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Tractometry of Human Visual White Matter Pathways
in Health and Disease

Hiromasa Takemura1,2,3* , John A. Kruper4 , Toshikazu Miyata1,3 ,
and Ariel Rokem4

Diffusion-weighted MRI (dMRI) provides a unique non-invasive view of human brain tissue properties. The
present review article focuses on tractometry analysis methods that use dMRI to assess the properties of brain
tissue within the long-range connections comprising brain networks. We focus specifically on the major white
matter tracts that convey visual information. These connections are particularly important because vision
provides rich information from the environment that supports a large range of daily life activities. Many of the
diseases of the visual system are associated with advanced aging, and tractometry of the visual system is
particularly important in themodern aging society.We provide an overview of the tractometry analysis pipeline,
which includes a primer on dMRI data acquisition, voxelwise model fitting, tractography, recognition of white
matter tracts, and calculation of tract tissue property profiles. We then review dMRI-based methods for
analyzing visual white matter tracts: the optic nerve, optic tract, optic radiation, forceps major, and vertical
occipital fasciculus. For each tract, we review background anatomical knowledge together with recent findings
in tractometry studies on these tracts and their properties in relation to visual function and disease. Overall, we
find that measurements of the brain’s visual white matter are sensitive to a range of disorders and correlate with
perceptual abilities.We highlight new and promising analysis methods, as well as some of the current barriers to
progress toward integration of these methods into clinical practice. These barriers, such as variability in
measurements between protocols and instruments, are targets for future development.
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Neuroimaging Measurements of Brain
White Matter

Vision is a crucial sensory system for humans to support
daily life, and a loss of visual function significantly reduces
the quality of life.1 For this reason, understanding the health
and disease of the visual system is a major goal of biomedical

research, including structural neuroimaging using MRI.2

This review focuses specifically on one component of the
visual system: its white matter connections. It provides a
brief overview of current neuroimaging data acquisition
and analysis methods for analyzing white matter (sections
“MRI Measurements of Brain White Matter” and
“Tractometry Methods”), with an emphasis on their applica-
tions to understanding major early visual white matter path-
ways in health and disease (section “Tractometry of Early
Visual White Matter Tracts”). Additionally, this review dis-
cusses remaining open questions and future prospects (sec-
tion “Future Perspectives and Open Questions”).

According to recent estimates, the brain contains approxi-
mately 85 billion nerve cells (neurons).3 Large assemblies of
neurons form networks that rapidly distribute information
across the brain and integrate it, supporting the range of
flexible behaviors exhibited by humans. The brain is com-
posed of gray matter, which consists of cell bodies of neu-
rons, and white matter, which consists of the myelinated
axons of the neurons. Myelin plays an important role in
information transmission because it increases the speed of
communication between neurons as well as its fidelity.4
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Myelination proceeds through a prescribed developmental
program, with a progression of myelination in different
regions through infancy, childhood, and adolescence.5,6 At
the same time, myelination is also activity-dependent: the
glial cells (oligodendrocytes) that constitute the myelin
sheath around neuronal axons respond to electrical activity
in the neurons, preferentially myelinating electrically active
axons.7–13 Furthermore, properties of brain connections,
such as their level of myelination, can adapt to external
stimuli, exhibit plasticity induced by learning, and are sensi-
tive to brain disease.14–16 Injury to these connections can
lead to significant brain dysfunction, resulting in neurologi-
cal, psychiatric, and neurodevelopmental syndromes.17 For
these reasons, understanding the white matter is essential for
a complete understanding of development, learning, and a
range of different neurological and mental health disorders.

MRI plays an essential role in investigating the involve-
ment of the brain white matter in adaptive and flexible beha-
vior, and the application of MRI to a range of brain diseases is
already making some headway into clinical applications as
well. The present review focuses on measurements of the parts
of the white matter that transmit visual signals to the brain.We
focus specifically on non-invasive measurements that use
diffusion-weighted MRI (dMRI) to delineate the trajectory
of the visual white matter pathways and to quantify tissue
properties along these pathways.18–22 In the following sec-
tions, we will introduce methods of white matter quantifica-
tion from dMRI data and methods for the delineation of
specific white matter pathways. After this methodological
introduction, we will review findings about the visual path-
ways following the progression of visual information through
the brain from the retina through the optic nerve and optic tract
to the thalamus and from there onwards through the optic
radiations that connect the thalamus and visual cortex. We
will then review findings about cortico-cortical visual path-
ways: the vertical occipital fasciculus (VOF), which connects
the dorsal and ventral portions of the visual cortex, and the
posterior callosal connection (forceps major), which connects
the visual cortex in both hemispheres.

dMRI is the only currently available method to measure
the trajectory of white matter connections in vivo. It relies on
a pulsed-gradient spin echo (PGSE) sequence to sensitize the
MRI measurements to diffusion in many different directions
in every location in the brain, with increased signal loss in
locations and directions where the average diffusion distance
of water molecules is larger. The inverse relationship
between diffusivity and signal in the PGSE experiment was
first discovered and mathematically defined by Stejskal and
Tanner and is known as the Stejskal–Tanner equation.23 In
accordance with this equation, in places where diffusion is
restricted by white matter components, such as the mem-
branes of the axonal nerve fibers and myelin sheaths sur-
rounding them (Fig. 1A, B, and C), the signal varies across
different measurement directions (Fig. 1D and E). The signal
parallel to the nerve fibers is relatively decreased, indicating

a large average distance of diffusion of water molecules
(schematized as blue circles in Fig. 1C), while measurements
orthogonal to the fibers indicate a smaller degree of diffu-
sivity (Fig. 1D, E, and F). These differences can be used to
estimate the location and direction of large nerve fiber bun-
dles through the white matter and other properties of the
white matter tissue within the measurement voxel. While
the volume of the measurement voxels in dMRI is usually
on the order of a few mm3, the PGSE sequence sensitizes the
MRI signal to the motion of water on the scale of a few
microns. For example, it is sensitive to their restriction
within axonal compartments (Fig. 1C3 and 1C4), or between
tightly packed highly myelinated axons (Fig. 1C2). This
means that the measurement is also highly sensitive to the
microstructure of brain white matter tissue. In tandem with
other quantitative MRI methods, estimates of brain white
matter microstructure can be used to assess the physical
properties of brain connection in the living human brain at
millimeter resolution.

One of the first models to derive tissue properties from
dMRI data was the diffusion tensor model proposed by
Basser and colleagues (1994, 1996)24,25 (Fig. 1F). This work
was important because it connected the signal measured in
dMRI with a model of underlying tissue microstructure. Soon
after originally proposing this model, Pierpaoli and Basser
(1996) also derived tensor-based scalar quantities that sum-
marize the physical properties of brain tissue in each voxel,
such as the mean diffusivity (MD), which is the mean of the
eigenvalues of the self-diffusion tensor, and fractional aniso-
tropy (FA), a normalized measure of variance among the
eigenvalues.26 These quantities are sensitive to relevant bio-
logical tissue characteristics, such as the myelination of white
matter, axon density, and geometrical configuration.

While the diffusion tensor model is a good model in terms
of its fitting accuracy to dMRI signals and robustness of
metrics derived from it (such as MD and FA27,28), it has
two major limitations: (1) it cannot represent the crossing
of more than one fiber within a voxel and (2) it cannot
distinguish dMRI signals from different biological sources,
such as signals from water molecules in intracellular or
extracellular space. Subsequent research proposed methods
that attempt to address these limitations. One fruitful
research direction is to acquire dMRI data with a larger
number of diffusion gradient orientations and to fit more
complex models that better account for crossing fibers in
the voxel (Fig. 1G).27,29–31 Another parallel research track is
to perform measurements using multiple-diffusion weighting
values and to fit more sophisticated models that are sensitive
to a larger range of physical tissue properties, including
properties that are more specifically related to the biological
components within the tissue.32–36 While these models have
their pitfalls,37,38 they improved tractography and dMRI-
based quantification of white matter tissues.

