
R E S E A R CH A R T I C L E

Comparison of multiple tractography methods for
reconstruction of the retinogeniculate visual pathway using
diffusion MRI

Jianzhong He1,2 | Fan Zhang2 | Guoqiang Xie2,3 | Shun Yao4,5 |

Yuanjing Feng1 | Dhiego C. A. Bastos4 | Yogesh Rathi2,6 | Nikos Makris6,7 |

Ron Kikinis2 | Alexandra J. Golby2,4 | Lauren J. O'Donnell2

1Institute of Information Processing and Automation, College of Information Engineering, Zhejiang University of Technology, Hangzhou, China

2Department of Radiology, Brigham and Women's Hospital, Harvard Medical School, Boston, Massachusetts

3Department of Neurosurgery, Nuclear Industry 215 Hospital of Shaanxi Province, Xianyang, China

4Department of Neurosurgery, Brigham and Women's Hospital, Harvard Medical School, Boston, Massachusetts

5Center for Pituitary Tumor Surgery, Department of Neurosurgery, The First Affiliated Hospital, Sun Yat-sen University, Guangzhou, China

6Department of Psychiatry, Brigham and Women's Hospital, Harvard Medical School, Boston, Massachusetts

7Departments of Psychiatry, Neurology and Radiology, Massachusetts General Hospital, Harvard Medical School, Boston, Massachusetts

Correspondence

Fan Zhang, Department of Radiology, Brigham

and Women's Hospital, Harvard Medical

School, Boston, MA.

Email: fzhang@bwh.harvard.edu

Yuanjing Feng, Institution of Information

Processing and Automation, Zhejiang

University of Technology, Hangzhou, China.

Email: fyjing@zjut.edu.cn

Funding information

National Natural Science Foundation of China,

Grant/Award Numbers: 61903336, 61976190;

Chinese Postdoctoral Science Foundation,

Grant/Award Number: 2019M663271; Key

Research & Development Project of Zhejiang

Province grant, Grant/Award Number:

2020C03070; National Institutes of Health

(NIH), Grant/Award Numbers:

HHSN26100071, HHSN261200800001E, P41

EB015898, P41 EB015902, P41 EB028741,

R01 CA235589, R01 MH074794, R01

MH111917, R01 MH119222, U01 CA199459;

China Scholarship Council

Abstract

The retinogeniculate visual pathway (RGVP) conveys visual information from the retina to

the lateral geniculate nucleus. The RGVP has four subdivisions, including two decussating

and two nondecussating pathways that cannot be identified on conventional structural

magnetic resonance imaging (MRI). Diffusion MRI tractography has the potential to trace

these subdivisions and is increasingly used to study the RGVP. However, it is not yet

known which fiber tracking strategy is most suitable for RGVP reconstruction. In this

study, four tractography methods are compared, including constrained spherical

deconvolution (CSD) based probabilistic (iFOD1) and deterministic (SD-Stream) methods,

and multi-fiber (UKF-2T) and single-fiber (UKF-1T) unscented Kalman filter (UKF)

methods. Experiments use diffusion MRI data from 57 subjects in the Human

Connectome Project. The RGVP is identified using regions of interest created by two clin-

ical experts. Quantitative anatomical measurements and expert anatomical judgment are

used to assess the advantages and limitations of the four tractography methods. Overall,

we conclude that UKF-2T and iFOD1 produce the best RGVP reconstruction results. The

iFOD1 method can better quantitatively estimate the percentage of decussating fibers,

while the UKF-2T method produces reconstructed RGVPs that are judged to better cor-

respond to the known anatomy and have the highest spatial overlap across subjects.

Overall, we find that it is challenging for current tractography methods to both accurately
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track RGVP fibers that correspond to known anatomy and produce an approximately cor-

rect percentage of decussating fibers. We suggest that future algorithm development for

RGVP tractography should take consideration of both of these two points.
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1 | INTRODUCTION

The retinogeniculate pathway (RGVP) begins at the retina, passes

through the optic nerve, the optic chiasm, and the optic tract, and

finally connects to the lateral geniculate nucleus (LGN; Salazar

et al., 2019; Purves et al., 2001). See Figure 1 for an anatomical over-

view. Approximately 53–58% of RGVP fibers decussate (cross) at the

optic chiasm (Chacko, 1948; Kupfer, Chumbley, & Downer, 1967;

S�antha, 1932). Therefore, the RGVP can be divided into four anatomi-

cal subdivisions: two decussating (medial) and two nondecussating

(lateral) fiber pathways, and each subdivision undertakes the impor-

tant task of conveying visual information of visual hemi-fields (Purves

et al., 2014; Quigley, Addicks, & Green, 1982; Quigley &

Green, 1979).

The study of the RGVP is important in multiple research and clini-

cal applications. The RGVP can be affected in many diseases, including

pituitary tumors (Laws Jr, Trautmann, & Hollenhorst Jr., 1977;

Rucker & Kernohan, 1954), glioma (Hales et al., 2018), optic neuritis

(Beck et al., 2003; Brex et al., 2002; Optic Neuritis Study

Group, 1997), ischemic optic neuropathy (Attyé et al., 2018; Cho

et al., 2016), and optic nerve sheath meningioma (Schick, Dott, &

Hassler, 2004; Turbin, Thompson, Kennerdell, Cockerham, &

Kupersmith, 2002). In particular, visualization of the RGVP can be

helpful in planning surgical approaches to lesions intrinsic or extrinsic

to the pathway. Neoplasms of the sellar region, such as pituitary ade-

nomas, tuberculum sellae meningioma, Rathke's cleft cysts, and

craniopharyngiomas can cause extrinsic compression of the RGVP

fibers when extending superiorly (Ma et al., 2016). Optic pathway gli-

oma (OPG), a childhood tumor most common in patients with neurofi-

bromatosis type 1 (NF-1), is a diffusely infiltrative tumor with ill-

defined boundaries, causing intrinsic compression and infiltration of

the RGVP (Aquilina et al., 2015). Surgical resection of these tumors is

challenging due to the high potential for damage to the visual appara-

tus. There is a poor correlation between tumor extent on conventional

imaging modalities and visual impairment; therefore, detailed informa-

tion about RGVP fiber pathway microstructure could potentially help

clinicians in treatment decision making and surgical planning to poten-

tially improve clinical outcomes (Aquilina et al., 2015; Fisher

et al., 2012). The study of the complete RGVP is also relevant in the

setting of high tension glaucoma, which can affect the whole optic

pathway (Lestak et al., 2012).

Magnetic resonance imaging (MRI) techniques have been used to

identify the RGVP for clinical and research purposes (Gala, 2015). Tra-

ditional T1-weighted (T1w) and T2-weighted (T2w) MRI are the most

widely used, for example, to compute the cross-sectional area of the

intraorbital optic nerve (Gass et al., 1996; Hickman, 2007; Hickman

et al., 2004; Hickman et al., 2001; Watanabe, Kinouchi, Horikoshi,

Uchida, & Ishigame, 2008). However, these MRI sequences only indi-

cate whether the RGVP is present at a particular location, while the

3D fiber pathway of the RGVP and the continuity of its subdivisions

cannot be assessed. Diffusion MRI (dMRI), via a process called

tractography, can track brain white matter and nerve fibers in vivo

noninvasively based on the principle of detecting the random motion

of water molecules in neural tissue (Basser, Mattiello, &

LeBihan, 1994; Basser, Pajevic, Pierpaoli, Duda, & Aldroubi, 2000).

