative to projection pathways. More medi-
ally, there are vertically-oriented projection pathways (PP) such as the
corticospinal and corticothalamic tracts. Those pathways have lateral
branches forming branching and fanning architectures that also inter-
sect the association pathways. The corpus callosum (CC) bridges the
two hemispheres and crosses both the projection and association path-
ways. Fig. 1e shows the intersection of these pathways. The corpus cal-
losum passes across the entire region, whereas projection pathways are
oriented vertically; the association pathways (AP) have tracts oriented
along the anterior-posterior (through-slice) axis. Much of the crossing
geometry involves sharp crossing angles, and diffusion modeling meth-
ods may only resolve one fiber and miss others. Consequently, a tracking
algorithm may only map a portion of the white matter connections and
yield false-negative results in the deep white matter regions.

2.3. Subcortical nuclei

The third challenge of tractography involves white matter structures
around subcortical nuclei (Fig. 1g-i), which are hubs of brain networks.
Fig. 1g shows the caudate nuclei (CN) and internal capsule (IC). The
large tracts in the internal capsule are intertwined with small connec-
tions between the caudate nuclei and the basal ganglia. Tracking these
small tracts between large projection bundles around subcortical nu-
clei would require higher spatial resolution acquisitions. Fig. 1h and
i further zoom in to the basal ganglia, including the putamen (PU)
(Fig. 1h) and globus pallidus (GP) (Fig. 1i). The architecture of the
basal ganglia features neuronal clusters enmeshed within white mat-
ter structures. Iron deposition in the basal ganglia introduces heavy T,-
weighting into dMRI. Consequently, these regions yield low diffusion-
weighted signals due to T, shine-through, and fiber orientations cannot
be resolved. Tracking projection pathways down into the brainstem (not
shown here) also has challenges due to limited spatial resolution, phase
distortion, and related signal loss around the air space of the skull base
(Sclocco et al., 2018). Among the above-mentioned brain regions, the
subcortical nuclei and brain stem pose the most significant challenges
to fiber tracking due to their complex fiber architecture and low dMRI
signal quality.

3. Tractography methods—an overview

Tractography pipeline workflows can be divided into multiple
steps, including preprocessing, fiber resolving, fiber tracking, and post-
tracking processing (Fig. 2). The first step starts with preprocessing the
diffusion-weighted images and proceeds with resolving fiber orienta-
tion(s) for each voxel. At the beginning of the pipeline, the images are
often preprocessed to reduce eddy current distortion and phase distor-
tion artifacts as well as other signal quality problems. Additional noise
reduction or signal corrections can be conducted to improve the quality
further. The acquisition optimization and preprocessing strategies are
discussed in Section 4. After preprocessing, diffusion-weighted images
and their associated b-table can be modeled using various fiber resolv-
ing methods to reconstruct one or multiple fiber orientations at each
imaging voxel. There are various methods to resolve fibers, and they
are discussed in Section 5. The results of this step empower fiber track-
ing algorithms to produce track trajectories that can be visualized us-
ing tractograms (see Section 6). Trajectories obtained via fiber tracking
can be post-processed to generate clusters/bundles, discard unsatisfac-
tory results, or classify clusters and bundles neuroanatomically. Fig. 2b
shows a popularity survey of publicly available tractography tools or
pipelines based on Google Scholar search results. The differences be-
tween these tools can be classified based on their fiber resolving and
fiber tracking approaches, as listed in Fig. 2a.
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4. Diffusion MRI acquisitions

The dMRI data are collected using diffusion-sensitization sequences
(Stejskal and Tanner, 1965; Wu and Miller, 2017), such that the ac-
quired signals are sensitive to the microscopic diffusion movements of
water. The diffusion sensitization is achieved by adding one or more
diffusion sensitization gradients, or simply diffusion gradients, to the pulse
sequence. The diffusion gradients are added to the spin dephasing and
rephasing stages of a spin-echo or a stimulated-echo sequence. Thus any
spin diffusion parallel to the gradient directions will decrease MR signals
by interfering with the dephasing and rephasing process. The orienta-
tion of the gradients is called b-vector, whereas the strength of ensemble
diffusion sensitization is quantified by b-value, a collective product of
diffusion time, diffusion gradient duration, and diffusion gradient mag-
nitude. The MR signals without diffusion sensitization are thus called the
b0 signals, whereas the signals with diffusion sensitization will have at-
tenuation due to diffusion. Faster diffusion or higher diffusion sensitiza-
tion leads to more signal attenuation, whereas slower diffusion or lower
diffusion sensitization retains more signal intensity. The signal attenu-
ation at different directions provides the critical information to probe
into the microscopic characteristics of the scanned tissue. In clinical ap-
plications, the optimization of a diffusion sequence considers scanning
time, b-value, diffusion sampling scheme, distortions, and artifacts. We
discuss each of them in the following:

4.1. Scanning time

The scanning time is a significant consideration in clinical applica-
tions. Diffusion MRI used to take a much longer scanning time than
other MR modalities due to the need to acquire data at multiple dif-
fusion directions. The development of simultaneous multi-slice acquisi-
tions (Breuer et al., 2005; Setsompop et al., 2012a; Setsompop et al.,
2012b) have allowed for reducing the scanning time by 2 to 4 folds.
The shorter scanning time allows for more diffusion sampling directions,
better slices coverage, or spatial resolution. For scanning patient pop-
ulations, simultaneous multi-slice acquisition is a critical technique to
reduce the scanning time. Ideally, a clinical study would limit dMRI
acquisition to around 10 minutes. A shorter acquisition also reduces
motion and signal quality issues associated with long scanning time.

Although simultaneous multi-slice acquisitions are practical solu-
tions to reduce the scanning time, an under-recognized issue is the in-
creased T; shine-through due to the reduced repetition time (TR). As
more methods are introduced to achieve a higher acceleration factor,
the reduced repetition time may eventually introduce substantial T;
shine-through that decreases the diffusion signal. Pathological condi-
tions that induce large T;-weighting will further cause unexpected bias
in diffusion-weighted images.

Besides using simultaneous multi-slice acquisitions, another strategy
to reduce scanning time is to reduce the number of slices at the cere-
bellum. For the imaging brainstem or thalamus, the dMRI data can be
acquired using fewer sagittal slices that cover only the targeted brain
regions. Nonetheless, reducing the slices number also reduces TR and
possibly introduces T; shine-through issue mentioned above.

4.2. B-value

The second consideration in diffusion MRI acquisition is the b-value,
which determines the diffusion contrast at different diffusion directions.
The diffusion contrast enables a modeling method to resolve principle
diffusion directions as fiber orientations. A higher diffusion sensitiza-
tion will lead to higher diffusion contrast but will also have more signal
decrease. A lower diffusion sensitization will retain the signal intensity
but may not generate enough diffusion contrast to model the diffusion
patterns. Recent studies have suggested the benefit of a high b-value in
sensing restricted diffusion and resolving complex axonal architectures
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Fig. 2. Overview of tractography pipelines. (a) shows the snapshot of a typical tractography pipeline. The raw diffusion-weighted images are often preprocessed to
remove eddy current and phase distortion artifacts or address other signal-related issues. The preprocessed images are then used to resolve fiber orientations and
their associated diffusion metrics at each voxel. This information is then used by a fiber tracking method to produce tractograms for further post-processing. The
tractogram can be color-coded by directional color (left-right: red anterior-posterior: green superior-inferior: blue) or by arbitrary colors after post-processing to
visualize different bundles. (b) The popularity of publicly available tractography tools quantified by the number of Google Scholar search results from 2005 to 2020.
The icons on the right label each tool’s methodological category (see (a) for the legend).

(Fanetal., 2014; Genc et al., 2020; Yeh et al., 2019). For clinical applica-
tions, a higher b-value can achieve a better sensitivity to early neuronal
change. The optimal value depends on spatial resolution and any param-
eters that can affect the signal intensity. A way to determine whether
the b-value is too high is to inspect the resulting diffusion-weighted im-
age and examine whether the cortex contour is still visible. Currently,
most studies limit the highest b-values below 5000 s/mm?, as long as
there are enough signals in the gray matter after diffusion sensitization.