Models of dMRI, such as the diffusion tensor model,
also provide information about the orientations of groups of
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axons in the white matter. Thus, they are used as cues for
computational algorithms for reconstructing white matter
pathways from dMRI signals (tractography; Fig. 1H).
Tractography algorithms follow the directions of major
white matter pathways that are estimated from the pattern
of diffusion in each voxel. One of the important evolutions
in modeling brain connections comes from the realization
that the pattern of dMRI measurements can reflect the
presence of more than one direction of brain white matter
fibers within a voxel.29,39 Models that account for these
multiple directions allow computational tractography algo-
rithms to generate crossings of different fibers within each
voxel, allowing for a more detailed and accurate represen-
tation of the underlying anatomy,31,40–42 and of the

measured signal.27 Algorithms for computational tractogra-
phy take the estimates of directions within individual
voxels and connect them to create longer curves (also
known as “streamlines,” because some of these methods
rely on techniques originally developed in computational
fluid dynamics43). There are many different approaches for
propagating streamlines through white matter, from deter-
ministic methods proposed in the late 1990s44,45 to prob-
abilistic methods that better account for the inherent noise
levels of the signal and allow multiple sampling opportu-
nities in each voxel.30,46,47 Together with recent approaches
for filtering streamlines,48–53 probabilistic approaches pro-
duce overall more accurate representations of the brain
connectome than deterministic approaches. However,

Fig. 1 Measurements of human brain connections with dMRI. A: The visual pathways in the human brain organize into large fascicles, here
shown in a post-mortem dissection (Source: López-Elizalde et al. (2021),275 provided under the Attribution 4.0 International Creative
Commons license [CC BY 4.0]). 1: oculomotor nerve, 2: mammillary bodies. B: Zooming in on these fascicles, here in a microscopic image
of a nerve fiber, we observe that the fascicles are made up of individual myelinated axons (source: Wellcome Collection. https://
wellcomecollection.org/works/ugyj9njv, Dr. David Furness, provided under the Attribution-NonCommercial 4.0 International Creative
Commons license [CC BY-NC 4.0]). C: In a schematic diagram of two such axons, the diffusion of different populations of water molecules
(small blue circles) is affected by the presence of the tissue in different ways: molecules outside of the bundle (C1) may diffuse freely in all
directions, and their diffusion will be governed primarily by temperature and the self-diffusion properties of water. This diffusion is
isotropic. Within the bundle, water that is between tightly packed axons (C2) may be affected by the degree of myelination of different
axons (e.g., here myelination of two different axons is schematically depicted in gray and brown). Within the axons (C3 and C4), water is
affected by the presence of cellular membranes. Moreover, the degree to which water diffusion is anisotropic within a measurement voxel
may be affected by the distribution of different axons and their orientations. D: A horizontal slice through a PGSE dMRI measurement
demonstrates that the signal is sensitized to diffusion in particular directions. Here, the gradient is approximately aligned with the anterior-
posterior axis of the brain and the signal is higher in portions of the corpus callosum that are oriented orthogonal to the gradient direction.
E: When the gradient is oriented along the right-left axis of the brain, the signal is higher in portions of the posterior callosum that are
oriented orthogonal to this gradient direction. F: Models of the white matter explain the diffusion profile in multiple different directions.
Here, the signal is high along multiple directions along the edge of the “donut” shape (F1) and low in some directions around the center of
the “donut” (F2). This is consistent with a diffusion tensor model that is oriented along the low signal (F3). G: A signal with multiple peaks
and valleys (G1) may be more consistent with a model that has multiple directions of crossing fibers, here represented as the fiber
orientation distribution function from the CSD model (G2).31 H: Models such as the tensor and CSD serve as cues for computational
tractography algorithms, which generate estimates of white matter fibers. Here, these estimates are represented as three-dimensional curves
called “streamlines,” each colored to indicate their average direction: red for left-right, green for anterior-posterior and blue for inferior-
superior. Ant. Comm., anterior commissure; dMRI, diffusion-weighted MRI; CSD, constrained spherical deconvolution; LGB, lateral
geniculate body (also lateral geniculate nucleus, LGN); Mesenc, mesencephalon; OB, olfactory bulb; OCh, optic chiasm; OR, optic
radiation; OT, optic tract; PGSE, pulsed-gradient spin echo.
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some fundamental challenges persist. For example, none of
these methods can currently properly adjudicate between
kissing and crossing fibers.54,55 While tractography meth-
ods overcome some of their limitations, researchers need to
capitalize on the strengths of this method while being aware
of their weaknesses.

Tractometry Methods

There are many approaches for analyzing dMRI data and
understanding brain connections. The present review will
focus on one approach that we refer to as tractometry. This
method focuses on the delineation of major white matter
anatomical structures within each individual and the analysis
of the biophysical properties of white matter tissue within
these anatomical structures. This is an application where
dMRI has considerable strength56 and is relatively robust to
the limitations mentioned above and to variability in proces-
sing methods.28 The brain’s white matter is composed of
large bundles of axons that travel together in fascicle-like
structures that are also known as tracts. Many of these tracts
were first thoroughly studied using post-mortem anatomical
methods, and therefore, their positions and trajectories are
validated independently. This means that their delineation in
dMRI-based tractography is considered well-justified and
less prone to false-positive tractography results.55 The first
part of tractometry analysis focuses on finding the trajectory
of these tracts in the individual brain from the results of
tractography. Researchers aim to identify white matter tracts
by selecting streamlines that satisfy criteria derived from
known anatomical information (Fig. 2).57 For example, one
can select streamlines that reach close to the known cortical
endpoints of the tract. Alternatively, one can also select
streamlines that pass through waypoint ROIs,58 which are
defined based on the expected trajectory of the tract (see
Table 1 for examples of ROIs used in previous studies). A
population-based atlas of the probabilistic locations of the
different tracts can provide more information about the
expected location of the tract.59 Because the estimates of
individual streamlines are sensitive to noise, researchers
often also use “cleaning” methods on the tract, by removing
outlier streamlines whose trajectories deviate from the over-
all expected shape of the tract.57 Once tract locations are
identified, the tissue properties along the length of the tracts
can be assessed (Fig. 3).