One advantage of dMRI is that it can enable tracking of the 3D trajec-

tory of the RGVP for visualization of structures not visualized by

F IGURE 1 A schematic anatomical overview of the RGVP. There
are four major subdivisions, including two nondecussating fiber
pathways (orange and red) connecting the optic nerve and the optic
tract in the same hemisphere and two decussating fiber pathways
(green and blue) connecting the optic nerve and the optic tract across
the hemispheres
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traditional MRI sequences, for example, crossing fibers at the optic

chiasm (Puzniak et al., 2019). Multiple studies have investigated

reconstruction of the RGVP using dMRI tractography (see Table 1;

Altıntaş et al., 2017; Ather et al., 2019; Hofer et al., 2010; Panesar

et al., 2019; Yoshino et al., 2016).

Despite the wide use of dMRI for RGVP reconstruction, practical

questions remain about which tractography methods can provide a

comprehensive delineation of the RGVP fiber pathway. The RGVP is

located within the complex skull base environment, which contains

nerve, bone, air, soft tissue, and cerebrospinal fluid. These anatomical

structures can result in partial voluming, where voxels contain mixed

information from multiple components, and susceptibility artifacts,

which affect nerve fiber tracking performance. In addition, a unique

characteristic of the RGVP is that there are crossing nerve fibers at

the optic chiasm, which requires a tractography method to be highly

sensitive despite the presence of crossing fibers. Recent reviews came

to the overall conclusion that the choice of tractography methods

and/or parameter settings strongly affects cranial nerve fiber recon-

struction, including the RGVP (Jacquesson, Frindel, et al., 2019;

Shapey et al., 2019). Table 1 gives a summary of existing

tractography-based RGVP studies to describe the current state of the

art in terms of the fiber tracking methods being used, among which

the standard diffusion tensor imaging (DTI) tractography and more

advanced methods such as those using constrained spherical

deconvolution (CSD) and generalized Q-sampling imaging (GQI) are

most widely used. While these studies have shown highly promising

TABLE 1 Summary of published tractography studies of the RGVP and its subregions, organized according to the fiber reconstruction
methods employed and the anatomical region studied

Model and tractography Anatomical region studied Research

DTI (deterministic) OT Dasenbrock et al. (2011), Jin et al. (2019),

Schmidt et al. (2018), M. Y. Takemura

et al. (2017)

ON and OT de Blank, Berman, Liu, Roberts, and

Fisher (2013)

RGVP Altıntaş et al. (2017), Hofer, Karaus, and

Frahm (2010)

DTI (probabilistic) ON Zolal et al. (2017)

OT Backner et al. (2018), Frezzotti, Giorgio,

Toto, De Leucio, and De Stefano (2016),

Glick-Shames, Backner, Bick, Raz, and

Levin (2019), Hoffmann et al. (2012),

Levin, Dumoulin, Winawer, Dougherty,

and Wandell (2010), Malania, Konrad,

Jägle, Werner, and Greenlee (2017),

Maleki, Becerra, Upadhyay, Burstein, and

Borsook (2012), Ogawa et al. (2014, Raz,

Bick, Ben-Hur, et al. (2015), Raz, Bick,

Klistorner, et al. (2015), Raz and

Levin (2014), H. Takemura et al. (2019)

ON and OT Wu et al. (2019)

RGVP Ather et al. (2019)

CSD (deterministic) OT Hofstetter et al. (2019)

CSD (probabilistic) ON Attyé et al. (2018), Miller, Liu,

Krivochenitser, and Rokers (2019)

OC Puzniak et al. (2019)

OT Haykal, Curcic-Blake, Jansonius, and

Cornelissen (2019), Kammen, Law, Tjan,

Toga, and Shi (2016), Rutland et al. (2019)

ON and OT Allen, Schmitt, Kushner, and Rokers (2018),

Hales et al. (2018)

ON and OC Jacquesson et al. (2019)

GQI (deterministic) ON Ho et al. (2019)

OT Burton et al. (2018), Jin et al. (2019),

Matsuo et al. (2018)

RGVP Panesar et al. (2019), Yoshino et al. (2016)

Abbreviations: OC, optic chiasm; ON, optic nerve; OT, optic tract.
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RGVP tracking performance, most have focused on certain RGVP sub-

regions of interest, for example, the optic nerve, the optic tract,

and/or the RGVP fibers within the optic chiasm (as summarized in

Table 1), but not the complete RGVP pathway.

The main contribution of this work is to investigate, for the first

time, the performance of multiple tractography methods for recon-

struction of the complete RGVP including the four anatomical subdivi-

sions. Four different tractography methods are compared, including

two methods based on the CSD model and two methods that use the

unscented Kalman filter (UKF) tractography framework. We choose

the CSD-based tractography methods because the CSD model is cur-

rently the most widely applied method for cranial nerve fiber tracking

(Table 1), and we choose the UKF methods because UKF has recently

shown high performance in reconstructing the cranial nerves (Xie

et al., 2020a; Zhang, Xie, et al., 2020). A comprehensive quantitative

and visual comparison is performed using dMRI data from the Human

Connectome Project (HCP; Glasser et al., 2013; Van Essen

et al., 2013). Quantitative evaluation includes the reconstruction rate

of the four anatomical subdivisions, the percentage of decussating

fibers, and a comparison to anatomical-T1w-based RGVP segmenta-

tion. Furthermore, to assess the reliability of the RGVP tracking

results, an interexpert validation is performed to compare the spatial

overlap of RGVPs reconstructed from two experts. Next, following

the popular strategy of assessing tractography using anatomical

expert judgment (Chen, Zhong, et al., 2016; Pujol et al., 2015; Xie

et al., 2020b), we performed an expert judgment experiment to rank

the anatomical appearance of the reconstructed RGVPs. Finally, we

quantified the performance of each tractography method across sub-

jects using the normalized overlap score (NOS) method (Chen, Zhong,

et al., 2016).