4.3. Sampling scheme

A diffusion sampling scheme defines the combination of b-values
and b-vectors used in the dMRI acquisition. Commonly used schemes
include single-shell scheme, multi-shell scheme, and grid scheme. The
naming is based on the spatial distribution of the diffusion gradients in
the g-space, a gradient encoding space similar to k-space. The readout
gradients encode the k-space signals, whereas the diffusion gradients

encode the g-space signals. Applying Fourier transform to the k-space
signals will derive the spatial distribution of spins, whereas applying
the inverted Fourier transform to the g-space signals will derive the dis-
placement distribution of spin in the diffusion process. Each diffusion
sampling scheme has its strength and weakness:

4.2.1. Single-shell scheme

The single-shell scheme acquires only one non-zero b-value at mul-
tiple diffusion directions, and thus the distribution of the diffusion gra-
dients appears like a shell in the g-space. Examples of single-shell ac-
quisitions include DTI acquisition and high angular resolution diffusion
imaging (HARDI)(Tuch et al., 2002). Due to the single b-value used in
the acquisition, the single-shell scheme is known for its limitation in
differentiating different restricted diffusions, such as the hindered and
restricted diffusion (Assaf and Basser, 2005; Assaf et al., 2004). Shell-
like schemes densely sample orientational information to resolve fiber
orientations, but it does not have enough radial information to resolve
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Table 1
Diffusion schemes and their applicable methods.
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model-based methods
tensor-based

beyond-tensor

DTI BSM FEW-DTI multi-tensor DKI
single-shell  x X X X
multi-shell X X X X X
grid X X X X X

spherical
model-free methods deconvolution
NODDI DSI QBI GQI MAP-MRI CSD MSMT-CSD
X X X X
x)* X X X
X X X

x: applicable without resampling
*: only with constant solid angle QBI

DTI: diffusion tensor imaging, BSM: ball-and-sticks model, FEW-DTI: free water elimination DTI, DKI: diffusion kurtosis imaging,
NODDI: neurite orientation dispersion and density imaging, CSD: constrained spherical deconvolution, MSMT-CSD: multi-shell
multi-tissue CSD, DSI: diffusion spectrum imaging, QBI: g-ball imaging, GQI: generalized g-sampling imaging, MAP-MRI: Mean

apparent propagator (MAP) MRI

different restricted diffusions. Methods based on single-shell acquisition
are thus more susceptible to the partial volume of free diffusion caused
by tissue edema, leading to possible false findings in tractography.

4.2.2. Multi-shell scheme

Multiple-shell acquisition addresses this limitation by acquiring 3~5
b-values with each b-value sampled at ~100 directions. The scheme thus
presents multiple shells in the g-space and allows for differentiating dif-
ferent restricted diffusion. Examples include the hybrid diffusion imag-
ing (Wu and Alexander, 2007) and the three-shell scheme used in the
Human Connectome Project (Van Essen et al., 2012). Typically, low-b-
value shells can be acquired by fewer sampling directions due to their
lower diffusion contrast. The multi-shell acquisition will allow beyond-
DTI methods to differentiate restricted diffusion and correlate with tis-
sue characteristics.

4.2.3. Grid scheme

Still, some schemes do not use shell-like diffusion sampling. The grid
scheme uses Cartesian sampling and is also known as g-space imaging
(Callaghan, 1991). Similar to k-space imaging that usually samples MR
signals at Cartesian locations, q-space imaging also samples at Cartesian
points, and the scheme forms a grid sampling pattern. The resulting
b-table often has 20~30 b-values with a total of 200~500 directions.
The lowest non-zero b-value usually has only three directions, and the
number of directions increases with the b-values. The multiple b-value
setting of the grid scheme allows for fully characterizing a spectrum of
restricted diffusion (Wedeen et al., 2005).

4.2.4. Choice of schemes

The choice between single-shell, multi-shell, and grid schemes
largely depends on their applicable modeling methods. It is notewor-
thy that a scheme can work with many different modeling methods and
vise versa. As listed in Table 1, the single-shell scheme, including the
DTI dataset, can also be analyzed by other advanced methods, and sim-
ilarly, an advanced scheme such as multi-shell or grid schemes can also
be used by DTI. Single-shell schemes focus on orientational information
because of their numerous sampling directions, but the single b-value
setting does not have radial information to differentiate a spectrum of
restricted diffusions. In comparison, a grid scheme focuses more on ra-
dial information by acquiring more than 10 b-values. The acquired data
can be used to differentiate a spectrum of restricted diffusion. For clin-
ical applications, the prevalence of pathological conditions would need
multi-shell or grid schemes to characterize diffusion and correlate it with
different pathological conditions.

4.4. Distortions and artifacts

Distortions and artifacts are common in dMRI acquisition because of
the increased echo time to include the diffusion gradients. Commonly
seen distortions and artifacts in dMRI include eddy current distortion

and susceptibility-induced distortion. Other signal issues include gra-
dient nonlinearity and signal drift. Although correcting all of them is
the goal, some corrections may require additional scanning time, while
some may not be readily correctable. For cost-effectiveness, a compro-
mise for clinical application would prioritize those with more significant
effects.

4.4.1. Eddy current distortion

The most significant distortion in dMRI is caused by the eddy cur-
rents. The eddy current will interfere with the signal readout and gen-
erate a different shear distortion at each diffusion-weighted image. Its
effect is global and readily visible on the anisotropy map or final trac-
tography results, characterized by artificially high anisotropy and spuri-
ous fibers on the brain surface. Due to its wide-spreading effects across
the brain regions, correcting eddy current distortion is always necessary
and can be done by preprocessing or sequence design. FSL’s eddy (FM-
RIB, Oxford)(Andersson and Sotiropoulos, 2016) is the most commonly
used preprocessing approach for eddy current correction. It uses a Gaus-
sian process to estimate the expected image (Andersson and Sotiropou-
los, 2015) and calculate its transformation to the actual collected image.
The correction is then achieved by inverting the distortion, and the pro-
cess simultaneously handles additional rotation and translocation due
to head motion.

Nonetheless, the Gaussian process in FSL’s eddy needs sufficient
data redundancy and only works on shell schemes. At a b-value of
1500 s/mm?, at least 10~15 diffusion sampling directions are re-
quired to provide enough data redundancy (Andersson and Sotiropou-
los, 2015), and higher b-values would need more sampling directions
and scanning time to enable the correction. For data acquired by
non-shell schemes or insufficient sampling directions, the correction
can be achieved using bipolar diffusion gradients (Finsterbusch, 2009;
Reese et al., 2003; Yang and McNab, 2019). These sequence-based
eddy corrections may provide an alternative solution to cancel the
eddy current and eliminate distortion. Some diffusion gradient designs
(Aliotta et al., 2018) further achieved a shorter echo time to improve
the signal performance.

4.4.2. Susceptibility-induced distortions and artifacts

Another prominent distortion in dMRI is the distortion and signal
dropout caused by susceptibility-induced magnetic field gradients at
the tissue junction. For echo-planar imaging, the susceptibility gradi-
ents parallel to the slice plane will cause geometric distortion, whereas
the gradients perpendicular to the slice will cause signal dropout. The
effects are most prominent at the prefrontal, orbitofrontal, and infe-
rior temporal regions if the phase encoding direction is oriented at the
anterior-posterior direction. Since the effect is more focal than global,
some studies may ignore it as a compromise if their region of interest
has no detectable distortion or signal dropout.

Correction can be achieved by FSL’s topup (FMRIB, Ox-
ford)(Andersson et al., 2003), a preprocessing approach that estimates
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the distortion field to undo the effect through regularized optimization.
The minimal requirement is an additional field map or an additional
b0 acquired at the opposite phase encoding direction. However, the
induced distortion may not be fully restored at regions with a large
susceptibility gradient, and the signal dropout can be uncorrectable.
In such a condition, an effective strategy is to combine multi-shot EPI
sequences (Butts et al., 1994; Holdsworth et al., 2008) to minimize
susceptibility effects, while the residual distortion can be subsequently
corrected by topup.

4.4.3. Other signal issues

Besides artifact and distortions mentioned above, other quality is-
sues include gradient nonlinearity (Malyarenko et al., 2014; Tan et al.,
2013), Gibbs ringing artifact (Perrone et al., 2015; Veraart et al., 2016),
and signal drift (Hansen et al., 2019; Vos et al., 2017). Gibbs ringing
is often deemed insignificant in dMRI because it is only visible at the
sharp edge in high-resolution b0 images. The effect caused by gradient
nonlinearity is often close to the noise level in lower SNR acquisitions
(Mesri et al., 2020), and not all modeling methods are significantly af-
fected (Guo et al., 2021). Similarly, signal drift only affects up to 5% of
the signals in a 15-min scan (Hansen et al., 2019; Vos et al., 2017). For
scans that use a shorter scanning time, the effect is close to the noise
level. Thus, these signal issues are not routinely corrected due to rel-
atively insignificant effects on the diffusion metrics and tractography
results.