The overall approach has its roots in work from the early
2000s focused on white matter quantification60 and the idea
of Pointwise Assessment of Streamline Tractography
Attributes (PASTA).61 Subsequent work took a variety of
approaches both to the delineation of the different anatomi-
cal structures62–66 and to the quantification of tissue
properties.67 While these different methods enable similar
tract-specific quantification of tissue properties, they use
different strategies for tract segmentation and adopt differ-
ent types of anatomical prior information.68 Providing

recommendations for the best strategy is beyond the scope
of this article, since it depends on various factors such as the
anatomical pathways that researchers are interested in
studying, the types of target populations, and data acquisi-
tion parameters. One practical approach to comparing dif-
ferent methods is to evaluate the test–retest reliability that
each method offers.28

Locating the tracts at the level of each individual’s tracto-
graphy data both mitigates confounds that arise in spatially
smoothed voxel-based morphometry approaches, as well as
endowing the measurements with specific anatomical mean-
ing. On the other hand, delineation of tracts based on tracto-
graphy can be difficult in the presence of brain tumors or
lesions.69 Nevertheless, studies also show high robustness of
tract delineation methods even in the presence of white
matter lesions due to multiple sclerosis, while at the same
time demonstrating that correspondence with probabilistic
maps of tracts is rather low, again highlighting the advan-
tages of individualized tract delineation.70

Tractometry of Early Visual White Matter
Tracts

Tractometry analysis for visual pathways has several essen-
tial aims. First, tract-specific investigation of white matter
tissue properties is crucial for evaluating disorders directly
affecting white matter, such as optic neuritis.71 Second,
tractometry is important for understanding how disorders
that damage photoreceptor cells (such as macular
degeneration72,73 and retinitis pigmentosa74), or that damage
retinal ganglion cells (RGCs) and the optic nerve (such as
glaucoma75), affect subsequent white matter pathways carry-
ing visual signals from the retina to the brain. A better
understanding on the effects of specific disorders on the
different stages of visual information processing should
improve our ability to establish the best intervention strategy
for each disorder (e.g., retinal prostheses,76,77 cortical
prostheses,78 or stem cell therapies79). Finally, tractometry
is important to address neuroscientific questions on how
properties of each white matter tract are related to visual
functions, such as face recognition.21,80

In this section, we will provide an updated review of the
recent progress in recent tractometry studies on major white
matter tracts in the visual system. While a previous review21

focused on how dMRI studies on the white matter help us
understand the neural basis of perception and functional
organization of the visual cortex, the present review article
focuses on how the tractometry approach helps us understand
early visual white matter tracts in relation to visual disorders,
such as common retinal diseases (see81–84 for reviews on
white matter tracts in the temporal, frontal, and parietal
cortex that support higher visual functions and see
Hanekamp et al.85 for a study investigating the impact on
glaucoma in white matter tracts outside the occipital lobe).
We will also provide reviews on recent developments in
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Fig. 2 Visual white matter tracts were identified by tractography in dMRI data from representative participants in the Human Connectome
Project Young Adult data.250 A: The optic nerve (blue) was identified by tractography and mask ROIs (green) generated by automated
segmentation of a structural image.106 The optic nerve and the optic chiasm (purple) were overlaid on an axial section of a T1-weighted
image. B. The optic radiation (magenta) was identified using waypoint ROIs (blue) and endpoint ROIs (thalamus, green; primary visual
cortex, light purple) transformed from the Montreal Neurological Institute (MNI) template space.182 C. The forceps major (dark purple) was
identified from a waypoint ROI (blue) in the corpus callosum and endpoint ROIs (green) in the occipital cortex of each hemisphere.D. The
optic tract (orange) was identified by using the optic chiasm (purple) and the thalamus (green) identified by segmentation on structural
images as endpoint ROIs. E. The vertical occipital fasciculus (red) was identified by using dorsal and ventral visual areas (green) identified
by using the automated anatomical labeling atlas.276 F. All identified tracts were overlaid on an axial section of a T1-weighted image.
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dMRI data acquisition, improved tractography algorithms,
findings on relatively neglected tracts, and advanced statis-
tical methods for analyzing tractometry data. Short-range
white matter pathways in the visual system86,87 are out of
the scope of the present review since these pathways are still
very challenging to delineate with the existing technology; at

this point, the number of tractometry studies focusing on
short-range pathways in the visual system remains limited.

Below, we will review the anatomy of each white matter
tract in the visual system, discuss challenges for measure-
ment of each tract, and review previous studies that have
utilized the tractometry approach on each tract.

Table 1 ROIs used for identifying visual white matter pathways using tractography in previous studies

Tract ROIs Reference

ON Optic nerve head (manually placed sphere) and optic
chiasm (FreeSurfer segmentation114 on structural image).

Miller et al.,2019108;
Takemura et al.,
2023105

OT Optic chiasm (FreeSurfer segmentation on structural
image) and LGN (manually placed sphere on structural
image with a guide of deterministic tractography from
the optic chiasm).

Ogawa et al., 2014118;
Takemura et al.,
2019119; Ogawa et al.,
2022130

Optic chiasm (nonlinear warping from the optic chiasm
identified from 5 subjects) and LGN (automated
identification from tractography and shape
analysis).

Kammen et al., 2016120

OR LGN (manually placed sphere with a guide of deterministic
tractography from the optic chiasm) and V1 (manually
drawn calcarine sulcus).

Sherbondy et al.,
2008117

LGN (manually drawn based on structural image with a
guide of deterministic tractography from the optic
chiasm) and V1 (FreeSurfer segmentation on structural
image).

Ogawa et al., 2014118;
Takemura et al.,
2019119; Ogawa et al.,
2022130

Manually placed NOT ROIs around the medial, anterior,
and lateral Mayer’s loop.

Chamberland et al.,
2017154

LGN (automated identification from tractography and shape
analysis) and V1 (Benson atlas).174,175

Kammen et al., 2016120

Thalamus and V1 (FreeSurfer segmentation on structural
image) combined with qT1.

Schurr et al., 2018157

Thalamus and visual cortex endpoint ROIs and axial
waypoint ROIs transformed from the MNI template.

Caffarra et al., 2021182

LGN (FreeSurfer-based segmentation) and V1 (Benson
atlas).174,175

Lerma-Usabiaga et al.,
2023123

Forceps
Major

Splenium and occipital lobe white matter. Dougherty et al.,
2005193

Coronal waypoint ROIs in each hemisphere’s occipital
cortex transformed from the MNI space.

Yeatman et al., 201257

Splenium the entire coronal section posterior to the
splenium

Scherf et al., 2014195

VOF Ventral occipitotemporal cortex (FreeSurfer segmentation).
In addition, streamlines intermingle with the arcuate
fasciculus identified by using the AFQ57 is removed.

Yeatman et al., 2014160

Waypoint ROIs in the dorsal and lateral part of the occipital
white matter.

Takemura et al.,
2016207

ROIs used in Yeatman et al., 2014160 and Takemura et al.,
2016207 combined with qT1.

Schurr et al., 2019217

LGN; lateral geniculate nucleus, ON, optic nerve; OR, optic radiation; OT, optic tract; qT1, quantitative T1; VOF,
vertical occipital fasciculus; V1, primary visual cortex.
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Optic nerve
Anatomy
The optic nerve (ON) is a white matter tract composed of
axons from RGCs that leave the retina at the optic disk. The
left and right ON carry visual signals from the left and right
eyes, respectively, from both the left and the right visual
fields. The ON continues to the optic chiasm, where some
axons from the left and right eyes cross the midline to merge

with uncrossed axons from the contralateral eyes. The ON is
an important target for clinical studies on disorders like optic
neuritis and glaucoma, which are known to damage this
pathway.

