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Abstract: Imaging and delineation of the optic radiations (OpRs) remains challenging, despite repeated
attempts to achieve reliable validated tractography of this complex structure. Previous studies have used
varying methods to generate representations of the OpR which differ markedly from one another and,
frequently, from the OpR’s known structure. We systematically examined the influence of a key variable
that has differed across previous studies, the tractography seed region, in 13 adult participants (nine
male; mean age 31 years; SD 8.7 years; range 16—47). First, we compared six seed regions at the lateral ge-
niculate nucleus (LGN) and sagittal stratum based on the literature and known OpR anatomy. Three of
the LGN regions seeded streamlines consistent with the OpR’s three “bundles,” whereas a fourth seeded
streamlines consistent with each of the three bundles. The remaining two generated OpR streamlines
unreliably and inconsistently. Two stratum regions seeded the radiations. This analysis identified a set of
optimal regions of interest (ROI) for seeding OpR tractography and important inclusion and exclusion
ROI. An optimized approach was then used to seed LGN regions to the stratum. The radiations, includ-
ing streamlines consistent with Meyer’s Loop, were streamlined in all cases. Streamlines extended 0.2 +
2.4 mm anterior to the tip of the anterior horn of the lateral ventricle. These data suggest some existing
approaches likely seed representations of the OpR that are visually plausible but do not capture all OpR
components, and that using an optimized combination of regions seeded previously allows optimal map-

ping of this complex structure. Hum Brain Mapp 35:683-697, 2014.
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INTRODUCTION

The optic radiations (OpRs) form a critical component of
the visual pathway. Neurosurgery in the lateral temporal,
inferior parietal, and occipital lobes places these structures
at risk. This risk is very real; the potential for vision loss
after temporal lobe surgery has long been apparent
[Falconer and Serafetinides, 1963; Falconer and Wilson,
1958] and is estimated to occur to some degree in approxi-
mately 50-100% of such patients [e.g., Barton et al., 2005;
Nilsson et al., 2004]. The risk of insult is high as the OpR
follow a “plunging" [Meyer, 1907] and highly variable
course into the anterior and lateral temporal lobe [e.g.,
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Ebeling and Reulen, 1988; Meyer, 1907]. In this context the
ability to noninvasively map this structure’s course presur-
gically is particularly important, and was recognized
before the advent of diffusion-weighted magnetic reso-
nance imaging (DWI) [Ebeling and Reulen, 1988]. Since its
development DWI tractography of the OpR has become a
widely studied element of presurgical planning [Duncan,
2010].

Published Methods of OpR Mapping
Vary Markedly

Over the last decade a number of studies have reported
varied levels of success in mapping the OpR [Bassi et al.,
2008; Behrens et al., 2003; Catani et al., 2003; Chen et al.,
2009; Ciccarelli et al.,, 2003, 2005; Hofer et al., 2010;
Kamada et al., 2005; Sherbondy et al., 2008a,b; Stieglitz
et al., 2011; Taoka et al., 2008; White and Zhang, 2010;
Winston et al.,, 2011, 2012; Wu et al., 2012; Yamamoto
et al., 2005, 2007; Yogarajah et al., 2009; Yoshida et al.,
2006]. The enduring interest in comprehensively mapping
this structure reflects both its clinical significance and the
tracts” standing as one of the most difficult for DWI-based
methods to image [Wu et al., 2012].

A variety of approaches have been used to map the
OpRs. For instance, maximum tract angle, expected to be a
critical determinant of the ability to track the OpR’s rap-
idly curving anterior fibers (Meyer’s Loop), has been alter-
nately constrained [e.g., at 70° Yamamoto et al., 2007 or
130° Sherbondy et al., 2008b] or left unconstrained [180°
Winston et al., 2011; Yogarajah et al., 2009]. This angular
constraint has been applied to the radiations as a whole
[e.g., Sherbondy et al., 2008b; Winston et al., 2011; Yama-
moto et al., 2007, Yogarajah et al., 2009] or to different
parts of the OpR differently [e.g., 30-70°; Hofer et al,
2010]. Other factors [e.g., minimum fractional anisotropy
(FA), restriction of tract length] have been similarly varied
[Catani et al., 2003; Chen et al., 2009; Hofer et al., 2010;
Taoka et al., 2008; Yamamoto et al., 2007].

A key point of variation, which forms the focus of this
article, is the lack of consistency in the regions used to
seed, select or exclude streamlines representing the OpR
(Fig. 1). This variation has been discussed in the literature
[Stieglitz et al., 2011] and is of singular importance.
Although variation in other parameters will modify the
extent and trajectory of radiations, accurate seeding
ensures all components of the structure are identified and
none are overlooked in their entirety. Tractography has
typically involved seeding from one or more regions of
interest (ROIs) and selecting streamlines that make contact
with a waypoint or target. Regions used have usually
centered on areas in which the tracts are known to origi-
nate [the lateral geniculate nucleus (LGN)] and terminate
(occipital lobe). Specifically, methods reported to date
include seeding the LGN as identified visually [Yamamoto
et al, 2005] or via streamlines from the optic chiasm

Figure I.

lllustrative seed regions used in OpR tractography. Shown on a
single hemisphere (FA-modulated diffusion map) in axial and cor-
onal orientations. (1) A voxel on an axial slice of anterolaterally
oriented diffusion “at the apex of the arc around the lateral
ventricle” [Ciccarelli et al., 2003, p. 350]; i.e. in Meyer’s Loop
(2D volume). (2) Nine voxels on a single axial slice at the same
location as Region | [Bassi et al., 2008; 2D volume]. (3) Medio-
laterally oriented white matter adjacent (and extending anterior
and posterior to) the LGN [White et al., 2010; 3D volume; red
voxels]. (4) White matter anterior to the LGN [Taoka et al.,
2008; green voxels]. Regions are approximate based on written
and visual descriptions in cited articles.