4.5. Quality control

Quality control is a critical component in dMRI analysis because the
diffusion contrast is generated by diffusion-induced signal attenuation.
Signal loss due to quality issues can mimic diffusion signal attenuation
and consequently lead to spurious tractography results. Despite correc-
tion approaches mentioned above, some data may be too corrupted to
be correctable due to various acquisition issues, and not all scan data are
suitable for processing. Thus, quality control for dMRI should include a
screening step to identify and exclude uncorrectable data.

Several automated tools are available for quality control purposes
(Bastiani et al., 2019; Cai et al., 2021; Cieslak et al., 2021). These au-
tomated tools can generate a report for quality assurance or calculate
quality metrics. For example, dMRI-based quality metrics (Cieslak et al.,
2021; Yeh et al., 2019) are sensitive to subject motion, eddy current
distortion, or volume-wise signal dropout. A substantially low value in
these metrics indicates an acquisition issue that requires further inspec-
tion to determine whether the issue is correctable. After passing the
screening, the data can be preprocessed to eliminate distortions and ar-
tifacts for further tractography analysis. In clinical applications, reports
from automated quality control tools can be integrated as a quality as-
surance procedure to ensure the reliability of the results for diagnostic,
prognostic, or interventional purposes.

5. Fiber resolving methods

After preprocessing, the dMRI data will be modeled by fiber resolv-
ing methods to estimate the fiber orientations at each imaging voxel
(Fig. 2a). Methods to resolve fiber orientations can be categorized into
model-based and model-free approaches. In the following subsections,
we summarize fiber resolving methods and discuss their strengths and
weaknesses.

5.1. Model-based methods

Model-based methods fit data samples based on pre-defined mod-
els or distribution functions, including the standard tensor model
(Basser et al., 1994), two-tensor model (Qazi et al., 2009), free wa-
ter elimination tensor (Pasternak et al., 2009), ball-and-sticks model
(Behrens et al., 2003b), kurtosis model (Fieremans et al., 2011), or
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neurite orientation dispersion and density imaging (NODDI) model
(Zhang et al., 2012). Model parameters provide fiber orientations for
fiber tracking. One advantage of model-based approaches is that they
often require fewer diffusion sampling directions than model-free meth-
ods. However, a common disadvantage is that the model assumptions
can be violated due to the intricate diffusion patterns of biological tis-
sues, particularly in the presence of gross pathology.

5.2. Model-free methods

Model-free methods seek to estimate orientation distribution func-
tions (ODFs), which can be viewed as histograms quantifying the empir-
ical distributions of diffusion at different orientations. ODF peaks can
be used as fiber orientations for eventual tracking, and metrics can be
calculated from ODFs to correlate with tissue characteristics. Model-
free methods include diffusion spectrum imaging (DSI) (Wedeen et al.,
2005), g-ball imaging (Aganj et al., 2010; Descoteaux et al., 2007;
Tuch, 2004), generalized g-sampling imaging (GQI) (Yeh et al., 2010),
and mean apparent propagator MRI (Ozarslan et al., 2013). These meth-
ods are also known as g-space imaging methods because they often rely
upon the Fourier transform relation between diffusion distributions and
g-space signals (Callaghan, 1991). Model-free methods often need more
diffusion sampling directions and longer scanning time, but the strength
is that they do not assume a specific diffusion model. This feature makes
model-free methods ideal choices for clinical applications, where a dis-
ease or pathological condition may exhibit complex diffusion patterns
caused by demyelination, hemorrhage, edema or infiltration of immune
or tumor cells.

5.3. Spherical deconvolution

Spherical deconvolution (Tournier et al., 2004) and its derivatives
(Dell’acqua et al., 2009; Jeurissen et al., 2014; Rokem et al., 2015;
Tournier et al., 2007) leverage the strengths of both model-free and
model-based methods. Similar to model-free methods, spherical decon-
volution methods also calculate an ODF called the fiber orientation
distribution (FOD). On the other hand, similar to model-based meth-
ods, spherical deconvolution methods use diffusion signals from selected
fiber portions (i.e., the mid-sagittal part of the corpus callosum) as a dif-
fusion model to design deconvolution kernels. These kernels are called
response functions and are used as a unified diffusion model to resolve
fiber orientations. The resulting FODs are often sharper and achieve
relatively higher power to resolve crossing fibers. The multi-shell ver-
sion of spherical deconvolution further provides tissue characterizations
(Jeurissen et al., 2014).

5.4. Comparison

Fig. 3 displays fiber orientations calculated from diffusion tensors,
diffusion ODFs, and FODs based on the same data from the first sub-
ject in the Penthera (Paquette et al., 2019) and traveling subjects
dataset (Fig. 3a and b, respectively) (Tong et al., 2020). Fig. 3 data
were generated using a cloud computation service provided by brain-
life.io (Avesani et al., 2019) through its web applications of DSI Studio
(http://ds-studio.labsolver.org) and MRtrix3 (Tournier et al., 2019). The
diffusion ODF was calculated using GQI (Yeh et al., 2010), whereas the
FOD was calculated using multi-shell, multi-tissue constrained spherical
deconvolution (Jeurissen et al., 2014). The threshold for filtering fiber
orientations was determined by a value that achieved the best consis-
tency between the three approaches to facilitate comparison. The coro-
nal slices in Fig. 3 are selected to include the thalamus and basal ganglia,
thereby facilitating cross-reference with Fig. 1.

As shown in Fig. 3, the tensor model can only resolve one fiber ori-
entation for each voxel in the centrum semiovale (CS), and thus DTI
tractography cannot track the transverse branches of the corpus callo-
sum (CC), as delineated by the dashed line. The fiber orientations re-
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Fig. 3. Commonly encountered ambiguities in fiber orientations as resolved by the standard tensor model, diffusion orientation distribution functions (ODFs), and
fiber orientation distributions (FODs). The illustrations are based on publicly available data from (a) the Penthera 3 T dataset (Paquette et al., 2019) and (b) the
traveling subjects dataset (Tong et al., 2020). Data were processed using MRTrix3 and DSI Studio on a cloud computing platform (brainlife.io). The resolved fibers
are shown by sticks colored by directional color (left-right: red, anterior-posterior: green, superior-inferior: blue). The tensor model (first column) only resolves one
fiber orientation per voxel and cannot map the lateral branch of the corpus callosum (CC) (dashed line). The diffusion ODF model can resolve part of the crossing
fibers but may still miss some lateral branches (dashed line) of the CC. FODs provide the highest resolving power for identifying crossing fibers but may occasionally
produce arc-shaped spurious tracks perpendicular across the gyrus. The FOD results within the subthalamic nuclei (STN) and the thalamus may cause difficulties
for tracking subcortical targets. For all three methods, the fiber orientations resolved for the putamen (PU) and globus pallidus (GP) are unreliable due to heavy

T,-weighting caused by iron complex deposition. .

solved in the putamen (PU) and globus pallidus (GP) are unreliable due
to weak dMRI signals. Nonetheless, the showcased limitation in resolv-
ing crossing fibers does not imply that DTI tractography is unusable in
such cases. Specifically, DTI tractography has been used to track associ-
ation pathways such as the arcuate fasciculus (Glasser and Rilling, 2008;
Rilling et al., 2008; Saur et al., 2008) and the superior longitudinal fas-
ciculus (Karlsgodt et al., 2008; Makris et al., 2005; Martino et al., 2013).
Moreover, in the subcortical structures, DTI tractography has shown
clinical benefit in mapping pathways near the thalamus (TH) and sub-
thalamic nucleus (STN) for deep brain stimulation (Coenen et al., 2011;
Vanegas-Arroyave et al., 2016). The accuracy of DTI tractography thus
depends on white matter location, and researchers should be aware of
DTI limitations in mapping crossing fibers.