2 | MATERIALS AND METHODS

2.1 | Evaluation datasets

We used a total of 100 dMRI datasets (the “100 Unrelated Subjects”
release; 54 females and 46 males, age: 22–35 years old) from the HCP

database (https://www.humanconnectome.org; Van Essen et al., 2013)

for experimental evaluation. The HCP data scanning protocol was

approved by the local Institutional Review Board (IRB) at Washington

University. The HCP database provides dMRI data that was acquired

with a high-quality image acquisition protocol using a customized

Connectome Siemens Skyra scanner and processed using a well-designed

processing pipeline (Glasser et al., 2013) including motion correction,

eddy current correction, EPI distortion correction, and co-registration

between dMRI and T1w data. The dMRI acquisition parameters in HCP

were: TR = 5,520 ms, TE = 89.5 ms, FA = 78�, voxel

size = 1.25 � 1.25 � 1.25 mm3, and FOV = 210 � 180 mm2. A total of

288 images were acquired in each dMRI dataset, including 18 baseline

images with a low diffusion weighting b = 5 s/mm2 and 270 diffusion

weighted (DW) images evenly distributed at three shells of

b = 1,000/2,000/3,000 s/mm2. In our study, we used the single-

shell b = 1,000 s/mm2 data, consisting of 90 DW images and

18 baseline images, to perform fiber tracking using each compared

tractography method (see Section 2.2 for details). We chose single-

shell b = 1,000 s/mm2 data because it is similar to clinical acquisition

protocols as applied in many previous RGVP-related studies (Altıntaş

et al., 2017; Attyé et al., 2018; Backner et al., 2018; Burton

et al., 2018; de Blank et al., 2013; Frezzotti et al., 2016; Glick-

Shames et al., 2019; Hofer et al., 2010; Hofstetter et al., 2019;

Jacquesson, Frindel, et al., 2019; Jin et al., 2019; Lober et al., 2012;

Malania et al., 2017; Maleki et al., 2012; Ogawa et al., 2014; Raz,

Bick, Klistorner, et al., 2015; Raz & Levin, 2014; Schmidt et al., 2018;

Wu et al., 2019). Furthermore, single-shell b = 1,000 s/mm2 data has

been shown in our previous study to be more effective for identifica-

tion of cranial nerves than higher b values (Xie et al., 2020a). In addition,

we also used the anatomical T1w data (co-registered with the dMRI),

on which the RGVP was more visually apparent than on dMRI, for facil-

itating creation of tractography seeding masks (Section 2.2.1) and

RGVP tracking performance evaluation (Section 2.3.4). The T1w image

acquisition parameters were: TR = 2,400 ms, TE = 2.14 ms, and voxel

size = 0.7 � 0.7 � 0.7 mm3. More detailed information about the HCP

data acquisition and preprocessing can be found in (Glasser

et al., 2013).

To avoid potential effects on fiber tracking and experimental

comparison, we performed a visual check of the dMRI data for each

of the 100 subjects and we excluded any subjects whose dMRI data

had incomplete RGVP coverage (as illustrated in Figure 2a) and/or

abnormal signal that resulted in negative diffusion tensor eigenvalues

(as illustrated in Figure 2b). For anonymization, face removal had been

performed in the HCP imaging data using the algorithm as described

in (Milchenko & Marcus, 2013). This process can cause a removal of

dMRI data near the retina, such that only part of the RGVP is present

in the data (see Figure 2a for an illustration in one example subject).

We identified 38 subjects with incomplete RGVP coverage, which

were excluded from our study. In addition, we excluded another five

subjects with apparently abnormal signals in the skull base region

where the RGVP passes through. In these subjects, we found many

voxels with b = 0 signals lower than the b = 1,000 signals, potentially

due to Gibbs ringing effects and partial voluming issues (Veraart,

Fieremans, Jelescu, Knoll, & Novikov, 2016; Zhang, Ning, et al., 2019)

resulting in negative diffusion tensor eigenvalues (see Figure 2b for an

illustration in one example subject), which could prevent fiber tracking

of the RGVP. Overall, data from 57 subjects (male/female: 16/41;

age: 22–36) was included in our study.

2.2 | Comparison of four tractography methods

We compared four different tractography methods for reconstruction

of the RGVP. The first two methods are SD-Stream and iFOD1, within

the CSD tractography framework (Tournier, Calamante, Gadian, &

Connelly, 2004; Tournier, Calamante, & Connelly, 2007, 2012). We

chose the CSD framework because it has been widely used in cranial

nerve studies (Allen et al., 2018; Attyé et al., 2018; Hales et al., 2018;

3890 HE ET AL.
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Haykal et al., 2019; Miller et al., 2019; Puzniak et al., 2019; Schmidt

et al., 2018; Xie et al., 2020a). In brief, in the CSD-based tractography

framework, fiber tracking works by stepping along a particular direc-

tion at each tracking step, with a constraint on the angle between suc-

cessive steps. The direction for each step is obtained by sampling the

fiber orientation distribution (FOD) at the current point. The SD-

Stream method performs deterministic tracking where fiber tracking

follows only the local direction of the FOD amplitude peak, whereas

the iFOD performs probabilistic tracking by choosing a random direc-

tion of FOD, such that the probability of a particular direction being

produced is proportional to the amplitude of the FOD along that

direction. To achieve the best probabilistic tracking results, an initial

experiment was performed to compare two CSD-based probabilistic

methods, iFOD1 and iFOD2 (Tournier, Calamante, & Connelly, 2010),

over a large range of tracking parameter values (see Supporting Infor-

mation S1). Results indicated significantly better performance of

iFOD1 on complete RGVP reconstruction, and therefore iFOD1 is

used in the rest of the experiments in this article. The other two com-

pared methods are UKF-1T and UKF-2T, within the UKF tractography

framework (Chen, Tie, et al., 2016; Gong et al., 2018; Liao et al., 2017;

Malcolm, Shenton, & Rathi, 2010; Reddy & Rathi, 2016; Zhang

et al., 2018; Zhang, Xie, et al., 2020) has been shown to be highly

effective in reconstructing cranial nerves (Xie et al., 2020a; Zhang,

Xie, et al., 2020). It fits a tensor model to the diffusion data while

tracking fibers, in a recursive estimation fashion (the current tracking

estimate is guided by the previous one) using a Kalman filter. One

benefit of the recursive estimation is to help stabilize model fitting;

thus fiber tracking can be robust to a certain amount of imaging arti-

fact/noise. In our study, we chose two types of UKF tractography.

The UKF-1T method is a DTI tractography method, which fits a single

tensor at each fiber tracking step, with the assumption that only one

fiber passes through the current point. On the other hand, the UKF-

2T method fits a mixture model of two tensors in which the first one

represents the principal direction and the second one can represent

crossing fibers.

2.2.1 | Tractography seeding

RGVP tractography was seeded (initiated) from all voxels within a

mask, which was larger than the possible region through which the

RGVP passes. This procedure enabled comprehensive RGVP recon-

struction and was restricted to the potential RGVP region for effi-

ciency, as applied in our previous cranial nerve tractography studies

(Xie et al., 2020a; Zhang, Xie, et al., 2020). To boost the creation of

the tractography seeding mask for all 57 subjects under study, we per-

formed semi-automated mask processing, as illustrated in Figure 3a.

First, we manually drew a mask that covered the RGVP region on a

T1w template (downloaded at: http://nist.mni.mcgill.ca/?p=858) in

MNI space (Grabner et al., 2006). Then, we transferred this mask to

each subject under study using a nonlinear registration between the

subject's T1w data and the T1w template (FSL was used for comput-

ing the registration [Jenkinson, Beckmann, Behrens, Woolrich, &

Smith, 2012]). In this way, the mask was transferred to each subject's

dMRI space that was co-registered with the T1w data. We visually

checked the computed mask for each subject.