[Catani et al., 2003; Sherbondy et al., 2008b]; seeding white
matter adjacent to the LGN presumed to constitute
Meyer’s Loop [Kamada et al., 2005], and seeding both of
these regions [Winston et al., 2011]. When white matter
proximal to the LGN has been seeded the criteria used to
define this region have varied markedly [Figure 1; see
Bassi et al., 2008; Ciccarelli et al., 2003; Taoka et al., 2008;
White and Zhang, 2010]. Occipital ROI selection has been
similarly varied, and has included the use of one [e.g.,
Catani et al., 2003; Kamada et al., 2005], two [Chen et al.,
2009; Winston et al., 2011], or three [Hofer et al., 2010;
Yamamoto et al., 2005] ROI These regions have included
the site of the radiations’” termination, the calcarine sulcus
[e.g., Chen et al., 2009; Hofer et al., 2010], the occipital
white matter more broadly [Catani et al., 2003; Yoshida
et al, 2006], and the sagittal stratum [Yogarajah et al.,
2009]. Results may simply be seeded without further edit-
ing [Yoshida et al., 2006] or, more typically, constrained
with specific targets and sometimes waypoint ROI [Win-
ston et al., 2011, 2012]. They may be further limited by the
placement of midline and frontal ROI [Yogarajah et al.,
2009] or manual editing [e.g., Sherbondy et al., 2008]. ROI
size may be unconstrained or may be held constant, for
example at 1, 9, 15, or 18 voxels of various sizes across
individuals [Bassi et al., 2008; Ciccarelli et al., 2003; Win-
ston et al., 2011; Yogarajah et al., 2009].
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Evaluating OpR Tractography

The effect of this variation on results is unclear due to
the lack of a clear method for evaluating tractography.
Historically results have been visually inspected to deter-
mine the “presence or absence of tracts at expected ana-
tomic locations" [p. 782, Yamamoto et al., 2005], such as
the presence of anterior fibers over the inferior horn of the
lateral ventricle [Yogarajah et al.,, 2009]. With the field’s
development there has been a move to codify such evalua-
tion [e.g., Hofer et al., 2010; Nilsson et al., 2007; Stieglitz
et al., 2011, Wu et al., 2012]. Data provided from these
methods suggest that tractography generated by existing
methods both varies markedly and matches the OpR’s
known anatomy less than adequately (Fig. 2).

Qualitative scoring schemes have centered on the ability
to identify the three central “bundles” of the radiations,
usually with reference to Meyer’s [1907] seminal ex vivo
examination of the OpR. Here points are awarded if three
discrete components are identified [Hofer et al.,, 2010],
with additional points given for a fuller reconstruction of
tracts. Stieglitz and colleagues [2011] awarded further
points if the tracked fascicles passed key anatomical land-
marks (the trigonum) and terminated in the calcarine sul-
cus. These metrics suggest existing methods map the
radiations well, but less than completely [Hofer et al.,
2010; Stieglitz et al., 2011]. They are also somewhat subjec-
tive and frequently cannot easily be compared across stud-
ies due to the extent of documentation and lack of inter-
rater reliability estimates.

In quantitative assessment [e.g., Stieglitz et al. 2011; Wu
et al.,, 2012] the location of the radiations’ most anterior
extent (the most difficult component to track) has been
related to key anatomical landmarks. The anterior horn of
the lateral ventricle is a key proximal structure, more dis-
tal structures (temporal, occipital poles) have also been
used. These measures allow comparison with ex vivo data,
which typically suggest the anterior fibers extend anterior
to the lateral ventricle’s inferior horn [Chowdhury and
Khan, 2010; Ebeling and Reulen, 1988; Peuskens et al.,
2004; Rubino et al., 2005]. Against these metrics results
have also varied markedly, consistently under-estimating
the reach of the anterior radiations [e.g., Nilsson et al.,
2007; Wu et al., 2012]. This method of evaluation is limited
by the quality of ex vivo measurements given the complex-
ity of dissection which involves fixing and freezing the
brain, and painstakingly removing only overlying fibers
using wooden or steel implements [Agrawal et al.,, 2011].
Technical differences between ex vivo dissection and MR-
based imaging methods also make comparison of these
forms of data difficult [Burgel et al., 1999; Ciccarelli et al.,
2003]. Importantly the OpR’s exceptional interindividual
variation [Ebeling and Reulen, 1988] also means it is not
possible to take any one individual’s results and compare
them with population metrics.

Finally, visual representations of tractography allow
description of overall tractography quality and plausibility

[e.g., Wu et al., 2012]. This is one of the most effective
means of reporting results in that it allows direct evalua-
tion of quality by others. A review of such data (e.g., Fig.
2) again suggests the quality of existing OpR tractography
varies markedly. A limitation of this approach is that the
mode of presentation also restricts the ability to appreciate
a method’s strengths and weaknesses (e.g., presence of
aberrant tracts). Adopting a standard angle for presenta-
tion and presenting results for all cases can mitigate this
weakness [e.g., Wu et al., 2012].

The gold standard for evaluation of OpR tractography
(in the absence of ex vivo data) thus appears to be joint (i)
qualitative and (ii) quantitative assessment with (iii) visual
presentation of data. In spite of recent and impressive
efforts to move toward rigorous evaluation of output
[Hofer et al., 2010; Stieglitz et al., 2011; Wu et al., 2012] at
this point the results of studies using different tractogra-
phy methods remain difficult to compare.

What Should Accurate OpR Tractography
Look Like?

Ex vivo studies of the radiations [Choi et al., 2006;
Chowdhury and Khan, 2010; Ebeling and Reulen, 1988;
Peltier et al., 2006; Peuskens et al., 2004; Pujari et al., 2008;
Rubino et al., 2005; Sincoff et al., 2004] provide a picture
of how accurate OpR tractography will appear. This devi-
ates somewhat from assumptions in existing scoring
schemes and is thus reviewed briefly.

Importantly, accurate OpR tractography will produce a
single sheet of streamlines. The fibers of the OpR emerge
from the LGN as the most posterior component of the in-
ternal capsule, forming “a continuous sheet of fibers with
no separation of fibers” [Levin, 2008, p. 244; Fig. 3]. Con-
ceptually, these fibers form discrete (i) anterior, (ii) central,
and (iii) posterior “bundles” [Ebeling and Reulen, 1988],
“segments” [Peltier et al., 2006] or “tracts” [Jones and Tra-
nel, 2002] according to their trajectory and course. (i) The
first bundle exits the LGN anteriorly then curves laterally
over the roof of the lateral ventricle’s inferior horn. After
this rapid turn in the anterior temporal lobe these fibers
course posteriorly, joining the other two bundles as the in-
ferior sagittal stratum. Folding under the lateral ventricle’s
occipital horn they terminate in the calcarine cortex’s
lower lip [Ebeling and Reulen, 1988]. The largest group
leaves the LGN laterally as (ii) the central fibers, running
over the roof of the inferior horn of the lateral ventricle to
pass along its wall. Moving under the ventricle’s occipital
horn they terminate in the occipital pole. The final (iii) pos-
terior (upper/dorsal) bundle courses immediately posteriorly
to join the other bundles and runs alongside the ventricle
before turning to terminate in the calcarine fissure’s upper
lip [Ebeling and Reulen, 1988; Peltier et al., 2006].