Diffusion ODF can resolve fibers crossing at angles between 45 and
90 ° (Cho et al., 2008), but fibers crossing at smaller angles, such as those
annotated by dashed lines in Fig. 3, cannot be resolved. As a result, trac-
tography using diffusion ODF may still miss part of the callosal branches.
Furthermore, diffusion ODF cannot resolve fibers at the putamen (PU)
and globus pallidus (GP) due to iron deposition that causes low diffu-

sion MRI signals. The primary strength of diffusion ODF tractography is
its applications under various pathological conditions that dramatically
alter the diffusion pattern (Abhinav et al., 2015; Becker et al., 2020;
Celtikci et al., 2018; Zhang et al., 2013). Overall, tractography based on
diffusion ODF offers improvements over DTI by providing better map-
ping of crossing patterns (Gangolli et al., 2017). However, the former
method still requires cautious interpretation due to its potential failure
to capture specific crossing configurations (Neher et al., 2015).

FOD tractography has a better resolving power than DTI and diffu-
sion ODF methods (Tournier et al., 2008; Wilkins et al., 2015a), making
it ideal for delineating fibers crossing at a sharp angle (Neher et al.,
2015). However, FOD approaches may occasionally yield false identifi-
cations of fibers perpendicular to gyri. These false fibers may manifest
themselves as arc-shaped false tracks in gyral blades, as shown by the
black lines in Fig. 3a and b, whereas histology (Fig. 1b and c) show
no fibers spanning across the gyrus. These false fiber tracings are often
found at larger crossing angles between 50 and 90 ° (Parker et al., 2013)
and may be caused by the mismatch of response functions since tract
bundles in different brain regions may have distinct diffusion patterns



F.-C. Yeh, A. Irimia, D.C.d.A. Bastos et al.

(Schilling et al., 2019a). FOD tractography is usually more sensitive to
crossing fibers, but attention should still be devoted to potential false
findings (Knosche et al., 2015).

With many different fiber tracing methods available, researchers
should take into careful consideration each method’s pros and cons and
their differential suitability for different brain regions and fiber tracing
goals. This advice is supported by a recent histology study suggesting
that fiber resolving methods can have different performances in differ-
ent brain regions (Schilling et al., 2018b). For example, FOD tractog-
raphy is often ideal for capturing sharp crossings, such as in the lateral
branches of the projection pathways or corpus callosum (Jeurissen et al.,
2011; Wilkins et al., 2015b). On the other hand, model-free methods
can facilitate the study of various pathological conditions (e.g., TBI, en-
cephalopathies, tumors), where fibers undergo demyelination or edema
that induce deviations from normative diffusion models. In brain re-
gions with no crossing fibers, DTI can still produce reliable tractogra-
phy results (Kristo et al., 2013; Kristo et al., 2012). In mapping cardiac
muscle fibers, DTI is still the method of choice for cardiac tractography
(Sosnovik et al., 2009) due to its less stringent imaging requirements
and to its lower risk of modeling crossing fibers inadequately. The fiber
orientations resolved by any of these methods can be coupled with any
fiber tracking method to generate tractography, as detailed in the next
section.

6. Fiber tracking methods

Fiber tracking was initially addressed as a numerical estimation
problem since its introduction 20 years ago (Basser et al., 2000;
Mori et al., 1999). From a numerical perspective, the problem can be
viewed as solving an ordinary differential equation (ODE), and the tar-
geted track trajectory is the unknown function to be estimated. This nu-
merical problem is often called the first-order ODE problem or first-order
initial value problem. Fig. 4a uses a one-dimension function to visualize
this numerical estimation process. The goal of the first-order ODE prob-
lem is to numerically estimate an unknown function (grayed dashed
line) using both its first derivatives (black arrows) and an initial value
of the function (black circle). In fiber tracking, the first derivatives of
the function are the fiber orientations resolved by fiber resolving meth-
ods described previously, whereas the initial value is the seeding point
used by fiber tracking algorithms to begin the fiber tracking process.

6.1. Euler method

One of the most popular numerical approaches to solving first-order
ODEs is the Euler methoddue to its relative simplicity and adequate nu-
merical stability. In fiber tracking, this method is used as an iterative
approach to calculate fiber trajectories by iterating between a direction
estimation step and a propagation step (Basser et al., 2000). The approach
starts at a pre-defined starting location, f(t,), (a.k.a. the seed). The lo-
cal fiber direction at this current location, f/prime(t,), is provided by
the fiber resolving methods (e.g., the tensor model, diffusion ODF, or
FOD mentioned in Section 5) and is used to define the propagation di-
rection. The tracking process iteratively propagates the trajectory of the
track in two opposing directions (Fig. 4a). At each iteration i, the spa-
tial trajectory is extended by calculating f(¢,,,) = f(t;) + f/prime(t;)As,
where As is a pre-defined distance called the step size. The above process
is repeated until any of the termination criteria are met. Commonly-
used termination criteria include (a) an anisotropy threshold (which
terminates tracking if fractional anisotropy falls below a pre-defined
value)(Yeh et al., 2013), (b) a brain mask (which terminates tracking if
the end coordinate of a track falls outside the brain region) (Smith et al.,
2012), and (c) an angular threshold (which terminates tracking if the
fiber trajectory makes a sufficiently abrupt turn). Both deterministic and
probabilistic fiber tracking often rely on this Euler estimation frame-
work. The main typical distinction between approaches is whether the
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propagation direction is randomly selected from the distribution of di-
rections (thus probabilistic) or whether it is determined before tracking
begins (thus deterministic) (Descoteaux et al., 2009).

6.2. Errors in fiber tracking

The standard numerical analysis shows that the numerical errors of
the Euler method are reduced linearly as step size decreases (i.e., using
big-oh notation, O (As)); for higher-order methods such as the Runge-
Kutta method, the reduction is quartic (i.e., O(As*)). However, this error
estimation does not consider other errors associated with unique scenar-
ios of fiber tracking, as shown in Fig. 4b-d. The figures illustrate three
scenarios whose mathematical setting deviates from that of a typical
first-order ODE problem.

In Fig. 4b, the first scenario is the angular deviation in the local fiber
orientation. The deviation can be due to artifacts, modeling limitations,
partial volume effects, or interpolation errors. The diffusion MRI com-
munity has devoted efforts to address the angular deviation problem
(Tournier et al., 2011); however, the best approaches may still have a
typical angular deviation of 6 to 10 ° shown by histology (Schilling et al.,
2016). Higher-order ODE solutions may not necessarily be more accu-
rate since the trajectory error caused by angular deviation is often more
substantial than those caused by the step size. The second scenario, illus-
trated in Fig. 4c, occurs at the boundaries of tract bundles. A bundle may
have an end surface near the gray matter, but fiber tracking can have
premature terminations or overshoots due to an error in the termination
criteria. As shown in Fig. 4d, the third scenario involves the existence
of multiple trajectories at the same location. Specifically, each imaging
voxel can be associated with more than one fiber orientation, and fiber
tracking could generate an incorrect routing that bridges two unrelated
bundles and creates spurious tracks. All three scenarios can occur in
combination with one another and greatly complicate the task of fiber
tracking. For example, tracking may start with a minor deviation due to
an error in fiber orientations and then wrongly connect a bundle to un-
related nearby bundles. Alternatively, tracking may fail to terminate, as
appropriate, at the gray-white matter junction and may instead bridge
another bundle across a sulcus. Thus, identifying false tractography re-
sults requires an adequate understanding of how fiber tracking may fail
due to scenarios like those shown in Fig. 4b-d.

Fig. 4e lists examples of spurious bundles identified by experts when
constructing a human brain tractography atlas (Yeh et al., 2018). The
blue arrows in the figure point to incorrect routing that bridges two un-
related bundles, whereas the red arrows point to premature track termi-
nations. While identifying premature terminations can be accomplished
by referring to structural anatomy images (Smith et al., 2012), iden-
tifying incorrect routings often require prior anatomical insights and
knowledge because incorrect routing bundles may still contain (mostly)
realistic trajectories. Moreover, the trajectories of spurious tracks may
match local fiber orientations and diffusion patterns (Maier-Hein et al.,
2017), meaning that the dMRI dataset itself may not provide sufficient
information to reject such false trajectories. In such cases, prior inde-
pendent information (e.g., from a tractography atlas) may be needed to
map white matter pathways correctly.