Following the creation of the seeding mask, RGVP fiber tracking

was performed using each compared tractography method. To com-

pare across the different methods, we first performed an experiment

to determine the best-performing parameters for each tractography

method. The goal of this experiment was to provide an unbiased com-

parison across methods by identifying method-specific parameters

that provide good tracking results on single-shell b = 1,000 s/mm2

data, as in our previous work (Xie et al., 2020a). This step is critical

because parameter settings will significantly influence the results of

tractography (Parizel et al., 2007; Takemura, Caiafa, Wandell, &

Pestilli, 2016; Wandell, 2016). Complete details for this experiment

are provided in Supporting Information S2. To briefly summarize,

parameters affecting tractography starting and stopping were tested

over a wide range of values. High-performing parameter combinations

were identified according to their ability to track the four RGVP subdi-

visions. These final parameters for each tractography method are pro-

vided in Table 2. As expected, the identified seeding and stopping

parameters are low to enable tracking through regions of low diffu-

sion anisotropy at the skull base. For parameters related to stepwise

tracking, the settings are similar to software defaults. For example,

the maximum angle parameters of 10� for iFOD1 and 80� for SD-

Stream are close to the defaults in MRtrix3 (15� for iFOD1 and 60�

for SD-Stream). All other parameters of the tracking software pack-

ages were left as default. Overall, we generated the same number of

F IGURE 2 Illustration of two situations for excluded subjects.
(a) shows an example of an incomplete RGVP in DWI data, where part
of the optic nerve region is not present in the b0 image. (b) shows an
example of abnormal signals, where the black holes on the mean
diffusivity image show the voxels with negative diffusion tensor
eigenvalues
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fibers (n = 40,000) using each tractography method, with a fiber

length threshold of 45 mm to eliminate any effect from fibers too

short to form part of the RGVP anatomy. This length threshold is

much lower than the actual length of the RGVP, where the axons of

retinal ganglion cells are about 75 mm long from eyeball to LGN

(Schiefer & Hart, 2007). In our dataset, we verified this in several HCP

subjects by measuring the distance from the eyeball to the LGN, fol-

lowing both ipsilateral and contralateral pathways.

2.2.2 | ROI-based RGVP fiber selection

Next, we performed an ROI-based selection of the RGVP fibers from

the seeded tractography data for each compared fiber tracking method.

Five ROIs were used, including two from the anterior part of the bilat-

eral optic nerves (near the eyeballs), one from the optic chiasm, and

two from the posterior part of the bilateral optic tracts (near the LGN),

as illustrated in Figure 3b–e. Our choice of the bilateral optic nerve

ROIs and the optic chiasm ROI was because they have been widely

used for selection of optic nerve fibers (Maleki et al., 2012; Miller

et al., 2019; Takemura et al., 2019). For identifying the optic tract

fibers, we chose to use ROIs in the optic tract near the LGN. Accurately

delineating the LGN with the current MRI imaging resolution is a chal-

lenging task. Most of the existing studies that perform optic tract fiber

selection use ROIs that cover (much larger than) the LGN, followed by

further manual fiber filtering of false positive fibers (Allen et al., 2018;

Haykal et al., 2019; Maleki et al., 2012). In our study, in order to avoid

potential bias from further manual fiber selection, we chose ROIs in the

optic tract that were easily identified in HCP imaging data. For each of

the 57 subjects under study, the five ROIs were drawn by an clinical

expert (G.X., who is a practicing neurosurgeon) on the directionally

encoded color (DEC) map computed from the dMRI data (as shown in

Figure 3b–e). (Note that, a second set of ROIs per subject were drawn

by another clinical expert [Shun Yao, who is a neurosurgeon], which

were used for interexpert reliability validation, as in Section 2.3.4.)

Drawing ROIs directly on the dMRI data has been shown to be effec-

tive for RGVP fiber selection (Ather et al., 2019).

Selection of the RGVP fibers was performed using the obtained

ROIs. Specifically, for each RGVP subdivision, three ROIs were used,

including one of the optic nerve ROIs (left or right), one of the optic

tract ROIs (left or right), and the optic chiasm ROI. In total, four fiber

selections were performed to obtain the four anatomical RGVP subdi-

visions, as shown in Figure 4. For the rest of the article, we refer to

these subdivisions as LL (nondecussating fibers connecting left optic

nerve and left optic tract), RR (nondecussating fibers connecting right

optic nerve and right optic tract), LR (decussating fibers connecting

left optic nerve and right optic tract), and RL (decussating fibers con-

necting right optic nerve and left optic tract).

F IGURE 3 Tractography seeding mask and ROIs for selecting the RGVP fibers. (a) The tractography mask provides full coverage of the
potential RGVP. (b) Five ROIs were drawn on the DTI image for every subject. (c) A pair of ROIs near the eyeball was drawn from the coronal
view. (d) The second ROI was drawn at the optic chiasm. (e) The third ROIs were located in the optic tract near the LGN

TABLE 2 Best-performing parameters for each tractography
method

Tractography

methods Tracking parameters

SD-stream seedCutoff = 0.006, stopCutoff = 0.005,

maximumAngle = 80

iFOD1 seedCutoff = 0.006, stopCutoff = 0.005,

maximumAngle = 10

UKF-1 T SeedingFA = 0.02, stoppingFA = 0.01, Qm = 0.001,

Ql = 50

UKF-2 T SeedingFA = 0.02, stoppingFA = 0.01, Qm = 0.001,

Ql = 50
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2.3 | Experimental comparisons

We performed three experiments to assess the RGVP reconstruction

performance of the different tractography methods. First, we com-

pared the reconstruction rate of each RGVP subdivision across the

methods (Section 2.3.1). Second, we computed the percentage of

decussating fibers in the optic chiasm (Section 2.3.2), Third, we mea-

sured the correlation of the volumes of the RGVPs reconstructed with

T1w-based RGVP segmentation (Section 2.3.3). In addition, to assess

the reliability of the ROI selection, we performed an interexpert reli-

ability validation (Section 2.3.4).

2.3.1 | Reconstruction rate of RGVP subdivisions

In this experiment, we assessed the ability of each tractography

method to successfully reconstruct the four subdivisions of the RGVP.

Specifically, for each RGVP subdivision (LL, RR, LR, and RL), we con-

sidered that the fiber pathway was successfully traced if there was at

least one fiber retained after ROI selection. Then, across all 57 subjects

under study, the percentage of successfully traced pathways for each

subdivision was computed as the reconstruction rate. In addition to

the reconstruction rate per subdivision, we also computed the overall

reconstruction rate for the full RGVP pathway (i.e., the percentage of

subjects where all four RGVP subdivisions were successfully

reconstructed). A statistical comparison was performed across the

four tractography methods in terms of the overall reconstruction rate,

as follows. First, the overall number of detected subdivisions was

measured for each subject and tractography method. (An overall num-

ber of 0 indicated no subdivisions were detected, and 4 indicated that

all subdivisions were found.). After that, a one-way repeated measures

analysis of variance (ANOVA) was performed across the four

methods. Following that, two-group Cochran's Q tests

(Cochran, 1950) were performed between each pair of the four

tractography methods (a total of six comparisons), with a false discov-

ery rate (FDR) correction across the six comparisons. (Cochran's

Q test is a nonparametric statistical comparison method for

differences between two or more groups of matched samples, where

each sample has a binary outcome, e.g., 0 and 1.)