This arbitrary division of the sheet of the OpR into three
bundles also corresponds with the OpR’s functional orga-
nization. More anterior and posterior fibers (bundles) carry
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Figure 2.

Tractography of the optic radiation(s) (OpR) mapped using various
methods. (A) Catani et al. [2003]. OpR seeded from LGN to
occipital white matter. Shown with key landmarks and the inferior
longitudinal fasciculus (green), splenium (yellow), and optic tract
(blue). (B) Ciccarelli et al. [2003]. OpR seeded from a voxel in
white matter anterolateral to the LGN where the main eigenvec-
tor was anteromedial to posterolateral using probabilistic tractog-
raphy. White arrows indicate false positive streamlines; yellow
arrows, medial LGN connections. (C) Yoshida et al. [2006]. OpR
seeded from the stratum sagittal. (D) Wu et al. [2012; red stream-
lines]. The OpR were “seeded along the optic tracts, near the
LGN or next to the OR” [Wu et al., 2012, p. 146]; TP, temporal
pole; Tor, anterior tip of the optic radiations; OP, occipital pole; S,
superior view. ((A) From Catani et al., “Occipitotemporal connec-

information from the upper and lower (contralateral)
visual field quadrants, respectively, whereas central visual
information (macular region) is carried in central fibers
[Ebeling and Reulen, 1988; Jones and Tranel, 2002].

tions in the human brain.” Brain, 2003, 126, 2093 by permission of
Oxford University Press. (B) Reprinted from Neuroimage Ciccar-
elli, Parker, Toosy, Wheller-Kingshott, Barker, Boulby, Miller, and
Thompson, “From diffusion tractography to quantitative white
matter tract measures: a reproducibility study”, 2003, 348-359,
copyright, with permission from Elsevier. C. From Yoshida, Ida,
Nguyen, Iba-Zizen, Bellinger et al. (2006) Resolution of Homony-
mous Visual Field Loss Documented with Functional Magnetic Res-
onance and Diffusion Tensor Imaging. Journal of Neuro-
Ophthalmology 26 (1), pl3, with permission Wolters Kluwer
Health. D. From Wu, Rigolo, O’Donnell, Norton, Shriver, Golby
(2012) Visual Pathway Study Using In Vivo Diffusion Tensor Imag-
ing Tractography to Complement Classic Anatomy. Operative
Neurosurgery |, pl49, with permission Wolters Kluwer Health.)

Current methods do not appear to reconstruct a sheet
following the course of each of these bundles (Fig. 2). Vari-
able descriptions of the OpR’s “three bundles” have also
led to scoring systems centering on three spatially discrete
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Figure 3.

The optic radiations (ex vivo samples). Left: inferior view. Basal
structures, cortex, and white matter removed. From: Gluhbe-
govic & Williams, The Human Brain (1980). With permission of
Lippincott Williams & Wilkins, 1980. Right: lateral view of optic
radiation (Optic Rad.) with overlying structures removed. Note
continuous, sheet-like structure rather than three spatially dis-

crete bundles. Also labeled: superior longitudinal fasciculus; A,
hippocampal head; B, tip of temporal horn of lateral ventricle;
C, anterior tip of optic radiation; D, temporal pole. From
Rubino, Rhoton, Tong, De Oliviera (2005) Three-dimensional
Relationships of The Optic Radiation. Neurosurgery 57 (Sup. 4),
p227, with permission Wolters Kluwer Health.

Fia.2

Figure 4.

Meyer’s [1907] “The subdivision of bundles.” The following is a
series of coronal slices along the length of the optic radiation
from the level of the LGN (A and B) to the occipital region (F).
Images are photomicrographs (carmine-stained Weigert prepara-
tions). A: left hemisphere section; e, external geniculate body
(LGN); a, tapetum; b, internal sagittal marrow; ¢, external sagit-
tal marrow; d, subcortical marrow. Circle indicates area enlarged
in (B). (B)—(F) constitute the same approximate location in con-
secutive posterior sections. In each image the optic radiation is

apparent as a dark band. This dark band is divided by two points
of degeneration (indicated in yellow, blue) to create three “bun-
dles” Bundle I: the dark region below the blue strip (anterior
fibers; Meyer’s Loop). Bundle 2: dark region between blue and
yellow strips (“medial” fibers). Bundle 3: dark region above yel-
low strip [(C)—(F); posterior fibers]. Adapted from Meyer, “The
connections of the occipital lobes and the present status of the
cerebral visual affections.” Trans Assoc Am Physicians, 1907, 22,
7-16, with permission John Wiley & Sons.
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fiber bundles [Hofer et al., 2010; Stieglitz et al., 2011]. In
this context Hofer et al. [2010] describe the radiations as
“three large fiber bundles” (p. 1), and (schematically)
depict spatially discrete bundles, and Wu et al. [2012]
imply anatomical separation between “three bundles...
found in the classic cadaveric study by Meyer” (p. 145).
Meyer’s [1907] work is frequently cited in discussions of
these bundles. Meyer discussed a number of pathological
cases whose pathology made the anterior fibers’ course
through the temporal lobe clear. One case was particularly
significant (see also Fig. 4).

“The third case... illustrates a[n]... even more far-
reaching help, the subdivision of bundles. There is a sym-
metric lesion ... cutting into the dorsolateral part of the
sagittal marrows as far as the ventricle... The remaining
external sagittal marrow is divided by two small foci or
slits... The secondary degeneration makes the relative
position and course of these isolated bundles perfectly
plain... Itis... possible with this case to determine the
course of the dorsal, the lateral, and the ventral segments
of the external sagittal marrow to the calcarine cortex.”
[Meyer, 1907, pp. 8-9. Reproduced with permission of
John Wiley & Sons. Italics in original].

Here, then, one patient’s pathology artificially divided
the continuous band of the OpR [Levin, 2008] into three
discrete “bundles,” allowing Meyer to ingeniously trace
the relative course of fibers within the OpR along the
structure’s length. Separately, the concept of “bundles” (or
“tracts”" or “segments”) has been used to describe the radi-
ations” functional organization [Ebeling and Reulen, 1988;
Jones and Tranel, 2002; Peltier et al., 2006].