Technical considerations
In general, the ON is relatively difficult to measure by
dMRI, because of susceptibility-induced artifacts. That
is, dMRI images near the optic nerve are typically heavily

Fig. 3 Tractometry of tissue properties along the length of a white matter tract. A: Representation of a white matter tract (here the optic
radiation) as streamlines overlaid on an axial section of a T1-weighted image in a randomly selected subject from the Healthy Brain
Network252,253 dataset. B: Individual streamlines are used to sample the volume of tissue properties mapped throughout the brain. The core
of the bundle of streamlines, represented as a thick tube, is colored based on values aggregated across the streamlines and weighted based on
how closely they resemble the central tendency of the collection of streamlines. C: The tract profile is sampled at 100 points along the core of
the tract and represented as a one-dimensional vector of values that are used for subsequent analysis and interpretation. The horizontal axis
represents position along the tract (left, anterior; right, posterior), whereas the vertical axis represents FA. FA, fractional anisotropy.
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distorted and relatively difficult to interpret, because of
imaging artifacts derived from the inhomogeneity of the
magnetic field in this area, because the ON is located near
the paranasal sinus. While it is possible to mitigate these
artifacts using distortion correction techniques,88 the
development of appropriate methods for tractography
reconstruction of the ON is still an area of active
research.89–91

DMRI measurements of the ON are generally challen-
ging, but there is room for improving them using acquisition
strategies that are different from the conventional single-
shot echo planar imaging (EPI) that cover the whole brain.
One approach is to use a reduced FOV to achieve better
measurement quality.92–95 While this approach has been
used to evaluate the tissue changes of the optic nerve caused
by optic neuritis,96 a disadvantage of this approach is that it
is not possible to evaluate the ON together with other tracts
because of the limited FOV available for dMRI measure-
ments. Readout-segmented EPI (rsEPI) has also been pro-
posed to reduce susceptibility-induced image distortion,97

while maintaining the whole-brain coverage of dMRI mea-
surement. Several studies demonstrated that rsEPI provides
superior image quality of dMRI measurements in the ON,
compared with those acquired using a conventional single-
shot EPI.98–103 The drawback of this method is its pro-
longed acquisition time, which limits applicability to stu-
dies of clinical populations. Simultaneous multi-slice
rsEPI104 has been proposed to mitigate this limitation, and
recent work demonstrated that it reduces image distortion of
dMRI measurements of the ON and, therefore, reduces the
impact of image blurring caused by distortion correction
procedures on tractometry results.105 Lastly, a recently
developed automatic segmentation tool uses a convolu-
tional neural network106 to delineate the likely extent of
the ON from structural MRI. The output of this tool can
be used as a mask for tractography, which can be used to
reconstruct a part of the ON from dMRI data acquired by
single-shot EPI, as demonstrated in Fig. 2A.

Tractometry studies on this tract
Because of the aforementioned measurement challenges,
tractography of the ON is not very common and many
studies focus on visual inspection or use a manually drawn
ROI approach107 to analyze the ON. However, Miller and
colleagues (2019)108 used the tractometry approach to
demonstrate a significant FA difference between advanced
and mild glaucomatous ON (Fig. 4A), and these measure-
ments are also correlated with clinical measurements of
glaucoma, such as retinal nerve fiber thickness and visual
field measurements. In addition, Haykal and colleagues
(2020)109 demonstrated that dMRI data acquired from glau-
coma patients exhibited abnormalities, such as reduced FA,
in the optic nerve. Hong and colleagues (2022)110 used a
similar tractometry approach on dMRI data acquired from
patients with optic atrophy and demonstrated that diffusivity

measurements, such as FA, were significantly different from
atrophic and non-affected ONs. Moon and colleagues
(2021)111 used the same approach to test cognitively normal
elderly populations and demonstrated a correlation between
ON tractometry measurements and participants’ age. Taken
together, although the dMRI-based tractometry approach for
the ON has not fully technically matured, there is an increas-
ing number of studies demonstrating its utility to evaluate
disease-related changes in this pathway.

Optic tract
Anatomy
The optic tract (OT) is the white matter tract, which connects
the optic chiasm and the lateral geniculate nucleus (LGN). In
both humans and non-human primates, approximately half of
the axons cross over to the opposite hemisphere. In each
hemisphere, the OT carries visual information from the
opposite side of the visual field. The OT is also an essential
target for clinical neuroimaging studies on visual disorders,
such as glaucoma, since it carries axons from RGCs, and
understanding how disease affects OT microstructure is of
high importance. Since axons within the OT continue from
the ON, damages to RGCs are likely to affect both the ON
and OT. While a majority of axons in the OT do terminate at
the LGN, the OT has a branch carrying some other projec-
tions to the hypothalamus, pretectal nuclei, and superior
colliculus.112 In this review, we focus on the OT studies at
the neuroimaging level at which distinctions between the
main route and this branch of the OT are not practically
discriminable.

Technical considerations
In general, tracking in the optic chiasm is a difficult task for
tractography algorithms, due to the presence of a complex
crossing fiber configuration.113 For this reason, it is com-
mon to separately track and identify the ON and OT, to
avoid generating erroneous streamlines directly connecting
left and right ONs. Tracking the OT in the anterior portion
is relatively straightforward since fibers are straight and do
not cross with other tracts. However, when the OT gets
closer to the LGN, it crosses with various other fiber tracts
projecting to other thalamic nuclei and curves into
the LGN.

A widely adapted approach to perform the OT tractogra-
phy is to place ROIs in the optic chiasm and LGN and use
these ROIs as a seed for tracking for identifying the OT.
While automated identification of the optic chiasm from a
T1-weighted image can be easily achieved with the
FreeSurfer software,114 the identification of the LGN at the
individual level is not very easy since it is not visible in T1-
weighted MRI data in a standard resolution. One often needs
high-resolution proton-density weighted data to visualize
this structure,115,116 which is not always practical due to
scan time limitations. There are several alternative ways to
define the LGN ROI for OT tractography. One strategy is to
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Fig. 4 Tractometry on early visual white matter tracts. A: Tractometry study by Miller et al. (2019)108 focusing on the ON in patients with
unilateral advanced-stage glaucoma. Left panel: The ON (blue) identified by tractography overlaid on the axial image of structural MRI data.
Right panel: Tract profiles on dMRI data acquired from patients with unilateral advanced-stage glaucoma patients, comparing fractional
anisotropy (vertical axis) along the ON between eyes with advanced (red) and mild (blue) glaucoma. The horizontal axis describes
normalized positions along the ON. Images are adapted from Miller et al. (2019)108 under the Attribution 4.0 International Creative
Commons license (CC BY 4.0). B: Tractometry study by Ogawa et al. (2014)118 focusing on the OT and OR in patients with LHON and
CRD. Left top panel: Tractography on the OT (purple) and OR (yellow) in a representative participant overlaid on an axial slice of a T1-
weighted image. The positions of the OC and primary visual cortex (V1) are also depicted. Left bottom panel: Tract profiles of the OT, based
on dMRI data acquired from patients with LHON (cyan) and CRD (red), and healthy controls. Dark and light gray shadows depict the range
of ±1 SD and ±2 SD from the control mean. The horizontal axis describes normalized positions along the OT. Right top panel: Tract
profile of the OR. Conventions are identical to those used in the OT tract profile. Reprinted by permission from reference 118. CRD, cone-
rod dystrophy; dMRI, diffusion-weighted MRI; LHON, Leber’s hereditary optic neuropathy; OC, optic chiasm; ON, optic nerve; OT, optic
tract; OR, optic radiation; SD, standard diviation.
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place the seed in the optic chiasm, perform deterministic
tractography, and find the location of voxels where stream-
lines end in the thalamus to estimate a putative position of the
LGN.117,118 The LGN ROIs estimated by this method
roughly match the position of the LGN in anatomical data.119

Kammen and colleagues (2016)120 proposed a conceptually
similar, but more sophisticated automated approach to iden-
tify the LGN ROI from tractography. Specifically, they per-
form a tracking from the optic chiasm and primary visual
cortex (V1) first and then estimate the LGN ROI based on
information about where streamlines from the optic chiasm
intersect with the thalamus, as well as shape information
relative to other structures.120 A second strategy is to per-
form segmentation of thalamic nuclei in the atlas space and
try to incorporate the atlas segmentation121 into the native
space to estimate the position of the LGN (implemented in
FreeSurfer; https://freesurfer.net/fswiki/ThalamicNuclei).
Several studies used this strategy to define the LGN ROI as
a seed for tracking.122,123 Lastly, there are ongoing efforts to
improve the segmentation of thalamic nuclei using only
dMRI data. If these methods can successfully segment the
LGN, it will be ideal since it will allow LGN location
identification in the same space.124,125 Nevertheless, once
researchers can identify the optic chiasm and LGN as seed
voxels, the identification of the OT from dMRI in a standard
resolution is achievable and widely tested.118,126