2.3.2 | Percentage of decussating fibers

In this experiment, we computed the percentage of the decussating

and nondecussating fibers to compare the performance of the four

tractography methods in the optic chiasm. It has been suggested that

in neurotypical cases there are more decussating fibers than non-

decussating fibers (approximately 53–58% of the RGVP fibers decus-

sate at the optic chiasm (Chacko, 1948; Kupfer et al., 1967;

S�antha, 1932)). As a result, multiple studies have investigated quantifi-

cation of fiber decussation in the optic chiasm using tractography

(Ather et al., 2019; Puzniak et al., 2019; Roebroeck et al., 2008;

Staempfli et al., 2007). In our study, for each tractography method, we

computed the percentage of decussating fibers per subject. A statisti-

cal comparison was performed across the four tractography methods,

as follows. A one-way repeated measures analysis of variance

(ANOVA) was computed across the four methods to determine

whether they were statistically different from each other. Following

that, we performed a posthoc paired t-test between each pair of the

four tractography methods (a total of six comparisons), with FDR cor-

rection across the six comparisons.

2.3.3 | Correlation between T1w-based and
tractography-based RGVP volumes

Anatomical T1w images have been widely used to estimate the vol-

ume of the RGVP (Hickman et al., 2004; Kolbe et al., 2009; Ramli

et al., 2014). In this experiment, we assessed the correlation of the

volume of the RGVP reconstructed using tractography with T1w-

based RGVP segmentation. For computing the volume of the T1w-

based segmentation, first an RGVP segmentation was created on a

T1w template image (MNI152) by a clinical expert (Shun Yao), as

shown in Figure 5. This RGVP segmentation was then applied to each

F IGURE 4 Illustration of the
reconstructed subdivisions of the
RGVP. (a) Axial view of an
example RGVP overlaid on T1w
image. Bundles of each color
represent one subdivision. (b) A
pair of decussating fiber bundles
(green and blue), and (c) a pair of
nondecussating fiber bundles (red

and orange)
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individual subject using a registration between the T1w template and

the subject-specific T1w data using ANTs (Avants, Tustison, &

Song, 2009). From the registered T1w-based segmentation, we com-

puted the T1w-based RGVP volume. For computing the volume of

the RGVP reconstructed using tractography, we created a normalized

voxel-wise tract density map, where the value represents the number

of fibers passing through each voxel divided by the maximum

number of fibers across all voxels. This tract density map was

converted into a binary map using a range of thresholds (from 0.05 to

0.25, using an increment of 0.05) to eliminate influence of voxels pas-

sed by only a few fibers (these are usually false positive fibers, and

this procedure is widely used in other studies [Reid, Cespedes, &

Pannek, 2020; Tian et al., 2018]). From this binary map, we computed

the tractography-based RGVP volume. Then, for each tractography

method, we computed Pearson's correlation between T1w-based and

tractography-based RGVP volumes across all subjects. We also com-

puted the mean absolute error (MAE) between the T1w-based and

tractography-based volumes to evaluate their absolute differences.

The correlation coefficient and the p-value are reported for each

method. (To evaluate the effect of the registration, we also repeated

the experiment using an additional widely used registration algorithm

provided in FSL (Jenkinson et al., 2012; see Supporting Information

S4 and Supporting Information S5). Our results showed using ANTs

generated a better result where more significant correlations were

obtained; thus, in the article, we report the results obtained using

ANTs. However, we note that our overall results regarding the RGVP

volume correlations as well as the NOS experiment introduced below

(Section 2.3.6) are not particularly sensitive to the choice of registra-

tion algorithm employed. (See Supporting Information S4 and

Supporting Information S5 for detailed results and discussion.)

2.3.4 | Interexpert validation

To assess the reliability of the RGVPs reconstructed for each

tractography method, we conducted an interexpert reliability vali-

dation. This experiment evaluated the spatial overlap of the RGVPs

selected by two different experts, which is a common strategy in

previous studies of tractography (Benjamin, Singh, Prabhu, &

Warfield, 2014; Davis et al., 2009; Dayan, Kreutzer, & Clark, 2015;

Lilja et al., 2014; Voineskos et al., 2009; Xie et al., 2020b). For each

subject under study, a new set of ROIs was drawn by an additional

expert (Shun Yao) and used for selecting the second RGVP

(as described in Section 2.2.2). Then, for the two RGVPs from the

two experts, we computed the weighted Dice (wDice) score

(Cousineau et al., 2017) to measure their spatial overlap. wDice is a

metric designed specifically for measuring tract spatial overlap

(Cousineau et al., 2017; Zhang, Cetin Karayumak, et al., 2020;

Zhang, Wu, et al., 2019). wDice score extends the standard Dice

score (Dice, 1945) taking account of the number of fibers per voxel

so that it gives higher weighting to voxels with dense fibers, as

follows:

F IGURE 5 Visualization of
RGVP segmentations. (a) shows
the expert RGVP segmentation in
MNI space; (b) shows a subject's
RGVP segmentation, which was
warped from the RGVP
segmentation in MNI space.
(c) shows a RGVP segmentation
computed from tractography

results
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wDice P1,P2ð Þ¼Σv0W1,v0 þΣv0W2,v0

ΣvW1,v þΣvW2,v
ð1Þ

where P1, P2 represent two RGVPs selected using different expert-

drawn ROIs, v0 indicates the set of voxels that are within the inter-

section of the volumes of P1 and P2, v indicates the set of voxels that

are within the union of the volumes of P1 and P2, andW is the fraction

of the fibers passing through a voxel. A high wDice score represents a

high reproducibility between the two RGVPs identified. A statistical

comparison was performed across the four tractography methods, as

follows. A one-way repeated measures analysis of variance (ANOVA)

was computed across the four methods to determine whether they

were statistically different from each other. Following that, we per-

formed a posthoc paired t-test between each pair of the four

tractography methods (a total of six comparisons), with FDR correc-

tion across the six comparisons.

2.3.5 | Expert judgment

We performed an expert judgment experiment to evaluate the quality

of the RGVP reconstructions obtained by the four tractography

methods, following the expert tract ranking method in our previous

work (Gong et al., 2018). One expert (Shun Yao) visually ranked the

four RGVPs from each subject, as follows. The four tractography files

were loaded into the 3D Slicer software (Kikinis, Pieper, &

Vosburgh, 2014; Norton et al., 2017; Zhang, Noh, et al., 2020), over-

laid on the anatomical T1w and b0 images. The expert was blinded to

the origin of each RGVP: tractography files were anonymized so that

there was no information about which RGVP was from which

tractography method. The overall RGVP reconstruction quality rank-

ing was performed according to: (a) whether the reconstructed RGVP

was anatomically reasonable as appearing on the T1w image,

(b) whether there were apparent outlier fibers, and (c) whether the

fiber density was sufficient to cover the RGVP pathway. The expert

was asked to rank the four reconstructions based on his judgment,

where a rank of 1 was the best and 4 was the worst. If two recon-

structions were equally good or bad to the expert, these two RGVP

reconstructions were given the same rank score. To summarize the

expert judgment results, for each method, we then computed the

mean and the standard deviation of the ranking scores.