The aim of this study was to develop an optimal
approach for delineation of seed ROI for tractography of
the OpRs. To this end tractography was generated from dif-
ferent white matter seed ROI around the LGN and within
the sagittal stratum. ROI were selected on the basis of the
existing literature and anatomy. Based on the radiations’
known anatomy, we hypothesized that seeding from the
region of anterioposteriorly oriented diffusion anterolateral
to the LGN would seed streamlines consistent with
the OpR’s anterior and posterior components, whereas the
overlying mediolaterally oriented diffusion would seed the
radiations’ middle/central components. We also hypothe-
sized consistent identification of all components of the OpR
would be enabled by seeding from a number of these ROL

MATERIALS AND METHODS
Participants

Thirteen healthy adults (nine male; mean age 31.3 years;
SD 8.7; range 16.5-47.4) completed MR imaging at Child-
ren’s Hospital Boston. The study was approved by the
Institutional Review Board and all participants provided
informed consent.

Procedure

Imaging protocol. An MPRAGE was acquired with a ma-
trix size of 256 x 256 and a FOV of 200-256 mm depend-
ing on the size of the subject’s head. Diffusion images
were acquired at 24 cm FOV, 128 x 128 matrix, 2 mm
thick contiguous slices (whole brain), TE = 78 ms; IPAT =
2 using a 32-channel head coil. Forty-five diffusion-
weighted images were collected (five b = 0 images, 26 b =
1000 images, six b = 2000, and eight b = 3000 images). In
seven cases, a T2 image was available and used as an
additional reference in registration. Images were acquired
on a 3T Siemens Trio.

Tractography

Tractography and further analysis were completed using
our optimized processing stream in CRKit (http://
crl.med.harvard.edu/) described previously [Peters et al.,
2012]. Non-DWI data were resampled to 1 mm?, and the
intracranial cavity was segmented using a previously vali-
dated segmentation algorithm [Grau et al., 2004; Weisen-
feld and Warfield, 2009]. Each participant’s diffusion-
weighted images underwent affine registration and
upsampling to their T1 image, correcting for patient
motion and (in part) eddy current distortion. Maps of FA,
mean diffusivity, axial diffusivity and radial diffusivity
were generated with a single tensor diffusion model.

We utilized a previously described and validated
stochastic tractography algorithm to estimate streamlines
representing the OpRs. Our stochastic algorithm for
tractography [see Lewis et al, 2012; Peters et al., 2012]
combines the speed and accuracy of deterministic decision
making at each step inside a voxel with probabilistic sam-
pling of streamlines to better explore the space of all possi-
ble streamlines. Potential streamlines were stochastically
initialized and evaluated starting from the seed regions.
Streamlines were constructed with sequential steps
through the tensor field at subvoxel resolution, utilizing
subvoxel log-Euclidean tensor interpolation. While evalu-
ating each streamline, we checked conventional stopping
criteria, including streamline curvature and FA, but incor-
porated the previous path of the streamline to compensate
for local inhomogeneities. Streamline stepping direction
was determined by a linear combination of tensor deflec-
tion and primary eigenvector orientation. The range of
potential streamlines examined is broad compared to con-
ventional deterministic tractography. Stochastic sampling
was continued until a predetermined number of stream-
lines had been created for each seed voxel. This strategy
has been validated previously [Lewis et al., 2012; Suarez
et al., 2012]. Specific parameters used included a minimum
FA of 0.1; FA momentum of 0.5; maximum angle (by step)
of 30° with six steps per voxel and angular (and direc-
tional) momentum set to 0.5, tensor deflection fraction of
0.95 and 10 seeds per voxel. These choices are based on
those used successfully previously [Suarez et al., 2012] and
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include stepping at subvoxel resolution to improve track-
ing accuracy, a large number of seeds to effectively sample
the population of potential streamline trajectories and a
low angular threshold (six steps/voxel; 30°/step) to
accommodate the course of Meyer’s Loop.

ROl identification strategy. ROI were drawn manually using
itk-SNAP (www itksnap.org) on a color-coded FA image
(blue: inferior—superior; green: anterior—posterior; red:
medial-lateral). In the first analysis, candidate ROI based on
the radiations’” known anatomy and previous published
approaches were systematically contrasted. An optimized
approach was then identified and systematically evaluated.

Part |: ROI Selection and Comparison

Candidate LGN and occipital (sagittal stratum) ROI
were seeded and streamlines conforming to the known
course of the radiations were evaluated in 12 hemispheres
(six participants).

LGN: The OpR is best seeded from the high FA white
matter lateral to the LGN [Behrens et al., 2003]. This tissue
exits the LGN in anterior, medial, and posterior bundles.
These bundles” appearance can be appreciated by compar-
ing a section of the known radiations with DWI and
structural data (Fig. 5, top row). Six candidate LGN ROI
were identified and traced axially (Fig. 5, bottom row)
from where the internal capsule’s posterior limb transi-
tions to the cerebral peduncle [Winston et al., 2011]. These
included

* LGNI: the anterior—posterior oriented diffusion repre-
senting the optic tract,

LGN2: the area of anteroposteriorly oriented diffusion
(green) anterolateral to the LGN [Bassi et al., 2008;
Ciccarelli et al.,, 2003; Taoka et al., 2008]. This was
drawn inferiorly to where it was separated from
LGN3 by extremely low FA voxels.

* LGN3: a region of low FA voxels of intermediate
direction (green/orange/red) between LGN2 and 4;
LGN4: the area of high FA mediolaterally oriented dif-
fusion (red) overlying and lateral to this [White and
Zhang, 2010]. Relative to LGN2 this extends posteri-
orly/superiorly as well as anteriorly/inferiorly to the
region representing the anterior commissure. Red/
pink/purple voxels are included at the anterior-most
extent.

LGNG: the area of high FA mediolaterally oriented dif-
fusion (red) anteromedial to LGN3 (i.e., within the
ascending fibers that will form the internal capsule)
which becomes continuous with LGN4.

LGNG6: the region of low FA anterior-posterior to
inferosuperiorly oriented diffusion (light blue-purple-
green) posterior to LGN2, traced on two consecutive
coronal images.

These regions were chosen to reflect published
approaches to tracking the radiations (LGN1, LGN2, and

LGN4) as well as the fact that the bundles of the OpR
should leave the LGN anteroposteriorly to mediolaterally
(LGN2, LGN83, and LGND5). The optic tract was seeded in
place of the chiasm [e.g., Stieglitz et al., 2011] as the
chiasm is frequently only partially imaged in standard
DWTI imaging due to magnetic susceptibility changes asso-
ciated with air in neighboring structures and the nearby
interface of brain with bone, fat and CSF [see discussion in
Hofer et al., 2010]. LGN6 was chosen to determine
whether this region at the posterior extent of LGN2
includes only fibers of the fornix or can also reliably seed
the OpR.