Tractometry studies on this tract
Avariety of studies used dMRI-based tractometry to evaluate
tissue properties of the OT in disorders damaging RGCs and
the ON, such as glaucoma,127–131 Leber’s hereditary optic
neuropathy (LHON)118,119 (Fig. 4B), and optic neuritis.132

These studies show that dMRI-based tractometry has the
sensitivity to identify the OT tissue abnormalities that are
caused by these disorders. In addition, other lines of tracto-
metry research also showed that tissue abnormalities in the
OT can be seen in macular degeneration73,118 and
amblyopia.133 This series of studies demonstrated that trac-
tometry is a useful approach to evaluate OT tissue changes
caused by disorders, although it is not clear whether the
tractometry on the OT has sufficient sensitivity to be useful
as a tool for clinical application. Another line of neu-
roscience research investigated to what degree individual
variability in the OT is correlated with retinal134 or cortical
measurements,126 among healthy individuals, providing a
better understanding of the source of individual variability
in the human visual system.135–138

Optic radiation
Anatomy
The optic radiation (OR) is the pathway connecting the LGN
and V1. The OR comprises an anterior segment termed
“Meyer’s loop,” which traverses the white matter within
the temporal lobe as it circumvents the inferior horn of the
lateral ventricle. It is well-documented that lesions affecting

Meyer’s loop give rise to a deficit in the upper visual field,
implying that this particular segment of the OR conveys
information derived from the inferior aspect of the retina.
The posterior part of the OR exhibits a rectilinear and ante-
rior–posterior orientation. In its posterior part, the OR passes
through a heavily myelinated part of the white matter (the
sagittal stratum139,140). Tracer studies performed in the ani-
mal brain demonstrated the existence of feedback axons from
the LGN to V1.141–143 At present, anatomical knowledge
regarding how feedforward and feedback axons are orga-
nized in the OR is not well established; therefore, researchers
need to keep in mind that the OR in tractography analysis
does not distinguish the feedforward and feedback pathways.
In addition, anatomical connections between the LGN and
the secondary visual area (V2) were also reported in maca-
que tracer studies.144,145 While the presence and anatomical
trajectory of this pathway in humans remain unclear, it is
feasible to employ tractography to detect the connection
between the LGN and V2 as a component of the OR.146

Finally, it is worth noting that a direct axonal projection
from the LGN to the middle temporal visual area (area
MT), which is an essential area for motion processing, has
been reported in an anatomical study on macaque.147 It is
indeed possible to perform tractography between LGN and
human MT+ (which is considered to be homologous to
macaque MT), with considerable spatial overlap with the
OR.148–151

Technical considerations
The challenges for tractography in the OR result from diffi-
culty in tracking Meyer’s loop regions. First, it is difficult to
reconstruct a curving pathway, such as Meyer’s loop, using
classical deterministic tractography approaches.44,45 While
identifying Meyer’s loop using deterministic tractography
was not impossible,152 this led to a motivation for developing
probabilistic tractography algorithms, which have better sen-
sitivity for thalamo-cortical pathways.30,47,153 Second, since
Meyer’s loop crosses with other white matter tracts, resol-
ving crossing fibers poses challenges for tractography.154

The acquisition of high-angular resolution dMRI data,
together with advanced voxelwise dMRI signals, has pro-
vided better sensitivity for OR tractography.155,156

Several tractography strategies dedicated to OR identi-
fication have been proposed. For example, Sherbondy and
colleagues (2008)47 developed a tractography algorithm
(ConTrack), which relied on the key idea of separating
streamline generation and streamline evaluation. In brief,
ConTrack first generates a large set of streamlines connect-
ing two ROIs (LGN and V1) as a candidate of the OR,
using a relatively liberal probabilistic tractography algo-
rithm, with many false positives. In the next step, ConTrack
calculates the score for each streamline, based on how
much the existence of streamline is supported by the diffu-
sion signal in the voxels along its trajectory, as well as how
well the shape of each streamline aligns with a prior on the
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white matter tract shape. ConTrack reliably identifies the
OR, including Meyer’s loop.117 In subsequent work,
Chamberland and colleagues (2017)154 proposed an alter-
native framework for OR tractography, termed MAGNEtic
Tractography. In this method, users place ROIs around the
medial, anterior, and lateral tip of Meyer’s loop, each of
which has a preferential tracking direction based on anato-
mical knowledge. Once a streamline entered the ROI, its
tracking direction was guided by the preferred tracking
direction of the ROI. This method successfully recon-
structed the OR including Meyer’s loop from children’s
dMRI data. Schurr and colleagues (2018)157 proposed
another idea for OR tractography by combining dMRI
with myelin-sensitive quantitative T1 (qT1) mapping.158,159

Like ConTrack, they separated the process of streamline
generation and evaluation. However, instead of using
dMRI signals, they used qT1 data to classify which stream-
line should be assigned to the OR, based on the fact that the
OR is more heavily myelinated than neighboring tracts.160

Thus, streamlines that belong to the OR must pass through
areas with a lower qT1. Using qT1 as prior information to
filter OR streamlines, they successfully demonstrated an
improvement in OR tractography. Aydogan and colleagues
(2021)161 proposed a method named “Parallel Transport
Tractography,” which utilized curve parametrization and
incorporated topographic regularities that must exist in
white matter tracts. They demonstrated that they success-
fully identified OR including Meyer’s loop.

While these studies and others have provided substantial
improvements in methods to identify the OR from dMRI
data, there are still interpretive limitations in tractography
analysis of the OR. For example, a recent high-resolution
anatomical study in vervet monkey brain162 demonstrated
that axons from pulvinar and LGN enter the same part of
white matter, and therefore it is difficult to distinguish the
OR and axons from pulvinar at the resolution of dMRI.
Improved knowledge of human neuroanatomy will further
facilitate discussion on more accurate anatomical interpreta-
tion of OR tractography.

Tractometry studies on this tract
Many studies have performed tractometry analyses on
the OR, to evaluate the impact of visual disorders (see
Fig. 4B for an example). Most studies have provided
evidence that tissue properties of the OR are signifi-
cantly different in glaucoma,128–130,163–166 LHON,118,119

macular degeneration,72,73,118 retinitis pigmentosa,167

and amblyopia,133,150,168 as compared with controls.
These studies provided converging evidence showing
that the tractometry approach is sensitive to trans-synap-
tic tissue changes in the OR because of disorders at the
retinal level. However, open questions remain as to why,
in at least some cases, significant effects are found in
different dMRI parameters (axial and radial diffusivity)
between OT and OR,118 suggesting that underlying

microstructural change occurring in the OR may not be
fully the same as those in the OT. One of the possible
explanations is that OT and OR exhibit different stages
of tissue damage, as it is likely that tissue changes in the
OT occur earlier than those in the OR.128,129