2.3.6 | Normalized overlap score to quantify
tractography spatial agreement

To quantify the RGVP reconstruction performance at the group level,

we conduct an experiment using the NOS (Chen, Zhong, et al., 2016).

NOS is a quantitative metric that measures the spatial agreement of

tractography across multiple subjects, and it has been demonstrated

to be a stable rating metric to assess the overlap of cranial nerve

tractography across subjects. In our experiment, for each tractography

method, the reconstructed RGVP of each individual subject was

converted to a binary volumetric image, where the value 1 represents

there is at least one fiber streamline passing through the voxel. The

converted binary images of all subjects under study were co-

registered to the MNI template space by registering each subject's

baseline image to the MNI152 template using ANTs (Avants

et al., 2009). These binary images were stacked together to form a

conjunction image. Each voxel value s in the conjunction image

denotes the percentage of subjects that have RGVP fibers passing

through the voxel, representing the RGVP reconstruction overlap

value across subjects (range from 0 to 100% of subjects). The NOS

was then calculated by thresholding the conjunction image at multiple

thresholds, as follows:

NOS¼ n�1
Xn�1

i¼0

ln við Þ
ln v0ð Þ ð2Þ

where n is the number of thresholds (n = 10 is used as suggested in

(Chen, Zhong, et al., 2016), vi is the number of voxels with overlap

value s higher than the i-th overlap threshold (i.e., i
n).

3 | EXPERIMENTAL RESULTS

3.1 | Reconstruction rate of RGVP subdivisions

Figure 6 shows the reconstruction rate for each of the four RGVP

subdivisions, as well as the overall reconstruction rate across all four

subdivisions and all subjects. iFOD1 generated the highest overall

reconstruction rate (94.74%), followed by UKF-2T (92.98%). This was

followed by SD-Stream (70.18%), and UKF-1T (50.88%). The ANOVA

comparison showed that the overall reconstruction rates were signifi-

cantly different across the four methods. Posthoc paired t-tests (with
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F IGURE 6 Reconstruction rate of RGVP subdivisions using
different tractography methods. The overall RGVP reconstruction
rates were statistically significantly different across the four compared
tractography methods (ANOVA, p < .0001). Posthoc two-group
Cochran's Q tests (with FDR correction) with significant results are
indicated by asterisks. *: p < .05; **: p < .01; ****: p < .0001
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FDR correction) showed that the reconstruction rates of both UKF-2T

and iFOD1 were significantly higher than UKF-1T and SD-Stream,

while there were no significant differences between UKF-2T and

iFOD1. The reconstruction rates of each RGVP subdivision showed

the same pattern as the overall reconstruction rates (i.e., iFOD1 was

the highest, followed by UKF-2T, SD-Stream, and then UKF-1T). In

the UKF-2T and iFOD1 methods, the reconstruction rates across the

four subdivisions are similar, while in the UKF-1T and the SD-Stream

methods, the reconstruction rates of the RL and LR subdivisions

(decussating fibers) are on average lower than those of the LL and RR

subdivisions (nondecussating fibers).

3.2 | Percentage of decussating fibers

Figure 7 gives the results for the percentage of decussating

fibers obtained by each tractography method. The decussating per-

centages of UKF-2T and iFOD1 are higher than 50%, showing more

decussating fibers than nondecussating fibers (corresponding to the

RGVP anatomy as reported in previous studies [Cajal, 1899;

Chacko, 1948; Kupfer et al., 1967]), while the decussating percent-

ages of SD-Stream and UKF-1T are lower than 50%.

3.3 | Correlation between T1w-based volume and
tractography-based volume

Figure 8 gives the results of the correlation analysis and the MAE

results between the T1w-based volume and the tractography-based

volume of the RGVP. No significant correlations were obtained by the

UKF-1T or iFOD1 methods at any of the threshold values. The SD-

Stream and UKF-2T methods obtained significant correlations. The

UKF-2T method obtained significant correlations at all five threshold

values, whereas the SD-Stream method obtained significant correlations

at four of the threshold values. In addition, the UKF-2T method

obtained a lower MAE at each of the threshold values compared to the

SD-Stream method. Overall, these results show that, across the four

compared methods, the UKF-2T method generated the tractography-

based volume that was most similar to the T1w-based volume.

3.4 | RGVP visualization

Figure 9 gives a visual comparison of the RGVP results using different

tractography methods. In general, the CSD-based tractography

methods (SD-Stream and iFOD1) generated a large number of visually

apparent false positive fibers, while the UKF tractography methods

(UKF-1T and UKF-2T) generated more anatomically plausible RGVP

fibers, corresponding to the RGVP as appearing on the T1w image.

3.5 | Interexpert validation

Figure 10 gives the interexpert validation results. The wDice scores of the

two UKF tractography methods were the highest (over 0.81), followed by

the SD-Stream method (0.75), while the iFOD1 method obtained the low-

est wDice score (0.74) (wDice = 0.72 has been suggested to be a thresh-

old for a good tract spatial overlap (Cousineau et al., 2017). We note that

an ANOVA analysis shows that there are no significant differences across

the four methods, indicating that all tractography methods show good

tract spatial overlap in interexpert validation.

3.6 | Expert judgment

Expert judgment was performed to rank the RGVP reconstructions of

the 57 subjects under study. The rank could range from 1 to 4, where

1 was the best-judged reconstruction and 4 was the worst-judged

reconstruction. The averaged ranking scores of the SD-Stream,

iFOD1, UKF-1T, and UKF-2T methods were 3.26±0.72, 2.93±0.70,

2.32±1.38, and 1.47±0.50, respectively (shown in Figure 11). An

ANOVA comparison indicates that the overall reconstruction rates are

significantly different across the four tractography methods. Posthoc

paired Wilcoxon signed-rank tests (with FDR correction) show that

UKF-2T has a significantly higher expert judgment score than the

other three methods. These results indicate that the UKF-2T method

obtained the best expert evaluation performance in this experiment.