Throughout the past 20 years of tractography algorithm develop-
ment, the neuroimaging community has acknowledged that fiber track-
ing methods typically yield a substantial number of spurious results that
should not be ignored (Reveley et al., 2015; Thomas et al., 2014). Al-
though numerous tractography competitions and challenges have been
organized, most have not identified a clear winner favoring any partic-
ular fiber tracking method (Fillard et al., 2011; Maier-Hein et al., 2017;
Pujol et al., 2015; Schilling et al., 2019b). This suggests that tractog-
raphy’s accuracy challenges are more substantially rooted within the
intrinsic limitations of dMRI as a technique rather than within numer-
ical methodology. Thus, there is a need for independent information
and anatomical priors to achieve higher accuracy in fiber tracking. We
discuss this trend further in Section 9.
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Fig. 4. Challenges in fiber tracking and examples of spurious tracks. (a) fiber tracking involves a numerical procedure to solve a first-order ordinary differential
equation (ODE) whose parameters are specified by a starting location (i.e., the seeding point, black circle) and by the first derivative of a function (i.e., the resolved
fiber orientation, arrows) at each voxel. The trajectory can then be calculated using the Euler method. However, the conventional ODE problem only considers
numerical error due to finite step size and does not consider other error scenarios in fiber tracking. (b) The first scenario that raises challenges for standard fiber
tracking involves errors in the estimation of first derivatives, which can cause substantial deviation of trajectories from their ground truth. (c) The second challenging
scenario involves the boundary condition. Specifically, white matter tracts have termination locations, and fiber tracking may terminate at the wrong location, leading
to a premature termination or an overshoot. (d) The third challenging scenario involves the coexistence of multiple trajectories at the same voxel location. Connecting
unrelated trajectories may lead to incorrect streamline routing and spurious tracks. (e) example of spurious tracking results identified by neuroanatomists in an atlas
construction study (Yeh et al., 2018). The tractogram is color-coded by directional color (left-right: red, anterior-posterior: green, superior-inferior: blue). The
locations of incorrect routings and premature terminations are annotated by blue and red arrows, respectively. Incorrect routing is often due to a deviated tracking
procedure that bridges two unrelated bundles and produces spurious trajectories. Identifying false results requires prior neuroanatomical knowledge—and even
mapping nearby pathways-to rule out the possibility of incorrect routing.
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7. Tractography in patients with brain tumors

Tractography has emerged as a standard tool in many institutions for
preoperative assessment of white matter tracts perilesional to gliomas,
primarily due to recent improvements in the image acquisition time and
to the promising potential of its clinical applications (Henderson et al.,
2020; Nimsky et al., 2005; Vanderweyen et al., 2020). To achieve opti-
mal surgical outcomes, studies have demonstrated that maximal tumor
resection is an independent prognostic factor for survival in high- and
low-grade gliomas (Jakola et al., 2013; Lacroix et al., 2001; Li et al.,
2016), whereas neurological deficits after resection of tumors are associ-
ated with a decrease in overall survival and quality of life (Rahman et al.,
2017). For preoperative assessment, a safe maximal resection has been
the surgical goal in brain tumor patients. To this end, tractography’s
primary role is to provide individualized reconstructions of tract tra-
jectories and to reveal the relationship between the lesion and critical
white matter tracts, thereby aiming to assist maximal tumor resection
while avoiding new postsurgical deficits.

7.1. DTI tractography in brain tumors

Early in tractography development, DTI tractography was used to
depict the pathological effects of brain tumor growth on white matter
pathways, including infiltration, displacement, disruption, and destruc-
tion of tracts (Witwer et al., 2002). At least one study also showed good
correspondence between positive subcortical stimulation sites and lan-
guage tract mapping by DTI tractography (Leclercq et al., 2010a), al-
though false-negative results require attention. Later studies have shown
that tractography-based navigation associated with subcortical mapping
contributes to maximal safe resection of cerebral gliomas involving the
corticospinal tract (CST) (Wu et al., 2007; Zhu et al., 2012; Zolal et al.,
2012). In low-grade gliomas, critical areas around the tumor, both cor-
tical and subcortical, are among the most important factors limiting the
extent of resection (Hervey-Jumper and Berger, 2019). Intra-tumoral
DTI tractography in cases of low-grade gliomas has revealed that the
presence of motor and language pathways within the tumor can predict
eloquent areas and the extent of resection (Mato et al., 2021). In prac-
tice, preoperative tractography can be incorporated into surgical nav-
igation devices to provide a three-dimensional visualization of white
matter tracts of interest and their relationship to critical anatomical
structures during surgical planning and resection (Coenen et al., 2001;
Kuhnt et al., 2012; Nimsky et al., 2006) (Fig. 5). Functional MRI activa-
tion areas can be used as seed regions of interest for DTI tractography
(Smits et al., 2007), resulting in better prediction of functional fascicles
than anatomical-based tractography (Sanvito et al., 2020). Tractogra-
phy data can be interactively visualized by the surgeon using dynamic
seeding and region of interest to demonstrate the relationship of white
matter tracts to the lesion and critical structures (Fekonja et al., 2019;
Golby et al., 2011).

More recently, laser interstitial thermal therapy has become an in-
creasingly used, minimally invasive, image-guided treatment option for
patients with some brain tumors. In this procedure, a laser fiber is stereo-
tactically inserted into the lesion to heat the tissue under MR thermome-
try and to ablate the lesion. Tractography can also be incorporated into
pre- or intra-operative images to guide the safest approach trajectory
and ablation of lesions (Fig. 6).

Overall, DTI tractography has helped neurosurgeons correctly iden-
tify patients with interrupted white matter tracts in whom a more ag-
gressive extent of tumor resection can be pursued (Alexopoulos et al.,
2019). The knowledge of the location and integrity of critical pathways
is crucial to the neurosurgeon to preserve eloquent subcortical white
matter and to avoid postoperative neurological deficits (Tuncer et al.,
2021). Nonetheless, it is noteworthy that negative findings in DTI trac-
tography are not sufficient to rule out the existence of functional tract
pathways in the peritumoral region (Leclercq et al., 2010a).
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In addition to trajectories obtained from tractography, the diffusion
metrics associated with this technique can inform clinicians about the in-
tegrity of peritumoral white matter pathways. The combination of quan-
titative information along trajectories can provide clinically relevant in-
formation on the location and integrity of peritumoral tracts in a lesion
vicinity. Clinically relevant findings include the destruction of tracts by
aggressive lesions such as high-grade gliomas, infiltration by low-grade
gliomas, and displacement by metastases or meningiomas, although any
or all of these can co-occur (Young and Knopp, 2006). When integrated
with track-based metrics, tractography can provide surgeons with quali-
tative and quantitative information regarding potentially affected tracts
around an intracranial lesion. In DTI tractography, the tensor model
provides fractional anisotropy (FA), which may reflect changes in tract
integrity, and apparent diffusion coefficient (ADC), which may reflect
changes in the perilesional area such as an increase in cellularity. These
metrics have been used to evaluate the perilesional zone around gliomas,
mainly to help distinguish infiltration from edema (Hoefnagels et al.,
2014; Provenzale et al., 2004). However, it is noteworthy that FA and
ADC can be affected by various factors (Alexander et al., 2001; Hui et al.,
2010; Pasternak et al., 2009), and that changes can be nonspecific. Con-
sequently, their clinical values in the diagnostic and prognostic evalua-
tion are limited due to their relatively low specificity and sensitivity.

Tractography can also assist stereotactic radiosurgery (SRS) plan-
ning. SRS is a highly conformal treatment used to treat some brain tu-
mors (and other lesions). SRS delivers a high dose of radiation in one, or
up to five, treatment sessions. Reports in the literature have suggested
that white matter tracts, particularly the optic radiation and arcuate
fasciculus, are more vulnerable to radiation during SRS than previously
thought (Maruyama et al., 2007; Maruyama et al., 2009). For treatment
planning, DTI tractography images can be fused with stereotactic treat-
ment images to analyze dosimetry for critical tracts (Maruyama et al.,
2005). Integrating DTI tractography into SRS planning has been re-
ported to help prevent morbidity related to radiosurgery in patients un-
dergoing treatment for arteriovenous malformations (Koga et al., 2012).
There is support for the view that delineation of functional structures
and tracts in dosimetry planning is beneficial and could reduce the dose
received by these healthy tissues, thus decreasing the risk of radiation-
induced complications and increasing the quality of the delivered treat-
ment (Pantelis et al., 2010). In a study with 23 patients with lesions
adjacent to the CST where DTI-tractography was fused with stereotactic
MRYI, the CST was treated as an at-risk “organ,” and the conformal dose
was planned; clinical parameters between plans with and without trac-
tography were then evaluated (Kawasaki et al., 2017). The maximum
CST dose was significantly reduced by tractography planning, adding
only a 3.5 min irradiation time prolongation. There was no significant
difference in the dose covering 95% of the lesion volume (D95). The
results suggested that the CST dose can be reduced while maintaining
the D95 with clinically acceptable prolongation of the irradiation time
(Kawasaki et al., 2017). Integration of tractography into SRS represents
a promising tool for preventing radio-induced toxicity and complica-
tions (Maruyama et al., 2007).