All fibers of the radiations form part of the sagittal stra-
tum, which courses posterolaterally to the lateral ventricle
in a single band [Ebeling and Reulen, 1988]. This is
flanked by medial and lateral bands (colossal fibers/tape-
tum and inferior longitudinal fasciculus). We examined
three discrete regions on directionally coded FA images on
the slice immediately posterior to the splenium of the
corpus callosum (approx. level of the trigone), including
(Fig. 6):

¢ SS1: medial;
¢ SS2: central; and
¢ SS3: lateral bands.

All contiguous voxels of a single color were included
and, in the case of the central band, inferior and medial
extensions were included when apparent. For the LGN
RO, the subset of streamlines that made contact with any
of the stratum ROI were then selected and truncated at the
LGN. Similarly, stratum streamlines that made contact
with any LGN ROI were selected. In all instances, exclu-
sion ROI included midline (sagittal) and frontal (coronal)
planes, the latter drawn three slices (3 mm) posterior to
the most anterior temporal white matter.

The purpose of this analysis was to identify regions of
white matter surrounding the LGN that consistently
seeded a significant proportion of streamlines representing
the OpR across participants. As such, rather than a purely
qualitative assessment the number of streamlines consist-
ent with the OpR were counted and expressed as a per-
centage of total streamlines seeded from each ROI (10
streamlines were seeded per voxel).

Part 2: ROI Validation

Based on the initial analysis an optimized strategy was
then validated in 14 hemispheres (remaining seven partici-
pants). A single optimized LGN ROI was drawn incorpo-
rating LGN2-5 as a continuous structure. This was
initially located on the axial slice where the internal cap-
sule transitions to the cerebral peduncle. For clarity, this
region is described in terms of the LGN regions from the
above analysis. At its most inferior bound, LGN2 was
drawn until it was definitively separated from LGN4 by
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lllustration of lateral geniculate nucleus (LGN) candidate seed
regions with reference to the region’s known anatomy. Top row:
coronal LGN and radiations in section from Meyer [1907; left]
at level of LGN. e, external geniculate body (LGN); a, tapetum;
b, internal sagittal marrow; c, external sagittal marrow; d,
subcortical marrow. Approximately equivalent image on

Figure 6.

diffusion-weighted (center) and TI (right) images. Bottom row:
coronal DWI images with LGN regions of interest illustrated on
a mirrored hemisphere at relatively anterior, medial and poste-
rior regions (inset: enlargement of LGN region). Numbers refer
to the six regions of interest described in text.

extremely low FA voxels. The more anterior region of
mediolaterally oriented diffusion (likely to represent the
anterior commissure) was also traced when it became
essentially continuous with the main component of LGN4.
LGN4 ended in an area of very low FA purple/blue/red.
ROI were reviewed on sagittal images. Streamlines from
the LGN that touched the sagittal stratum ROI (SS1 with
SS2 combined) were cut at the LGN and evaluated. The
above exclusion ROI were used, any extraneous stream-
lines, namely arising from the most anterior region of the
ROI and representing the fornix/anterior commissure,
were excluded [Sherbondy et al., 2008b].

(1) Medial, (2) central, and (3) lateral sagittal stratum regions of
interest illustrated on a single (mirrored) hemisphere (color-
coded FA image).
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Accurate delineation of each LGN ROI was essential to
ensure the identification of Meyer’s Loop’s anterior extent.
An experienced rater delineated this region within approx-
imately 15 min, and average ROI volume was 1147.6 mm?
(SD 325.9 mm?; range 736-1647 mm®) reflecting marked
between-subject variation (within-subject variation aver-
age 7.2% [SD 4.6%]). Inter-rater-reliability was directly
assessed using a Dice similarity coefficient (DSC) to evalu-
ate 3D ROI overlap and reproducibility (raters: CB and JS)
in 10 hemispheres not presented here. The value of the
DSC ranges from 0 (no overlap) to 1 (complete overlap).
The average DICE value was 0.76 &+ 0.02 (range 0.75-0.79).
The precise placement of inclusion (stratum) and exclusion
ROI was completed in approximately 5 min, and (where
slice thickness was 1 mm) inter-rater variance in selection
of the sagittal stratum planar ROI was 0.2 + 0.8 mm
(range —1 to 1 mm); for the anterior temporal plane, 1 +
0.7 mm (range —2-0 mm); for the midline plane, 0.6 +
1.14 mm (—1-2 mm).

Qualitative and quantitative metrics were used for eval-
uation. Results are also presented visually.

Quantitative analysis. The distance between the OpR’s
key landmark, the most anterior tip of Meyer’s Loop, and
the most proximal anatomical landmark, the anterior tip of
the temporal horn of the lateral ventricle, was measured.
This was evaluated on a 3D model of the OpRs overlaid
on the patient’s axial T1 image. The anterior tip of Meyer’s
was identified as the most anterior point of the most ante-
rior OpR streamline. The most anterior portion of the lat-
eral ventricle was identified on the most anterior slice
where CSF gave way to gray or white matter. Inter-rater
reliability of this estimate (JS, CB) was evaluated in 10
hemispheres not included here. Measurement variation
was 0.3 mm (SD 0.55 mm; range —0.67 to 1.33 mm).

Qualitative scoring. The correspondence between trac-
tography output and the course of the radiations was
evaluated with a modified version of the methods used
by Hofer et al. [2010] and Winston et al. [2011]. The
medial and posterior bundles of the OpR appeared as a
sheet of fibers, mirroring the radiations” known anatomy
[Ebeling and Reulen, 1988; Levin, 2008; Rubino et al,,
2005], and were thus scored jointly. Inter-rater reliability
with this metric (JS and CB) was (Cohen’s Kappa) 0.73,
indicating “substantial” agreement [Munoz and Bangdi-
wala, 1997]. Tract seeding and termination were scored
separately. These measurements of the reproducibility of
the localization of the ROIs demonstrate that the process
of creating the ROIs in an individual is sufficiently
reproducible to achieve highly accurate delineation of
the OpR.