3.7 | NOS of each tractography method

Figure 12 gives the results of the NOS comparison across different

tractography methods. In each subfigure, the log ratio curve is

F IGURE 7 Boxplot indicates the percentage of decussating fibers
of all subjects using each tractography method. On each box, the
central line indicates the median, the plus symbol indicates the mean,
and the bottom and top edges of the box indicate the 25th and 75th
percentiles, respectively. The percentage of decussating fibers was
statistically significantly different between the different tractography
methods (ANOVA, p < .0001). The posthoc paired t-tests (with
FDR correction) with significant results are indicated by asterisks.
**: p < .01; ****: p < .0001
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F IGURE 8 Scatter plots of correlation between T1w-based volume and tractography-based volume. In each plot, the y-axis shows the
tractography-based volume (mm3) and the x-axis shows the T1w-based volume (mm3). Each row represents the correlation results of one tractography
method under different threshold values. The correlation coefficient r and the p-value are reported for each plot. Plots showing significant correlations
are outlined in bold. MAE (mean absolute error) between the tractography-based and the T1w-based volumes across all subjects is also reported

F IGURE 9 Visual comparison
of the RGVP reconstructed using
the four tractography methods.
The RGVPs (yellow bundles)
obtained from one HCP subject
are displayed, overlaid on the
T1w image. Each row shows the
RGVP and its subdivisions using
one of the tracking strategies.
The first column shows the
overall RGVP fiber pathway, and

the following columns show the
four subdivisions
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provided, from which the area under the curve is computed, that is,

the NOS. The UKF-2T method obtained the highest score

(NOS = 0.718), indicating the highest overlap of tractography across

subjects. The next highest scores were obtained by iFOD1

(NOS = 0.605) and UKF-1T (NOS = 0.508). SD-Stream obtained the

lowest score (NOS = 0.398).

4 | DISCUSSION

In this study, we proposed, for the first time, to investigate the perfor-

mance of multiple tractography methods for reconstruction of the

complete RGVP including the four anatomical subdivisions. We com-

pared the RGVP reconstructions of four tractography methods,

including deterministic (SD-Stream) and probabilistic (iFOD1)

tractography based on the CSD model, and UKF tractography with

one-tensor (UKF-1T) and two-tensor (UKF-2T) models. Anatomical

measurements were conducted to assess the advantages and limita-

tions of the four tractography methods for reconstructing RGVP. To

this end, we computed the reconstruction rate of the four major

RGVP subdivisions, the percentage of decussating fibers at the optic

chiasm, and the correlation between the volumes of traced RGVPs

and T1w-based RGVP segmentations. Finally, we performed an expert

judgment experiment to rank the anatomical appearance of the

reconstructed RGVPs, and we quantified the performance of each

tractography method across subjects using the NOS method. Overall,

we have three main observations. First, across the four compared

methods, we found that UKF-2T and iFOD1 obtained better perfor-

mance than UKF-1T and SD-Stream. The RGVP reconstruction rates of

UKF-2T and iFOD1 (over 92% in both methods) were significantly

higher than UKF-1T and SD-Stream (50.88 and 70.18%, respectively).

UKF-2T and iFOD1 also traced more decussating than nondecussating

fibers in the optic chiasm, which is consistent with the findings of previ-

ous studies (approximately 53–58% as reported in (Chacko, 1948;

Kupfer et al., 1967; S�antha, 1932)), whereas UKF-1T and SD-Stream

trace more nondecussating fibers than decussating fibers. Second, com-

paring between UKF-2T and iFOD1, the percentage of decussating

fibers in the iFOD1 method was more similar to the reported range in

the previous studies, while the UKF-2T method obtained better volume

correlation with the T1w-based RGVP segmentation. Third, the UKF-2T

method obtained visually better RGVP pathways as appearing on the

T1w image and was the top-performing method according to the NOS.

Below, we discuss several detailed observations regarding the compari-

son results for the four tractography methods.

We demonstrated that multi-fiber tractography (UKF-2T) had

advantages for reconstructing the complete RGVP compared to the -

single-fiber model (UKF-1T) within the UKF tractography framework.

This is likely because a single-fiber model cannot estimate multiple

fiber orientations (a well-known issue in the tractography literature

[Alexander, Hasan, Lazar, Tsuruda, & Parker, 2001; Alexander, 2005;

Behrens, Berg, Jbabdi, Rushworth, & Woolrich, 2007; Jeurissen,

Descoteaux, Mori, & Leemans, 2019; Tournier et al., 2004; Tuch

et al., 2002]) in the region of the optic chiasm, where the decussating

fibers cross. Multiple studies have suggested that multi-fiber models

are beneficial for cranial nerve reconstruction (Behan et al., 2017;

Chen, DeSouza, et al., 2016; Chen, Tie, et al., 2016; Xie et al., 2020a).

However, multi-fiber tractography is expected to produce more out-

liers than single-fiber tractography (Maier-Hein et al., 2017). This can

be seen when comparing UKF-2T versus UKF-1T in Figure 9. Due to

the presence of outlier fibers, UKF-2T also has a lower wDice score

than UKF-1T (Figure 10).

F IGURE 10 Violin plot indicates interexpert validation results.
The wDice score was statistically significantly different between the
different tractography methods (ANOVA, p = .06)

F IGURE 11 Violin plot indicates the ranking score of all subjects
using each tractography method. On each violin box, the central circle
indicates the median, the plus symbol indicates the mean, and the
bottom and top of the gray central vertical line indicate the 25th and
75th percentiles, respectively. The ranking score was statistically

significantly different between the different tractography methods
using the Friedman test (p < .0001). Posthoc paired Wilcoxon signed-
rank tests (with FDR correction) with significant results are indicated
by asterisks. *: p < .05; **: p < .01; ****: p < .0001
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We showed that probabilistic tractography (iFOD1) was more

effective for reconstructing the RGVP than deterministic tractography

(SD-Stream) within the CSD tractography framework. This is poten-

tially because the deterministic tractography could only follow the

principal orientation along the FOD amplitude peak, thus it could not

effectively track through the skull base region where the signal-to-

noise ratio (SNR) is low. On the other hand, the probabilistic

tractography allowed fiber tracking along multiple orientations for

each FOD. Previous tractography-based cranial nerve studies have

also shown the advantages of probabilistic tractography over tradi-

tional deterministic tractography, in particular, due to its good perfor-

mance to handle the low SNR in the skull base (Jacquesson, Cotton,

et al., 2019; Rueckriegel et al., 2016; Zolal et al., 2017).

Comparing between the UKF-2T and iFOD1 methods (the two

methods that in general obtained the best RGVP reconstruction per-

formance), the UKF-2T method produces reconstructed RGVPs that

were judged to better correspond to known anatomy. In UKF-2T,

each tracking step employs prior information from the previous step

to help stabilize model fitting and includes a probabilistic prior about

the rate of change of fiber orientation (defined as the parameter Qm

introduced above). Consequently, sharp fiber curvatures are avoided

as they are very unlikely, whereas fiber curvatures (e.g., curvature at

the optic chiasm) supported by the dMRI are still allowed. This track-

ing strategy can reduce the effect of noise, susceptibility artifacts, and

partial volume averaging along the RGVP between the optic chiasm

and the optic nerve (Bender et al., 2014; Yoshino et al., 2016), where

it is surrounded by bone and air (see Supporting Information S3).