7.2. Limitations of DTI tractography in brain tumors

DTI tractography and diffusivity-based measurements have several
limitations despite their widespread clinical use. To recapitulate, the
tensor model cannot describe multiple fiber orientations, and the esti-
mation of axonal directions can be inaccurate in regions with crossing
fibers (Alexander et al., 2001; Tuch et al., 2002). Moreover, a tumor can
disrupt, displace, and infiltrate white matter while simultaneously caus-
ing peritumoral edema. Pure vasogenic edema is found around some
meningiomas and metastatic lesions, whereas infiltrative gliomas can
have vasogenic edema and neoplastic infiltration (Min et al., 2013). The
diffusivity-based measurements can also be over-estimated or under-
estimated due to cell infiltration or peritumoral edema (Wang et al.,
2011). DTI metrics, such as FA, can be affected by crossing fiber con-
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Fig. 5. DTI-based tractography from a surgical navigation system for a 58-year-old patient with non-small cell lung cancer which metastasized in the left frontoparietal
region of the brain. The tracking used a multi-ROI (region of interest) approach with one cubic box positioned in the region of the posterior limb of the internal
capsule, at the level of the interventricular foramina of Monro and another box placed at the anterior inferior pontine level, inserted caudally relative to the upper
and middle cerebellar peduncle. The left corticospinal tract (yellow) is displaced posteriorly compared to the right (contralateral) branch. A region of hypointensity
(low signal) around the lesion suggests vasogenic edema. It is crucial to notice that DTI tractography shows no tracks in the region of edema. This negative finding
is likely due to the inability of DTI to track streamlines in edematous regions and does not unequivocally indicate tract disruption.

ditions or by partial volume effects in the edematous zone around the
gliomas, which in turn can lead to premature termination of the fiber
tracking and the risk for the incomplete reconstruction of a perilesional
tract (Chen et al., 2015b)(Fig. 7). Change in the free water content
of tissue lowers FA values, while the tracts might remain unaffected.
Consequently, DTI-based tractography can fail to demonstrate tracts
that are present—but not traced—due to several types of tissue abnor-
mality around brain tumors, such as edema or tumor cell infiltration
(Leclercq et al., 2010b) (Zhang et al., 2013). This drawback can cause
DTI tractography reconstructions to become inaccurate and inconsistent
in edematous regions around tumors, making it harder to differentiate
destroyed white matter tracts from intact ones with edematous white
matter, a critical task for neurosurgical planning (Kinoshita et al., 2005;
Schonberg et al., 2006).

7.3. Advanced tractography in brain tumors

Several advanced tractography methods have been proposed to ad-
dress the limitations of DTI tractography in the presurgical planning
for brain tumor surgery. Their advantages include more reliable results
in the presence of peritumoral edema and complete mapping of tract
branches. Specifically, Zhang et al. (2013) compared DTI and GQI trac-
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tography using preoperative and postoperative scans on brain tumor
patients. The results showed that advanced tractography could com-
prehensively display existing tracts in the edema, whereas DTI trac-
tograms were incomplete. Chen et al. (2015a) retrospectively compared
DTI tractography with two-tensor unscented Kalman filter tractography
and found that advanced tractography can provide better sensitivity in
mapping arcuate fasciculus tractography in the presence of peritumoral
edema. More recently, Gong et al. (2018) performed a similar retro-
spectively comparison in patients harboring tumors near the CST and
reached the same conclusion. Several studies comparing DTI tractog-
raphy with advanced tractography have confirmed that the latter can
map white matter tracts with higher accuracy and better safety margins
for neurosurgical procedures. (Abhinav et al., 2015; Christiaens et al.,
2015; Farquharson et al., 2013; Fernandez-Miranda et al., 2012). The
metrics from advanced modeling may further offer additional informa-
tion over conventional DTI metrics (Fekonja et al., 2020). Thus, re-
placing DTI tractography with advanced tractography has been recom-
mended (Nimsky, 2014). The latter can be color-coded with other imag-
ing modalities to evaluate white matter tracts around a brain lesion for
diagnostic and prognostic assessment. The integrated tractogram can
inform the extent of peritumoral edema or tumor cell infiltrations and
help clinicians achieve a safe maximal resection (Fig. 8a and b).
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Fig. 6. Surgical planning for laser interstitial thermal therapy: an image-guided, minimally-invasive treatment that has been increasingly used to treat hard-to-
reach primary or metastatic brain tumors. (a) Tractogram and the gyral surface viewed from the same left-posterior direction show a laser probe inserted into the
tumor lesion to heat the tissue under MR thermometry and to ablate the lesion. Tractography of peritumoral pathways can be integrated with preoperative and
intra-operative images to guide the safest ablation. Nearby tracts include the arcuate fasciculus (AF), corticospinal tract (CST), inferior frontal-occipital fasciculus
(IFOF), inferior longitudinal fasciculus (ILF), optic radiation (OR), and corpus callosum (CC). (b) A view from the right-posterior-superior direction shows the relative
location of the lesion to the surrounding critical tracts.

Fig. 7. Comparison of DTI tractography to advanced tractography using an unscented Kalman filter (UKF) in the same patient as in Fig. 5. (a) The corticospinal tract
(CST) generated by DTI-based tractography (reddish-orange) and UKF (golden yellow). UKF tractography shows CST going through the edematous region around
the tumor, whereas DTI tractography does not capture those peritumoral tracts. (b) The tractogram shows a 3D-reconstructions of the CST from DTI tractography
(reddish-orange), using commercially available navigation software, and from UKF tractography (golden yellow), using the SlicerDMRI module in 3D Slicer. It is
noteworthy that UKF tractography allows one to visualize CST innervating the lower extremities, upper extremities, and face (peripheral, extracerebral trajectories
not shown). In contrast, DTI-based tractography shows only tracts from the same region of the motor cortex, likely corresponding to upper extremities. (c) Coronal,
contrast-enhanced T;-weighted MRI integrated with tractogram illustrates the two tractography techniques and the ability of advanced tractography to identify tracts
in the edematous region of the peritumoral area.
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Fig. 8. Novel tractography approaches showing perilesional white matter pathways of a 65-year-old female patient with glioblastoma multiforme (GBM) to assist
presurgical planning or postsurgical assessment. (a) Advanced tractography can be integrated with other imaging modalities to assist diagnostic and prognostic
evaluation. The tractogram is color-coded by T,/FLAIR to visualize pathways affected by peritumoral edema. (b) Tractograms can be color-coded according to cell
densities estimated from restricted diffusion imaging (Yeh et al., 2017) to highlight tracts infiltrated by tumor cells (annotated by the white arrow). The results may
inform the extent of surgical resection to achieve better surgical results. (c) Automated tractography maps the arcuate fasciculus (AF), corticospinal tract (CST),
and optic radiation (OR) of the patient to facilitate presurgical planning. This new tractography approach uses prior anatomical information from a tractography
atlas to identify white matter pathways, eliminate spurious tracks, and cluster tracks into anatomically defined bundles. This process can reduce the tedious manual
placement of seed regions and can improve the test-retest reliability of tractography mapping.

For clinical groups already using DTI tractography, transition to
beyond-DTI can be readily achieved by combining two sets of DTI data
at different b-values. For example, one DTI acquisition can be acquired
at a b-value of 1500 s/mm? at 30 directions, whereas another DTI ac-
quisition can be subsequently acquired at a b-value of 3000 s/mm? at
60 directions. Both acquisitions should use the identical isotropic reso-
lution and identical TE and TR. These two DTI data combined is a two-
shell dataset that can be readily utilized by more advanced modeling
methods mentioned above, including and not limited to GQI, MSMT-
CSD, NODDI, and DKI. Combining two-shell protocol and beyond-DTI
methods offers the potential to remove free water and minimize the
effect of peritumoral edema. Furthermore, many tractography tools
shared their applicable imaging protocol to encourage reproducible re-
search and open science (Norton et al., 2017). We also shared our
12-minute grid scheme protocol at the DSI Studio website (http://dsi-
studio.labsolver.org), which acquired 23 b-values at 258 directions to
characterize a spectrum of restricted and non-restricted diffusion.