The anterior bundle was considered identified if stream-
lines moved antero/posterolaterally from a relatively ante-
rior region of the LGN ROI in the region of the anterior
lateral ventricle then coursed posteriorly to the occipital
lobe. Scoring of seeding rested on evidence that a sheet of
fibers should be seeded [Ebeling and Reulen, 1988; Levin,
2008; Rubino et al., 2005]. Seeding: streamlines were scored

TABLE I. Analysis I: sub-ROI results (12 hemispheres)

Streamlines seeded to target region Cases seeding

no target
streamlines
Average SD Min Max (Number of
(%/total) (%/total) (%/total) (%/total) cases)
LGN1 39 5.3 0.0 13.3 5
LGN2 4.0 5.7 0.0 21.1 0
LGN3 259 18.2 6.4 55.2 0
LGN4 37.7 11.8 16.3 57.1 0
LGN5 325 30.9 0.5 93.5 0
LGN6 37 5.9 0.0 21.7 3
SS1 10.0 11.2 0.0 36.0 1
SS2 7.3 47 1.4 15.0 0
SS3 0.5 1.1 0.0 32 6

Results from analysis of streamlines seeded from LGN and sagit-
tal stratum subregions. Percentages are proportion of total stream-
lines seeded from each region to the relevant target within the
optic radiations. Target for the LGN subregions was any compo-
nent of the sagittal stratum; the target for the stratum components
was any of the LGN subregions.

0 if the anterior bundle was not identified, 1 if it was
seeded but there were many gaps between streamlines,
and 2 if a continuous/near-continuous sheet of streamlines
was generated. Termination was also scored. 0 was
awarded if the majority of streamlines terminated outside
the occipital lobe; 1 if they terminated in the occipital lobe,
and 2 if they terminated in calcarine/polar cortex.
Medial/posterior bundles were considered tracked if
streamlines exiting the LGN laterally and posteriorly to the
LGN were identified. Seeding and termination were eval-
uated as above, but with point scores doubled (0/2/4).

RESULTS

The six white matter regions surrounding the LGN
seeded to the sagittal stratum with varying consistency
(Table I).

LGN1, the optic tract, seeded components of the OpR
infrequently (<4% of streamlines) and biologically implau-
sibly. The maximum percentage of streamlines seeded to
the stratum across the sample was 13.3%, and in just
under half the sample (5) no streamlines consistent with
the radiations were seeded. LGN2, consisting of voxels
with anteroposteriorly oriented diffusion anterolateral to
the LGN, also seeded relatively few OpR streamlines on
average (4%). In all hemispheres, however, streamlines
congruent with the radiations were seeded. Importantly,
these were typically consistent with the known course of
the OpRs (Fig. 7, yellows streamlines).

LGN regions 3-5 seeded to the stratum most consis-
tently and generated target streamlines in all cases. Over a
quarter of the streamlines seeded from the region of low
FA voxels overlying LGN2 (that is, region LGN3) passed

* 691 o



¢ Benjamin et al. ¢

TABLE Il. Analysis 2: Results of optimized strategy

Quantitative Scoring (group)

Qualitative Scoring (group)

Seeding Termination Seeding Termination
Meyers - Anterior (points) (points) Medial/ (points) (points)
TH distance 0.2+£2.4mm Bundle 1.5+0.5 1.44+0.5 Posterior 3.9+0.5 3.4+0.9
Quantitative Scoring
(case/hemisphere) Qualitative Scoring (case/hemisphere)
Distance Seeding Termination Seeding Termination
(mm) (points) (points) (points) (points)
Meyers - Anterior Medial/
TH distance Right Left Bundle Right Left Right Left Posterior Right Left Right Left
case01 -1 -1 case(1 1 2 2 1 case01 4 4 4 2
case02 -2 -1 case(2 2 2 1 2 case02 4 4 4 2
case03 3 1 case03 1 2 1 1 case03 4 4 4 4
case04 -2 1 case(4 1 1 2 1 case04 4 4 4 2
case05 2 2 case(05 1 1 1 1 case05 4 4 4 4
case(6 —4 1 case06 2 2 2 1 case06 2 4 4 2
case07 -1 5 case(7 1 2 2 1 case07 4 4 4 4

Quantitative (left) and qualitative (right) evaluation of 14 hemispheres. Quantitative values represent the distance (mm) from the ante-
rior-most point of Meyer’s Loop to the anterior tip of the temporal horn. Positive values place Meyer’s Loop anterior to the temporal
horn. Qualitative scoring: the anterior bundle was awarded 0, 1, or 2 points for the seeding score and the same for termination. Values
were doubled for the medial/posterior bundle(s). For seeding, tracts are awarded 0 if not seeded, 1 if they were seeded but included
many gaps between fibers, and 2 if they formed a sheet-like representation. For termination, tracts were awarded 0 if they terminated
outside the occipital lobe; 1 if they terminated inside the occipital lobe, and 2 if they terminated in the occipital pole/calcarine cortex.

through the stratum; as did over a third of those from the
region of high mediolaterally oriented diffusion superior
to this (i.e., LGN4). Just under a third of those from LGNS5,
the region of mediolaterally oriented diffusion medial to
LGN4 within the boundaries of the ascending corticospinal
tracts, traversed the stratum. Finally, LGN6, the region of
anteroposteriorly to inferosuperiorly oriented diffusion at
the posterior extent of LGN2, seeded a small number of
streamlines to the stratum inconsistently.

Qualitatively, regions LGN2, LGN3, and LGN5 gener-
ated largely complementary components of the OpR (Fig.
7). Streamlines from LGN2 followed the course of Meyer’s
loop, whereas those from LGN3 either followed the same
path or, more typically, a trajectory consistent with that
of the “medial” bundle of the radiations (i.e., coursing
laterally and posteriorly, between streamlines from LGN2
and LGNBD). Finally, LGN5 generated streamlines dorsal to
LGN2 and LGNS, consistent with the course of the
posterior (dorsal) bundle. In contrast, LGN4 generated
streamlines that demonstrated marked overlap with those
from LGN2, LGN3, and LGN5 (Fig. 7, green streamlines).
These streamlines reflected the structure of the radiations
in their sheet-like structure and substantial overlap with
streamlines from LGN2, LGN3, and LGN5.

The two medial components of the sagittal stratum (SS1
and SS2) seeded streamlines to the LGN region most con-

sistently (Table I). Those from the most lateral region (SS3)
did not reach the LGN in half the sample, and only a
small portion did so (at most 3%) in the remaining half.

On the basis of this analysis, the optimal LGN regions
were considered to include LGN2-5, whereas the optimal
stratal regions included SS1 and SS2. These LGN regions
were combined into a single seed region, and the stratal
regions into a single “touch” region. These were used to
generate the radiations in the other 14 hemispheres (seven
participants).