The retinotopic organization of V1 is a fundamental
property of the visual system that maps function onto
structure.169–172 A similar retinotopy is known to exist in
the structure of the OR, based on selective visual field loss in
damage to parts of the OR.173 Several studies used this prin-
ciple to divide the OR into different components, based on
retinotopic representation in the V1, and to test visual field
specificities of tissue changes occurring in the OR. For exam-
ple, recent studies used a retinotopy template.174–176 to esti-
mate eccentricity representation in V1 and then classify OR
streamlines into foveal, mid-periphery, and far-periphery,
based on streamline endpoints near V1.72,119 These studies
found that tissue changes caused by the LHON and macular
degeneration are most prominently observed in the OR termi-
nating near foveal V1, consistent with a prediction from the
spatial pattern of visual field loss caused by these disorders.
Kruper and colleagues (2023)177 used the same approach to
analyze the OR in the data from a large number of healthy
participants in the UK Biobank and identified that age depen-
dency in white matter is different among different subcompo-
nents of the OR divided by eccentricity representation in the
V1. While these studies suggest that one can separately ana-
lyze the OR to evaluate specificity in the visual field, it is not
fully clear the extent to which this type of analysis can mea-
sure information from axons carrying signals of a specific
visual field. Since a study performed in the cat brain suggests
that medially and laterally located axons in the OR exchange
position along the tract,178 it is possible that each streamline
may not fully reflect axons carrying signals in specific visual
fields, posing a general challenge for distinguishing stream-
lines within the same white matter tract solely based on their
endpoints. To improve confidence in these types of analyses, it
is essential to further investigate OR neuroanatomy in more
detail, which will give us more accurate insights into retino-
topic representations of the OR.

In addition to studies focusing on disorders, the tractome-
try approach on the OR has also been used for various
neuroscientific studies. One notable example is a correlation
between tissue properties of the visual white matter tracts,
such as the OR, and latency of visually evoked potential
measured by electroencephalography, in multiple sclerosis
patients.179,180 Using magnetoencephalography, later studies
assessed how individual variability of latency in visually
evoked response among healthy adults181 and children182 is
correlated with diffusivity measurements on the OR. Another
line of studies also assessed the correlation between OR
tissue properties and behavioral and functional measure-
ments related to visual functions, such as eye dominance183

and oscillations.184,185 Webb and colleagues (2022)186

reported that age-related differences in tissue properties of
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the OR can predict visual performance, suggesting that the
tractometry approach is also useful in considering how aging
on the white matter is related to visual functions.

Forceps major
Anatomy
The forceps major is a white matter pathway connecting the
bilateral visual cortex and passes through the posterior part
of the corpus callosum (Fig. 5B). The callosal portion of
this pathway is termed splenium. In anatomical studies, this
pathway is also termed “tapetum,” which is a continuum of

fiber pathways from the splenium, and is highly visible in
the coronal section of anatomical images. To our knowl-
edge, the precise pattern of anatomical projection of the
forceps major is not fully established in humans. While a
lesion study investigated this by anatomically examining
brains with unilateral occipital infarctions and measuring
degenerated axons in the intact hemisphere using silver-
staining,187 most knowledge about this pathway is derived
from investigations of apparently homologous pathways in
macaque monkey brains. In anatomical studies performed
in macaques and humans, it is widely accepted that the

Fig. 5 Forceps major. A: The lesion topography of alexia patients.191 The dark gray area (highlighted by arrow) indicates the brain
lesion site commonly appeared in alexia patients. This area corresponds to the forceps major. Reprinted by permission from
reference 191. B: The forceps major (blue) identified by using tractography in dMRI data overlaid on the axial section of a T1-weighted
image. C: Tractometry study on the forceps major. Left panel: Tract profile of the forceps major in good (dark green) and poor readers
(gray).202 The horizontal axis depicts the normalized position along the forceps major, whereas the vertical axis depicts microstructural
measurement (ICVF estimated by NODDI).34 The shaded area indicates ±1 s.e.m. The reading performance was measured by the WJ-
BRS. Right panel: the forceps major identified by tractography. Reprinted by permission from reference 202 (under the CC BY-NC-ND
license). dMRI, diffusion-weighted MRI; ICVF, intra-cellular volume fraction; NODDI, neurite orientation dispersion and density
imaging; WJ-BRS, Woodcock-Johnson Basic Reading Score.
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forceps major does not have a projection in the middle
portion of the V1, representing the horizontal visual
field.187–189 Specifically, these studies reported that callosal
projection in the human and macaque V1 is restricted near
the border between V1 and V2, which represents the ver-
tical meridian of the visual field. The functional signifi-
cance of this anatomical connection is likely because of the
need to integrate information in the left and right visual
field, since at the level of V1, the representation of the
visual field is predominantly contralateral and this anato-
mical pathway is needed to process visual information
beyond the vertical meridian. This is also in line with a
finding in lesion studies demonstrating that pure alexia
patients consistently exhibited lesions in the forceps major
(Fig. 5A); a lack of this pathway causes reading difficulty
at least partly because the integration of left and right
visual field becomes difficult.190,191 Beyond the V1/V2
border, a precise understanding of the cortical projections
of the forceps major in human brains is still a topic of
active investigation, using both dMRI and anatomical
measurements.192

Technical considerations
Identifying the forceps major using tractography is not
particularly difficult; for example, one can identify this
pathway by simply placing two coronal ROIs in each hemi-
sphere’s occipital cortex and selecting streamlines passing
through both of them.193,194 This protocol is implemented
in software for automated tract identification.57 The other
strategy is to define the splenium as the first sagittal ROI
and the entire coronal section posterior to the splenium as
the second ROI and then select streamlines passing through
both of them as the forceps major.195 However, the forceps
major identified by tractography is often predominantly
biased to the bilateral connection between the dorsomedial
part of the occipital cortex, as demonstrated by Dougherty
et al.193 This is most likely because the crossing between
the forceps major and OR is difficult to resolve, and there-
fore identifying the callosal pathway from the ventral part
of the occipital cortex is more challenging. Therefore, it is
important to keep in mind that tractography reconstruction
of the forceps major underrepresents the pathways from the
ventral occipito-temporal cortex, due to a sensitivity limit
of dMRI.

Tractometry studies on this tract
Initial findings showing that the shape of the corpus callo-
sum in dyslexia patients differs from that in controls existed
well before dMRI was invented,196,197 but these studies did
not focus on splenium and forceps major. Inspired by
Binder and Mohr’s work,191 which used detailed lesion-
symptom mapping to delineate the anatomical basis of
reading difficulties in infarct patients, the forceps major is
often a target for studies assessing the impact of white
matter properties on reading disorders, such as dyslexia.198

Dougherty and colleagues (2007)199 segmented the corpus
callosum using tractography; they parcellated the corpus
callosum based on the origin of streamlines. They observed
that diffusivity in the segment of the corpus callosum that
receives streamlines from the temporal cortex correlated
with phonological awareness in children. The correlation
between reading ability and diffusivity in the forceps
major (splenium) was also reported in later publications
from multiple different laboratories (see Fig. 5C for an
example).200–202

Another line of research investigated the relationship
between this tract with behavioral or electrophysiological
measurements in healthy individuals. For example, Genç
and colleagues (2011)203 performed psychophysical experi-
ments on bistable perception of apparent motion, to quantify
how much apparent motion beyond the horizontal meridian
is preferentially reported than that beyond the vertical mer-
idian. They found a correlation between these behavioral
measurements and diffusivity measurements on the sple-
nium. Another line of research quantified tissue properties
of the forceps major and investigated how they relate to
electrophysiological measurements on conduction delays
between hemispheres.204,205 Finally, we note that the pre-
sence of abnormality in diffusivity measurements along the
forceps major of glaucoma patients has also been reported,
suggesting that the impact of glaucoma may not be restricted
to primary visual pathways.206