Challenges remain for future advanced tractography methods to ad-
dress when mapping white matter in brain tumor patients. Currently,
there is no standardization of dMRI tractography methods used by dif-
ferent institutions. For example, as mentioned in previous sections,
studies have demonstrated considerable variability in fully reconstruct-
ing the pyramidal pathway among different approaches (Pujol et al.,
2015; Schilling et al., 2020). Research has already demonstrated that
operator-dependent effects such as the choice of regions (e.g., either
seed regions or region of interest) can often affect tractography results
(Radmanesh et al., 2015). Even the same tractography method imple-
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mented within different software environments can have a wide range
of performance discrepancies (Maier-Hein et al., 2017; Schilling et al.,
2021). Thus, reproducibility and standardization are critical challenges
that must be overcome for tractography to gain further trust within the
neurosurgery community. This issue is crucial in neurosurgical settings,
where tractography errors can give clinicians incorrect information on
the location of critical structures and could thus increase the risk of
postoperative deficits for some patients (Duffau, 2014). One promis-
ing direction is automated tract identification for brain tumor patients
(O’Donnell et al., 2017). Precisely, by using a tractography atlas, au-
tomated tractography can map white matter pathways in the eloquent
areas to facilitate neurosurgical planning (Fig. 8c). Clinicians can spec-
ify tracts of interest to visualize their relationship to the lesion. This
new tractography visualization approach can reduce the time needed for
manual placement of regions, improve the reliability of pathway map-
ping, and potentially promote the future standardization of presurgical
planning.

8. Tractography in patients with TBI
8.1. DTI tractography in TBI

DTI tractography has contributed substantially to our understand-
ing of longitudinal TBI effects upon the connectome as a function
of age (Irimia et al., 2015; Trotter et al., 2015), injury chronicity
(Ewing-Cobbs et al., 2016), impact mechanism (Petrie et al., 2014;
Tremblay et al., 2014), trauma severity (Ilvesmaki et al., 2014) and clin-
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ical outcome (Yuh et al., 2014). Additionally, it has allowed scientists to
study how white matter structures (Wright et al., 2016), cognitive abili-
ties (Caeyenberghs et al., 2014; Calvillo and Irimia, 2020), and connec-
tome properties (Fagerholm et al., 2015) are differentially vulnerable
to TBI under a variety of conditions. Studies have combined standard
tractography with sophisticated biomechanical models to identify struc-
tural connectome regions most vulnerable to mild injury (Sullivan et al.,
2015; Zhao et al., 2017). Furthermore, DTI tractography has been lever-
aged to serve as a reliable surrogate biomarker for vasogenic edema
in peri-hemorrhagic TBI regions (Yang et al., 2017) to identify post-
traumatic blood-brain barrier permeability changes and to quantify ab-
normal iron deposition within the brain parenchyma (Wright et al.,
2016). These critical contributions give rise to detectable cerebral mi-
crobleeds in susceptibility-weighted imaging suggesting traumatic ax-
onal injury and blood-brain barrier breakdown (Irimia et al., 2018),
which are relevant for mild traumatic brain injury (mTBI) diagnosis in
the absence of other imaging findings (Rostowsky et al., 2018). Trac-
tography has also served as a welcome adjuvant to electrophysiologi-
cal methods for mapping functional connectome properties, the loci of
post-traumatic epilepsy, and related functional manifestations of post-
traumatic sequelae (Irimia et al., 2013; Irimia and Van Horn, 2015a).

8.2. Limitations of DTI tractography in TBI

Despite the breadth and value of DTI studies to characterize TBI
sequelae within the connectome, the utility and interpretation of DTI
measures in TBI remain equivocal (Van Horn et al., 2017). To a sub-
stantial extent, these challenges echo those described in the previous
sections. Whereas FA is commonly assumed to decrease after mTBI, a
sizeable number of studies have concluded otherwise (Arfanakis et al.,
2002; Inglese et al., 2005; Kinnunen et al., 2011; Kumar et al., 2009;
Lipton et al., 2009; Lo et al., 2009; Miles et al., 2008; Toth et al.,
2013). This debate has not been settled even after accounting for the
effects of confounds such as injury chronicity, age at injury, publication
date, and methodological differences across studies (Dodd et al., 2014;
Eierud et al., 2014). Furthermore, FA has been frequently associated
with white matter damage in TBI because its mathematically related
metrics, axial diffusivity (AD) and radial diffusivity (RD), are consid-
ered to be surrogate markers of axonal and myelin damage, respectively
(Song et al., 2003; Song et al., 2002; Song et al., 2005; Sun et al., 2006;
Winklewski et al., 2018). This relative consensus persists, although such
measures remain challenging to interpret in the presence of inflamma-
tion and edema. For example, AD may decrease during acute demyeli-
nation in the presence of axonal edema and microglial activation, but
not during chronic demyelination of the connectome (Lodygensky et al.,
2010). Similarly, RD increases chronically in demyelinating conditions
unless edema is present, in which case RD does not appear to change
significantly (Xie et al., 2010). Thus, because brain trauma-related in-
flammation and scarring can substantially change white matter struc-
ture across time, the interpretation of AD, RD, and FA in TBI is chal-
lenging as it depends on factors like lesion content and temporal evo-
lution. Thus, additional research is needed to understand how inflam-
mation, hemorrhage, axotomy, axonal injury, and demyelination in-
teract post-traumatically to affect both the connectome and DTI mea-
sures (Armstrong et al., 2016). Some investigators have even proposed
that standard DTI tractography is insufficiently reliable for interpret-
ing TBI pathology in the presence of such complex cellular phenomena
(Winklewski et al., 2018) and that more sophisticated techniques should
be used (Cross and Song, 2017).

Another challenge of using DTI tractography in TBI is that many
tensor assumptions may be violated in the presence of traumatic ax-
onal injury. This latter phenomenon involves axonal shearing, twisting,
or swelling that affects cellular morphology. The ensuing dysregulation
of homeostatic calcium transmembrane gradients compromises cellu-
lar permeability and exacerbates morphological alterations in the ax-
onal microstructure. These changes are poorly captured by DTI, partic-
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ularly in the ubiquitous scenario where vasogenic and cytotoxic edema
compete in the extent to which they dysregulate cellular function and
tissue integrity. In response to such concerns, NODDI and g-space met-
rics—which can quantify intra-axonal volume fractions—have been pro-
posed as techniques that provide sensitive and specific biomarkers of
post-traumatic white matter disruption, macroscale tissue alterations, or
cognitive deficits associated with TBI sequelae (Wu et al., 2018). Never-
theless, while relying on electron microscopy data to validate FA values
and DTI streamline orientations in a murine TBI model, Salo et al. found
that the orientations of DTI tractography streamlines can accurately re-
flect electron microscopy (EM)-derived white matter fiber orientations
(Salo et al., 2018). However, the extension of such findings to humans
may be problematic because many tractography validation studies in
animals have used spatial resolutions more than an order of magnitude
higher than typical human studies (Salo et al., 2018).

FAs and DTI streamline orientations have been validated only for
a limited range of lesion content types. Subsequent tractography val-
idation studies involving the integration of histology, structural MRI,
and GQI have led to the proposal of additional, novel connectome
integrity metrics that may be superior to traditional measures like
FA (Gangolli et al., 2017). Additional validation studies are much
needed to establish further how well DTI and beyond-DTI findings
can capture the accurate underlying presentation of TBI and its im-
pact upon the mesoscale connectome, topics which remain understudied
(Laitinen et al., 2015).