This strategy yielded tractography results that bore a
close correspondence to the known structure of the
OpRs (Fig. 8; Table II). Across the group, the most ante-
rior extent of the radiations fell on average 0.2 + 2.4
mm (range —4 to 5 mm) anterior to the anterior horn of
the lateral ventricle. Qualitative analysis indicated both
the anterior and medial/posterior components of the
radiations were identified in all individuals. With
respect to the quality of seeding, the medial/posterior
components typically formed a sheet of fibers (93% of
cases), whereas the anterior bundle did so in half of the
cases. Similarly, although all fibers terminated within
the occipital lobe, the medial/posterior bundles reached
the calcarine/polar region in a majority of cases (71%),
whereas the anterior fibers did so in approximately a
third of cases (36%).
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Figure 7.
Results from initial tractography of white matter regions bordering LGN (three exemplary par-
ticipants) displayed axially. Top: streamlines seeded from LGN ROI two (yellow); three (orange),
and five (blue). Bottom: same data, with streamlines seeded from region four (green) overlaid.
Note the correspondence between green streamlines with those seeded from other ROI (partic-
ularly anterior and middle streamlines).

Figure 8.
Final tractography results. These represent the optic radiations seeded from LGN ROI 2-5 (axial
view) of each participant. Results from 14 hemispheres (seven participants). Top left: data from
Participant | overlaid on their T| image.
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DISCUSSION

In the first sequence of analyses, multiple regions of
white matter surrounding the LGN were found to seed
streamlines consistent with the known course of the OpRs.
Streamlines from key LGN ROI (LGN2, LGN3, and
LGN5)—including a ROI used widely in the literature
(LGN2)—seeded largely unique and complementary com-
ponents of the radiations. Those from another (LGN4)
demonstrated marked overlap with these. In line with
both previous work and anatomically-based predictions,
the region of anterolaterally oriented diffusion (LGNZ2)
inconsistently seeded the OpRs’ anterior component
(Meyer’s Loop). In contrast, overlying voxels of mediolat-
eral diffusion (LGN3 and LGNS5), not typically seeded,
tracked relatively medial and posterior components of the
radiations. A final region seeded once in previous work
[White and Zhang, 2010] generated streamlines overlap-
ping with these and in some instances identified Meyer’s
Loop when it was not identified using LGN2 (e.g., Fig. 7,
Case 3). These regions of the LGN were combined into a
single ROI in a separate analysis, and tracts that touched
relevant regions of the sagittal stratum were selected. The
resulting streamlines were highly consistent with anatomi-
cal descriptions of the OpRs and in each instance included
streamlines consistent with the radiations” most anterior
component, Meyer’s Loop.

Our choice of LGN regions for seeding was based on a
clear anatomical rationale. Anatomically, the radiations
form a sheet of fibers with distinct anterior, medial, and
posterior components [e.g., Ebeling and Reulen, 1988;
Rubino et al., 2005]. Selecting white matter seeds repre-
senting each of these components could thus be expected
to reconstruct the OpR. To date, studies have largely
focused on seeding voxels of white matter anterior [Taoka
et al.,, 2008] or lateral [Bassi et al.,, 2008] to the LGN,
anterolateral to posteromedially oriented diffusion in the
region anterior and lateral to the LGN or in the presumed
base of Meyer’s Loop [Ciccarelli et al., 2003; Yogarajah
et al., 2009], or in the LGN proper [Catani et al., 2003;
Hofer et al., 2010] where low FA has been documented to
make tracking difficult [Behrens et al., 2003]. Our data sug-
gest that when regions of white matter directly bordering
the LGN are considered separately with reference to the
anatomy of the radiations, it is possible to independently
identify different components of the OpR.

Perhaps the most important implication of this data is
that widely used approaches to mapping the OpR do not
appear to map all components of the OpR. This point is
likely to have been overlooked to date as the main ques-
tion asked of OpR tractography methods has been whether
they can or cannot identify the OpR’s most anterior extent;
Meyer’s Loop.

Methods seeding white matter anterior to the LGN, and
particularly anterior white matter regions characterized
by anteroposteriorly oriented diffusion, will likely miss
the OpR’s posterior and potentially medial components.

Importantly these approaches will generate visually plau-
sible tracts and typically still identify the most vulnerable
component of the radiations in temporal surgery: the
OpR’s anterior and inferolateral boundaries. They will do
so inconsistently, however, and will also underestimate
the extent of the OpR’s dorsal and medial boundaries
[the more superior bundles in Fig. 4; Meyer, 1907]. These
boundaries are particularly important in surgery targeting
medial, occipital, and superior lateral (e.g., parietal)
regions, or when disease-related changes in properties
across the radiations as a whole are considered. The signif-
icance of seeding the region of mediolaterally oriented
diffusion bordering the LGN has been noted only once
previously [White and Zhang, 2010], and the fact that this
region can complement seeding of standard regions has
not been appreciated.

Across the group, the anterior tip of Meyer’s Loop fell
0.2 mm anterior (range —4 mm to +5 mm anterior) to a
key proximal anatomical landmark, the temporal horn of
the lateral ventricle. This landmark is a particularly signifi-
cant one for the OpRs given its consistent relationship to
the anterior radiations, which “plunge” down into the
anterior temporal lobe [Meyer, 1907] while capping the
temporal horn of the lateral ventricle. Ex vivo studies indi-
cate that although Meyer’s Loop’s anterior extent may be
posterior or anterior to this landmark in any individual
case, at the group level it generally falls 3.3 mm (-5 to 10
mm) anterior to the tip of the lateral ventricle. The above
value represents the average (mean weighted by sample
size) from data published in Ebeling and Reulen [1998;
mean = 5 £+ 3.9 mm, range —5 to 10 mm, n = 25 hemi-
spheres], Rubino et al. [2005; mean = 2 mm, range 1-3
mm, n = 20 hemispheres], Chowdhury and Khan [2010;
mean = 2 mm, range 1.5-2.4 mm, n = 11 hemispheres],
and Peuskens et al. [2004; range —4 to 6 mm, n = 17 hemi-
spheres]. The validation analysis of the proposed method
thus yielded results consistent with ex vivo data in all 14
hemispheres. As such, when combined with the demon-
stration that different regions surrounding the LGN seed
complementary components of the radiations the current
approach is an advance over existing methods. Wu et al.
[2012] identified the anterior point of the radiations as sub-
stantially posterior to the anterior temporal horn in all
patients (left: —8.69 £+ 1.93 mm, range —11.1 to —7; right:
—9.94 £+ 2.63 mm, range —14.7 to —6.2), as did Nilsson
et al. [2007; —16 mm, —21 to —8], whereas Yogarajah et al
[2009] found the tracts (on average) at the temporal horn
(mean 0 mm, range —15 to 9).