VOF
Anatomy
The VOF is a white matter tract connecting the dorsal and
ventral visual cortex, which runs through the lateral side of
occipital white matter. It is located lateral to the OR and
posterior to the arcuate fasciculus (Fig. 6A).207 Although the
existence of this pathway was already known in classical
anatomical works performed in the late 19th century, it was
neglected until recent dissection (Fig. 6B) and dMRI
studies.160,208–211 The analysis of the VOF demonstrates
that it connects dorsal (V3A/B) and ventral (hV4) parts of
the extrastriate cortex,207,211,212 suggesting that it has a role
in communicating between the dorsal and ventral visual
streams, which are involved with spatial and categorical
processing, respectively.213,214 Another potential role of the
VOF is to exchange upper and lower visual field information
between dorsal and ventral extrastriate cortex; this type of
communication is necessary since V2 and V3 have a split
quarterfield representation in dorsal and ventral, but areas
anterior to V3 (V3A/B and hV4) represent the entire
hemifield.207

The functional significance of the VOF is not fully under-
stood. The pathway may play an important role in reading:
Greenblatt (1973)215 reported a pure alexia patient with
white matter damage in the posterior part of the brain and
discussed the relationship with the VOF. This may relate to
the fact that the VOF has endpoints near the visual word form
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area.208 However, since the lesion described by Greenblatt
was not specific to the VOF, it is difficult to conclude the role
of the VOF in reading solely based on a case study; this
motivates tractometry studies to investigate the relationship
between the VOF and reading ability, as discussed below.
Another line of work, combining functional MRI (fMRI) and
dMRI, suggests a potential role for the VOF in task-depen-
dent activity modulation of the ventral occipito-temporal
cortex, which may originate from the dorsal part of the
occipital and parietal cortex.216

Technical considerations
In general, tensor-based deterministic tractography does not
have sufficient sensitivity to delineate this pathway. In our
experience, probabilistic tractography with voxelwise diffu-
sion models that have better sensitivity to detect multiple
fiber orientations in the voxel, such as constrained spherical
deconvolution (CSD; Fig. 1G), is more sensitive to this
tract.160

There are several ROI-based approaches to identify the
VOF. One approach is to identify the VOF using ROI based

Fig. 6 Vertical occipital fasciculus. A: The VOF (blue) is identified by tractography, which is overlaid on a T1-weighted image (left
image, coronal view; right image, and sagittal view).207 The VOF is lateral to the OR (green) while posterior to the arcuate fasciculus
(red). Reprinted with permission from reference 207. B: The VOF identified by Klingler’s dissection (highlighted by blue), which is
displayed together with other anatomical landmarks.211 Reprinted by permission from reference 211 (under the Attribution 4.0
International Creative Commons license (CC BY 4.0)). C: Tractometry on the VOF on amblyopia patients.168 Left panel: tractography
on the OR (yellow) and VOF (blue) overlaid on a sagittal slice of a T1-weighted image. Right panel: tractometry on the right VOF. The
amblyopia group (magenta curve) exhibited higher mean diffusivity (vertical axis, unit: µm2/s) compared with control (dark gray
curve). The horizontal axis represents the normalized position along the VOF (left: dorsal, right: ventral). The shadowed area
indicates ±1 s.e.m. from the mean in each group. The filled circles showed differences in mean diffusivity (MD) between amblyopia
and the control group (the unit is shown on the right side of the plot). The error bar indicates the 95% confidence interval of the
differences. Statistically significant differences were marked in red. Reprinted by permission from reference 168. A, anterior; AF,
arcuate fasciculus; OR, optical radiation; P, posterior; PON, pre-occipital notch; POS, parieto-occipital sulcus; S, superior; TOS,
transverse occipital sulcus; VOF, vertical occipital fasciculus.
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on gray matter parcellation in the dorsal and ventral occi-
pital cortex; streamlines terminating near both ROIs are
identified as the VOF.160 The second approach is to place
two axial waypoint ROIs (one relatively dorsal and the
other relatively ventral) in the lateral part of the occipital
white matter and to select streamlines passing through both
of these ROIs as the VOF.207 In addition to the ROI-based
approach, one can include additional constraints for select-
ing streamlines within the occipital cortex that have the
expected vertical orientation.160 Furthermore, like the
approach taken in the OR tractography discussed above,
Schurr and colleagues217 proposed to use qT1 measure-
ments to identify the VOF, using the fact that the VOF has
a lower qT1 from posterior arcuate, which is the tract
anterior to the VOF.

Tractometry studies on this tract
Since the VOF has been largely neglected historically,160 the
number of tractometry studies focusing on the VOF remains
limited (see Fig. 6C for an example). One notable observa-
tion is that some tractometry studies, focusing on amblyopia
(Fig. 6C)168 and binocular stereopsis,218 reported group dif-
ferences in the right VOF only. While some possible func-
tional lateralization in cortical areas connected by the VOF
has been reported,219 it is uncertain whether these findings
reflect functionally meaningful lateralization or possible
inter-hemispheric differences in the sensitivity of measure-
ments in this tract. More recent studies performed tractome-
try analysis on the VOF of multiple sclerosis patients and
suggested that differences in diffusivity may explain beha-
vioral deficits.220

DMRI has also been used to evaluate the relationship
between the VOF and reading. Broce and colleagues
(2019)221 performed a dMRI study on children and identified
that the VOF is involved with early literacy skills of phono-
logical awareness and decoding. The link between the VOF
and reading was also identified in a meta-analysis study on
stroke,222 a study predicting reading-related fMRI signal in
the ventral occipito-temporal cortex from dMRI data,223 and
a study investigating the relationship between the hierarchi-
cal functional organization of the ventral occipito-temporal
cortex and white matter tracts.224

Future Perspectives and Open Questions

The findings that we have reviewed here demonstrate the
utility of tractometry for understanding structure–function
relationships in the human visual system from non-invasive
dMRI measurements conducted in vivo. Tractometry bene-
fits from an approach that capitalizes on the strengths of
dMRI measurements, together with anatomical and biophy-
sical knowledge gained from a confluence of many differ-
ent measurement methods, including invasive and post-
mortem neuroanatomical techniques.225–230 Because of the
opportunity to conduct in vivo measurements, the methods

and findings of tractometry can translate into important
insights into the biological manifestations of individual
differences and clinical conditions. Across several different
brain connections and in a range of different clinical con-
ditions that we have reviewed, the research consistently
shows that differences in visual function correlate with
differences in the visual white matter. In some cases, the
differences measured in the white matter can be understood
as a direct consequence of the disease. For example, dis-
eases that affect the RGCs result in measurable tissue prop-
erty differences in the ON between patients and matched
controls. In addition, in many cases, the research demon-
strates a consistent relationship between diseases that affect
the retina (e.g., glaucoma, age-related macular degenera-
tion, etc.) and the properties of the white matter further
downstream in visual processing. For example, differences
between patients and controls in the tissue properties within
the ORs are not directly connected to the retina. These
changes could arise from trans-synaptic degenerative pro-
cesses, from activity-dependent plasticity in response to
changes to the visual information that is transmitted to the
central nervous system, from systemic factors (e.g., small
vessel disease in aging, which may affect both the retina
and the white matter), or from some combination of these
factors. It is worth mentioning that the specific biological
processes of regeneration and degeneration of damaged
axons are still active targets of research231; therefore, we
expect to have more biological information in the future for
understanding white matter abnormalities caused by retinal
diseases. Disentangling the causal paths and elucidating the
biophysics of the differences measured in the white matter
remains an important goal for future studies.