8.3. Advanced tractography in TBI

Hoping to overcome the current drawbacks of DTI as used in
TBI studies, some scientists have proposed estimating fiber orienta-
tion distributions directly from advanced acquisitions and using spher-
ical deconvolution measures such as apparent fiber density track-
weighted imaging to characterize post-traumatic connectome alter-
ations (Wright et al., 2017). Other scientists advocate using dif-
fuse kurtosis imaging (DKI) and related methods to obtain novel in-
sights into post-traumatic connectome reorganization (Hansen and Jes-
persen, 2017). More recently, tractography approaches have been in-
tegrated with functional MRI (fMRI)-derived blood oxygenation level-
dependent (BOLD) models and with positron emission tomography
(PET) (Wooten et al.,, 2019) or magnetic resonance spectroscopy
(Lietal., 2017; Maudsley et al., 2015; Narayana et al., 2015). The multi-
modally datasets could establish the relationship between TBI and other
neurological conditions and forecast post-traumatic risk for further cog-
nitive deficits based on connectomic data (Irimia et al., 2020). This
integration has assisted some researchers in gaining insights into the
relationship between (a) tractography streamline properties and func-
tional correlation metrics and between (b) clinical variables of neu-
rodegeneration (like tau protein aggregate burden) and measures of
metabolic damage and oxidative stress. Wooten et al. (2019) found
that DTI-derived tractography measures traditionally associated with
white matter integrity are related to fMRI functional correlations and
tauopathies in complex ways, which may require substantial additional
research to disentangle. Although DTI-derived tractography measures of
post-traumatic white matter integrity loss and connectome degradation
may translate into an elevated tau-aggregate burden, they may also be
associated with higher—rather than lower— functional correlations me-
diated by white matter connections exhibiting such burden (Irimia and
Van Horn, 2015b). More recent findings suggest that the relationship
between oxygen consumption in neural tissue and white matter archi-
tecture parameters provided by DTI tractography remains woefully in-
complete in TBI conditions (Armstrong et al., 2016; Wooten et al., 2019;
Wright et al., 2016). Other novel tractography modalities like differential
tractography (Yeh et al., 2019) may also provide new ways to investigate
the injury mechanisms by mapping longitudinal alterations in brain con-
nectivity (Fig. 9). Nevertheless, systematic testing and validation of this
and many other DTI models remain to be undertaken, and future stud-
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Fig. 9. Differential tractography of a 19-year-old female TBI patient highlighting the exact segments of neuronal pathways with anisotropy changes between
a baseline scan acquired acutely (i.e., within a week after injury) and a follow-up scan (approximately 6 months post-TBI). The patient features a relatively
large primary lesion located in the left orbitofrontal cortex, which is particularly vulnerable to TBI. Differential tractography (Yeh et al., 2019) tracks the pre-
cise segments of pathways exhibiting (a) FA decreases of more than 5% relative to the acute baseline and (b) quantitative anisotropy (QA) decreases of more
than 15% relative to the same baseline. Directional coding is used to color the tractogram (left-right: red; anterior-posterior: green; superior-inferior: blue).
The results reveal perilesional tracts and the genu of the corpus callosum (CC), which is the CC portion closest to the primary lesion (red). Traumatic ax-
onal injury (TAI) of the CC is prevalent in TBI and can be explained by the interaction of TBI kinematics with the biomechanics of cerebral displacement
within the cranial cavity (Hill et al., 2016). The decrease in cerebellar FA and QA is consistent with previous findings, according to which cerebellar volume
and connectivity are both frequently and substantially affected by moderate and severe TBI regardless of primary injury location (Spanos et al., 2007). Al-
though this fact is well documented (Caeyenberghs et al., 2011; Irimia et al., 2012; Park et al., 2006), its causal mechanisms are poorly understood and may
be related to cerebellar involvement in motor coordination, control, and other brain functions. These functions are frequently and substantially impacted both
by the primary injury and by decreases in TBI patients’ abilities to carry out daily living activities as they recover. New tractography modalities like differential
tractography may offer novel strategies to investigate white matter pathways and to answer outstanding questions in TBI research.

ies should also seek to (a) ascertain the validity of both established and scrutiny routines (Garyfallidis et al., 2018; Guevara et al.,, 2012;
novel diffusion MRI measures upon which tractography is reliant and O’Donnell and Westin, 2007; O’Donnell et al., 2017; Rheault et al., 2019;
to (b) resolve the complicated relationship between multimodal metrics Warrington et al., 2020; Wassermann et al., 2016; Wasserthal et al.,
provided by MRI, electroencephalography (EEG), magnetoencephalog- 2018; Yeatman et al., 2012; Yeh, 2020; Yendiki et al., 2011; Zollei et al.,
raphy (MEG), PET, and temporal connectome dynamics. 2019). These methods often use prior anatomical information to identify

tracts and simultaneously to reject spurious connections while improv-
9. Prospect of tractography development ing anatomic accuracy. Automated tractography also eliminates human

subjectivity in fiber tracking and vastly improves the reproducibility of
9.1. Automated tractography fiber tracking. Furthermore, a study using repeat scans has shown that

automated tractography can achieve high test-retest reliability when
Because recent tractography challenges have highlighted the in- mapping association pathways (Fig. 10a) (Yeh, 2020). Although the ac-

herent limitations of dMRI, strategies resorting to external infor- curacy and consistency between methods remain an issue, the high re-
mation independent of this technique have gained more attention producibility within automated tractography methods can significantly
(Schilling et al., 2019b). One recent trend is to utilize a brain improve their clinical utilities, where reliable results are prerequisites
parcellation or tractography atlas to inform automated tractogra- for further applications.

phy, thus resulting in new tracking approaches or post-tracking
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Fig. 10. Prospects of novel tractography developments to improve reliability and to explore the potential of new clinical applications. (a) Automated tractography
from repeat MRI scans of the same healthy young adult subject shows high reproducibility in mapping human association pathways. Novel developments in automated
tractography can mitigate quality variations due to human error and achieve better test-retest reliability. (b) Differential tractography is a new tractography modality
that detects between-scan differences by tracking pathways with decreased anisotropy or any metrics. Here, differential tractography maps the precise segments of
pathways with neuronal property changes by comparing the preoperative and postoperative scans of a 51-year-old male epileptic patient after anterior temporal
lobectomy (Yeh et al., 2019). The affected tracts span beyond the operation location. Directional color coding is used to color the tractogram (left-right: red, anterior-
posterior: green, superior-inferior: blue). (c) Correlational tractography shows connections correlated with aphasia severity in a stroke study with participants ranged
from 31 to 82 years of age (Hula et al., 2020). The tractogram is colored by directional colors. This new tractography modality tracks correlation along white
matter pathways to map the precise segment of connections correlated with the study variable (e.g., aphasia severity). It can be used to probe the circuit mechanism

underlying brain dysfunction in neurological disorders.

9.2. New tractography modalities

Another prospect of tractography is leveraging new tractogra-
phy modalities to overcome existing limitations and enable novel
clinical applications. One known limitation of tractography is that
streamline counts do not have biological meaning (Johansen-Berg and
Behrens, 2006; Jones and Cercignani, 2010; O’Donnell and Paster-
nak, 2014), and track trajectories are not informative for many brain
diseases. This is because a subtle change in anisotropy or diffusivity does
not necessarily imply a lower streamline count unless the anisotropy
value plunges below the termination threshold. This anisotropy thresh-
old can be a value as low as 0.1 for FA, and thus subtle changes above
this threshold are not typically detectable by standard tractography. In
attempting to address this limitation, studies have imbued tractography
with diffusion information to closely associate the streamline counts
with neuronal changes (Girard et al., 2017; Smith et al., 2013). Such
enhanced tractography could be used in diagnostic or prognostic eval-
uation of brain diseases and other pathological conditions without re-
sorting to diffusion metrics (Conti et al., 2017; Ziegler et al., 2014).
These approaches can be instrumental in TBI, where axonal counts
may decrease or increase post-injury depending on whether individual
anatomic white matter connections are weakened or strengthened as the
brain recovers.

More recently, a new tractography modality called differential trac-
tography was introduced to map the exact segments of white matter
tracts with decreased anisotropy (Yeh et al., 2019). The method in-
cluded an additional termination criterion to the fiber tracking algo-
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rithm, such that the resulting differential tractography could be used as
a whole-brain screening tool to reveal pathways with subtle anisotropy
differences in longitudinal studies (Fig. 10b). For group studies, a simi-
lar paradigm can be followed to track correlation along pathways and,
thereby, to produce correlational tractography (Fig. 10c), whose results
can be compared statistically using permutation tests (Yeh et al., 2016).
Studies have shown that correlational tractography can reveal the struc-
tural mechanism behind brain function and dysfunction (Hula et al.,
2020; Sanchez-Catasus et al., 2020). These new modalities warrant ad-
ditional research to examine their clinical values as novel track-based
imaging biomarkers.
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