These results build on the work of White and Zhang
[2010]. Here the region of mediolaterally oriented diffusion
was seeded into the anterior temporal lobe. Their tractog-
raphy data located Meyer’s Loop on average —1 + 2.2 mm
(right) and 0.6 + 2.5 mm (left) anterior to the temporal
horn of the lateral ventricle. To validate their method
White and Zhang presented eigenvector maps to argue
this region constitutes Meyer’s Loop. Such a form of vali-
dation is weak as the eigenvector maps are a
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representation of the same data from which the tractogra-
phy is generated. Validation of the results is important as
this region may represent either the anterior extent of
Meyer’s Loop, the posterior extent of the uncinate fascicu-
lus, or other crossing fibers. We directly contrasted tracts
seeded from this region with those generated from exist-
ing and well-validated methods, and found substantial
correspondence between these (Fig. 7). This adds further
support for the argument that streamlines seeded from the
region of mediolaterally oriented diffusion lateral to the
LGN represent the OpR. The anatomy of the OpR
reviewed in the introduction would suggest this region is
where the fibers along the length of the radiations turn lat-
erally before coursing to the occipital lobe.

The optimization of seeding strategy suggested could be
further developed through standardizing and advancing
other elements of tractography analysis. Jbabdi and Johan-
sen-Berg [2011] have described “three levels of methodol-
ogy where details matter” in tractography; raw data
acquisition; voxel-wise modeling; and the tractography
itself. Significant effort has been expended on optimizing
the former two components in OpR tractography. In data
acquisition, the influence of the number of motion probing
gradients [Yamamoto et al., 2007] and slice angle at acqui-
sition [Stieglitz et al., 2011] have been investigated,
whereas in voxel-wise modeling, single [Hofer et al., 2010;
Taoka et al., 2008] and multiple tensor [Winston et al.,
2011; Yogarajah et al., 2009] models of diffusion have been
applied [see Jbabdi and Johansen-Berg, 2011; Scherrer and
Warfield, 2010, for a discussion of limitations in one and
two tensor modeling]. To date, optimization of tractogra-
phy and the selection of seed regions in particular has
been treated as a variable of relatively little consequence
[but see Stieglitz et al.,, 2011]. The current data suggest
modifying the regions seeded in tractography can have a
dramatic impact on output quality. In a clinical setting this
may mean that it is possible to obtain comprehensive map-
ping of the radiations with standard clinical sequences
(e.g., <10 min) and an optimized ROI strategy. Numerous
other tractography variables (e.g.,, maximum tract angle,
minimum FA) are yet to be comprehensively evaluated in
a single, large sample.

The current data also underscores the difficulties inher-
ent in validating tractography, and the importance of
using multiple (quantitative or qualitative) metrics when
evaluating and reporting results. It suggests that when the
true course of patients’ tracts is unknown the gold stand-
ard in evaluating tractography should be the presentation
of (i) qualitative and (ii) quantitative metrics with (iii)
visual presentation of the results. As shown in the intro-
duction, such metrics are only useful to the extent that
they are grounded in a sound knowledge of a structure’s
anatomy.

A limitation of the current approach is that the stream-
lines representing the radiations do not constitute a single,
continuous “bundle” of streamlines. Why a break occurs
in these streamlines in this study is unclear. This break

between posterior and anterior sections of streamlines is
also apparent in other DWI studies of the radiation [see
e.g., Fig. 1A,D; Catani et al., 2003, p. 2097; Hofer et al.,
2010, p. 5; Yamamoto et al., 2007, p. 94]. We also chose to
use a single tensor model of diffusion data to mirror the
constraints of a standard clinical setting, where software
typically only allows for single tensor modeling (e.g.,
BrainLAB, http://www .brainlab.com/). Improved tracking
may well be possible through the modeling of multiple
fibers. Using the presented strategy to map the OpR
should allow the benefit of such an approach to be effec-
tively characterized.

A number of outstanding questions are apparent. A key
goal in future work will be to validate OpR tractography
against the known location of the OpR in ex vivo samples.
Another will be to move beyond adult samples to evaluate
our ability to map the OpR in a standard and reliable
manner in children. The few studies in this population to
date have been limited by small sample sizes (e.g. n = 4)
[Sherbondy et al., 2008a], the integration of pediatric with
adult cases [Chen et al., 2009], or a failure to evaluate the
quality of Meyer’s Loop tracking [Bassi et al., 2008]. This
is particularly important given the marked differences
between the brain in childhood and adulthood, particu-
larly with respect to white matter structure. A further area
of significant practical interest is the ability of the different
combinations of modeling and tractography provided by
different software packages in the tracking of the OpR [see
discussion in Stieglitz et al., 2011]. We have clearly docu-
mented our analysis and tractography approach here to
allow its reproduction using publicly available, validated
software (http://crl.med.harvard.edu/). A further out-
standing question relates to tractography’s representation
of the most posterior components of the OpRs, and the
fibers that branch to lateral occipitotemporal regions in
particular (see Fig. 3, left). Such streamlines are apparent
in select examples of tractography in published studies
[e.g., Fig. 2A above, Catani et al., 2003; Fig. 2A in Ciccarelli
et al., 2005, p. 314; Fig. 2C in Yamamoto et al., 2007, p. 94].
In our experience such streamlines arise not infrequently
from the OpR’s most anterior component [see Fig. 2A
above and Fig. 2C in Yamamoto et al., 2007, p. 94]. Such
fibers do appear in dissected specimens of the radiations
(Fig. 3, above), and functional magnetic resonance imaging
has been used to map retinopically organized visual cortex
in the region where these fibers terminate [Larsson and
Heeger, 2006]. As such these streamlines are understood
to represent a true anatomical connection.

CONCLUSIONS

In this article, we sought to identify an optimal strategy
for seeding and selecting streamlines representing the
OpR. We have shown that existing approaches map differ-
ent components of the OpR, and that combining key seed
regions allows optimal mapping of the OpR. We have
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further shown that to accurately evaluate OpR tractogra-
phy it is critical that complementary (quantitative, qualita-
tive, and visual) methods of data analysis and
presentation are used, and that these must be based in a
sound knowledge of white matter anatomy. A key goal in
future work will be the difficult task of validating OpR
tractography against the “ground truth”; the known loca-
tion of these tracts in ex vivo samples.
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