Thus, UKF-2T generated highly smooth fiber streamlines that are the

anatomically expected shape of the RGVP fibers as appearing on

the T1w images. However, using prior information from the previous

step can encourage straight fibers and therefore tend to produce

more decussating RGVP fibers. Our study showed that using UKF-2T

reconstruction, the percentage of decussating fibers was higher than

that known from anatomical dissection studies. (A similar tracking

strategy is used in the iFOD2 method; in our initial experiment, the

nondecussating fibers were often not traced, resulting in incomplete

detection of RGVP subjects in over half of the subjects [Supporting

Information S1].). The iFOD1 method performs tractography following

randomly sampled directions. As a result, the percentage of decussat-

ing fibers was unbiased, and the result was close to that known from

studies of anatomy (Chacko, 1948; Kupfer et al., 1967; S�antha, 1932).

However, the traced fiber streamlines were highly curved, where cer-

tain fiber segments were outside the RGVP pathway (see Figure 9).

Overall, these results indicate that it is challenging to accurately track

RGVP fibers that correspond to known anatomy and have an approxi-

mately correct percentage of decussating fibers. Researchers and cli-

nicians may benefit from tailoring tractography algorithm selection

depending on the target applications. The UKF-2T method could be

more useful in qualitative applications, for example, presurgical plan-

ning in the setting of skull base tumors affecting the RGVP (Lober

et al., 2012; Potgieser et al., 2014), as it can better reconstruct the

known anatomy of the RGVP. The iFOD1 method could be more

F IGURE 12 Normalized
overlap score (NOS) of
conjunction images generated
by different tractography
methods. The y-axis shows the
log ratio (the ratio that is
summed in Equation (2)), while
the x-axis shows different
threshold values of conjunction

images. The NOS is the area
under the curve
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useful in quantitative studies that assess RGVP decussation abnormal-

ities in brain diseases (e.g., albinism [Puzniak et al., 2019]), as it can

better estimate the percentage of decussating fibers.

In this work we used the popular expert selection strategy to

identify the RGVP based on multiple expert-identified ROIs. These

were separately located in the optic nerve, optic chiasm, and optic

tract. Note that, the ROIs in the optic tract are different from many

previous studies, which defined the LGN by performing nonlinear reg-

istration of the Juelich histological atlas (Haykal et al., 2019; Maleki

et al., 2012; Millington et al., 2014; Staempfli et al., 2007). We suggest

that using the LGN as an ROI may not be a good choice for RGVP

selection, whether it is generated automatically or manually. On the

one hand, registration bias and fuzziness of a probabilistic atlas may

increase the inaccuracy of the LGN boundary. On the other hand, it is

challenging to accurately recognize the LGN on current medical image

data. Using the LGN as an ROI for RGVP selection may therefore gen-

erate more false positive fibers, especially when selecting fibers

generated by tractography using multi-fiber models. Several studies

have traced the RGVP in clinical data with lower resolution than the

HCP data employed here; in these studies, various approaches for

fiber cleaning were necessary after fiber selection (Allen et al., 2018;

Malania et al., 2017; H. Takemura et al., 2019).

Our interexpert validation showed overall a high reliability of the

RGVP reconstruction results. In particular, the wDice scores of all

tractography methods were over 0.72, which is a threshold for good

tract spatial overlap (Cousineau et al., 2017).

In this work, we performed what we believe is the first study to

investigate the performance of multiple tractography methods for

reconstruction of the complete RGVP including the four anatomical

subdivisions. In the literature of tractography-based RGVP studies,

most studies have focused on certain RGVP subregions of interest,

for example, the optic nerve, the optic tract, and/or the RGVP fibers

within the optic chiasm (as summarized in Table 1). Several studies

have shown successful tracking of the complete RGVP fiber pathway

including the four major anatomical subdivisions (i.e., the two decus-

sating and the two nondecussating fiber pathways; Altıntaş

et al., 2017; Hofer et al., 2010; Lober et al., 2012; Panesar

et al., 2019; Yoshino et al., 2016). Some of these studies demon-

strated that RGVP reconstruction could provide valuable information

for presurgical planning. Nevertheless, these studies mostly present a

visual demonstration, for example, a visualization of RGVP fiber dis-

placement due to tumors (Lober et al., 2012; Potgieser et al., 2014),

without a comprehensive evaluation of different tractography

methods. In this study, the higher reconstruction rate and high perfor-

mance according to expert judgment indicated that UKF-2T is poten-

tially a better tractography method for presurgical planning. Other

previous studies (Ather et al., 2019; Puzniak et al., 2019) have

reported the relationship between albinism and RGVP reconstruction

results. However, the percentage of decussating fibers of these stud-

ies is underestimated compared to that known from histological

studies (Chacko, 1948; Kupfer et al., 1967; S�antha, 1932). Our study

showed that using iFOD1 reconstruction, the percentage of decussat-

ing fibers was close to the known anatomy (Chacko, 1948; Kupfer

et al., 1967; v. S�antha, 1932).

Potential limitations of the present study, including suggested

future work to address limitations, are as follows. First, in our current

study, we focused on the assessment of the four major RGVP subdivi-

sions, while it would be interesting to include more specific RGVP

subregions. For example, it would be possible to investigate the

RGVP fibers entering the superior colliculus (Purves et al., 2014). Sec-

ond, we focused on RGVP tracking using dMRI data from healthy

adults in the current study. Many research studies have suggested

that the RGVP is important for understanding and/or potential treat-

ment of various diseases, including glioma (Hales et al., 2018), optic

neuritis (Beck et al., 2003; Brex et al., 2002; Optic Neuritis Study

Group, 1997), ischemic optic neuropathy (Attyé et al., 2018; Cho

et al., 2016), and sheath meningioma (Schick et al., 2004; Turbin

et al., 2002). Further work could include a comparison of different

tractography methods on dMRI data from populations with neurologi-

cal disorders or brain tumors. Third, false positive fiber tracking has

been known to be prevalent in tractography (Maier-Hein et al., 2017;

Thomas et al., 2014; Xie et al., 2020b). In our study, we have also

observed several places where false positive RGVP tracking was likely

to happen, in particular, at the RGVP endpoint regions (e.g., fiber

tracking into the eyeballs and fiber tracking fanning before entering

the LGN). A future investigation could include applying advanced fiber

filtering techniques (Daducci, Dal Palù, Lemkaddem, & Thiran, 2015;

Miller et al., 2019; Pestilli, Yeatman, Rokem, Kay, & Wandell, 2014;

Smith, Tournier, Calamante, & Connelly, 2015) to further remove false

positive fibers.

5 | CONCLUSION

This is the first study to compare multiple tractography methods for

reconstruction of the complete RGVP. Overall, we found that the

multi-fiber UKF tractography (UKF-2T) and the probabilistic CSD

tractography (iFOD1) obtained the best results, showing highly suc-

cessful performance to identify the four major subdivisions of the

RGVP. The iFOD1 method can better quantitatively estimate the per-

centage of decussating fibers, while the UKF-2T method produces

reconstructed RGVPs that are judged to better correspond to known

anatomy. However, it is challenging for current tractography methods

to both accurately track RGVP fibers that correspond to known anat-

omy and produce an approximately correct percentage of decussating

fibers. We suggest that future tractography algorithm development

for RGVP tracking should take consideration of both of these two

points.
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