How might such progress be made? Tractometry, like
many other measurement tools, is limited by the scale of the
measurement, by its fidelity, and by its SNR. DMRI is
particularly susceptible to a host of interpretive ambigu-
ities. For example, the differences between different groups
in terms of the FA of a white matter tract profile can not
only arise due to demyelination in one group232 but also due
to differences in the configuration of white matter tissue.54

This means that care needs to be taken in interpreting any
particular result, and consideration needs to be given to
alternative interpretations. Constraining the interpretation
of the signal through combinations of different tissue prop-
erties and a range of different models can provide an
important control on interpretations in terms of specific
biological mechanisms. Models that have high test–retest
reliability and high accuracy in representing the signal and
its biological causes provide a particularly promising path
forward in overcoming interpretation limitations of the
measurement.27,202,233

Another challenge of dMRI is that the measurements are
not strictly quantitative. That is, even though some quantities
that are assessed in dMRI data (e.g., mean diffusivity) carry
physical units, experiments conducted on different
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measurement instruments are affected by the characteristics of
the instrument. This means that quantities such as MD and FA
may differ within the same subject in measurements con-
ducted on different MRI scanners.234,235 Although these
effects are not very large, they can be highly consistent, and
care needs to be taken to account for these effects, particularly
in studies where differences between groups are assessed
in unbalanced cohorts measured on different scanners. This
challenge is not unique to dMRI data and affects other
MRI quantities such as cortical thickness assessed from
T1-weighted and T2-weighted imaging,236 as well as statistics
derived from fMRI measurements.237,238 Significant research
effort has been invested in developing methods for signal
harmonization across different scanners239–241 but the state
of the art in these methods still requires measurements from
many different subjects in each scanner.242,243 This makes
the clinical application of dMRI tractometry challenging
because comparing an individual’s brain against a normative
sample would have to happen either on the same scanner as
the one on which the normative sample was acquired or on a
scanner that has been harmonized with the scanner used
for normative measurements (there are some important
exceptions to this rule; for example, where a disease affects
lateralization of the measurement244).

For both issues, a particular hope for improvement of the
interpretation and clinical utility of tract tissue properties
comes from the combination of dMRI tractography with
measurements of quantitative MRI (e.g., measurements of
qT1 mentioned in section “Tractometry of early visual white
matter tracts”) within the same individual.158,245,246 These
methods are relatively more biologically interpretable than
the metrics usually derived from dMRI and are less suscep-
tible to differences between MRI scanners. The integration
of different MRI measurements will continue to benefit from
the consistent improvement in MRI measurements overall,
including higher resolution and improved SNR in measure-
ments of dMRI that will help overcome some of the specific
challenges that we identified throughout this review.

As mentioned in our review, measurements in clinical
populations do indicate consistent differences between
groups. What else can be done to improve their clinical utility?
In addition to grounding the measurements in biological inter-
pretability and improvements in measurement methods and
their integration, another potential direction for future research
is to improve the discriminative ability of tractometry. One
avenue for such improvements is afforded by harnessing new
statistical and machine learning methods with high discrimi-
native accuracy for individual-level prediction.247–249 One
challenge of developing accurate machine learning models is
that their development often requires very large samples.249

Fortunately, measurements of very large samples across the
human life span are increasingly available through projects
such as the Human Connectome Project,250,251 the Healthy
Brain Network,252,253 the Adolescent Brain Cognitive
Development Study,254 the UK Biobank,255 the developing

Human Connectome Project,256 and the Brain/MINDS
beyond human brain MRI project.257 By collecting data
from populations with a variety of different ages, diseases,
and other characteristics, these samples provide excellent
opportunities for data-driven discovery using automated trac-
tometry methods and machine learning. However, despite
recent claims that some kinds of data analysis require thou-
sands of subjects to provide reproducible inferences,258 we
note that reliable and reproducible results may also be
obtained even in much smaller samples. This is demonstrated
in many of the studies reviewed above when measurements
and analysis focus on biological constructs such as tissue
properties within brain pathways defined based on the anat-
omy of every individual, or with detailed measurements
within individuals.259 In addition, studies with a smaller num-
ber of subjects have advantages260,261: researchers can easily
perform repetitive measurements from the same subjects to
ensure reproducibility within subjects, utilize clinical records
from the same clinician and hospital, obtain extensive multi-
modal data from the same subjects more easily, carefully
visually inspect the data acquired from each subject, and
importantly, maximize the flexibility of study designs that
allow considering research question in depth. Therefore, we
emphasize that large-scale project studies and small-scale
laboratory-based studies have complementary roles in advan-
cing our understanding of white matter. From this perspective,
the relatively small dataset for rare diseases262 can be just as
important as the large public dataset.

In discussing these issues, some consideration needs to be
given to the complexities of statistical analysis of tractometry
data. In general, tractometry is a very effective approach to
mitigating the complexities of statistical analysis, since it
substantially reduces the dimensionality of the dataset,
while preserving anatomically meaningful structures, which
allows researchers to interpret the data in relation to under-
lying neuroanatomy. However, tract profiles contain a high
degree of autocorrelation. That is, neighboring points in a
tract profile can hardly be considered independent. This
leads to some complexity in considering challenges due to
multiple hypothesis tests within a dataset. The simplest and
widely taken approach is to average measurements in all
points and obtain a single-number summary per tract, to
avoid multiplicity in statistical comparisons. However, this
approach may potentially miss effects robustly observed in a
specific portion of the tract; since axons from different cor-
tical areas can turn into the tract at different positions,263 it is
reasonable to assume that some robust effects can be
observed only in a specific portion of the tract. For this
reason, tractometry analyses inherently pose a tradeoff
between reducing multiplicity and ensuring sensitivity for
true effects localized at a specific portion of the tract.

One newly proposed solution to this challenge is to model
the full shape of the tract profile using generalized additive
models264 (for a recent application of this approach in mea-
surements from the optic radiation see185). Other similar
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approaches use linear mixed effects models where each
streamline is considered as a within-subject random factor67

or use correction approaches analogous to those used in
fMRI.265 One of the benefits of tractometry is that it trans-
forms the hard-to-understand measurements of volumetric
MRI data to a tabular “tidy” format,266 while substantially
reducing its dimensionality and retaining important informa-
tion about the biological properties of the measurements.
This format is relatively easy to share with and communicate
to researchers in data analysis fields, such as statistics and
machine learning, and can provide a basis for reproducible
and robust inter-disciplinary research.267 The development
of reproducible analysis methods using crowd computing,
browser-based virtual computing environments, or contain-
erization will further enhance the robustness of tractometry
research.123,268–270 As part of this effort, we have publicly
shared the codes for reproducing the figures in this paper
(https://github.com/36000/MRMS_tractometry_review).

While some advances will arise from the development of
new measurement techniques and analysis methods, other
advances will come from the continued evolution of our
understanding of the anatomy and physiology of the white
matter. Here, refined definitions and improved taxonomies of
the white matter pathways84 will provide increased confidence
in the interpretation of MRI data. In addition, integrating
dMRI with fMRI-based localization and delineation of
functional specialization in cortical areas208,216,271 and com-
parative analysis with measurements from other species272–274

will provide information about the definition of white matter
connections and their functional significance.

Finally, we emphasize that the utility of tractometry
depends on the research question. Tractometry is not the
right approach if the research question does not align with
the spatial scale dMRI offers. Considering the benefits and
limitations discussed above, tractometry projects must be
designed together with research questions with an appropri-
ate coarseness, in terms of both spatial scales and ambiguity
in underlying biological mechanisms. However, as we
reviewed in this article, we found that many important ques-
tions regarding health and disease can be addressed effec-
tively with tractometry.
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