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Abstract

Diffusion-based tractography in the optic nerve requires sampling strategies

assisted by anatomical landmark information (regions of interest [ROIs]). We

aimed to investigate the feasibility of expert-placed, high-resolution

T1-weighted ROI-data transfer onto lower spatial resolution diffusion-

weighted images.

Slab volumes from 20 volunteers were acquired and preprocessed including

distortion bias correction and artifact reduction. Constrained spherical decon-

volution was used to generate a directional diffusion information grid (fibre

orientation distribution-model [FOD]). Three neuroradiologists marked land-

marks on both diffusion imaging variants and structural datasets. Structural

ROI information (volumetric interpolated breath-hold sequence [VIBE]) was

respectively registered (linear with 6/12 degrees of freedom [DOF]) onto

single-shot EPI (ss-EPI) and readout-segmented EPI (rs-EPI) volumes, respec-

tively. All eight ROI/FOD-combinations were compared in a targeted tracto-

graphy task of the optic nerve pathway.

Inter-rater reliability for placed ROIs among experts was highest in VIBE

images (lower confidence interval 0.84 to 0.97, mean 0.91) and lower in both

ss-EPI (0.61 to 0.95, mean 0.79) and rs-EPI (0.59 to 0.86, mean 0.70).

Tractography success rate based on streamline selection performance was

highest in VIBE-drawn ROIs registered (6-DOF) onto rs-EPI FOD (70.0% over

Abbreviations: CI, confidence interval; CSD, constrained spherical convolution; DOF, degree of freedom; DWI, diffusion-weighted (magnetic
resonance) imaging; EPI, echo-planar imaging; FLIRT, FMRIB’s Linear Image Registration Tool; FOD, fibre orientation distribution; FOV, field of
view; HARDI, high-angular-resolution diffusion-weighted imaging; ICC, intraclass correlation coefficient; MR, magnetic resonance; OC, optic chiasm;
ON, optic nerve; ONH, optic nerve head; ROI, region of interest; rs-EPI, readout-segmented EPI; SMS, simultaneous multi-slice; ss-EPI, single-shot
EPI; VIBE, volumetric interpolated breath-hold sequence; WM, white matter.
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5%-threshold, capped to failed ratio 39/16) followed by both 12-DOF-registered

(67.5%; 41/16) and nonregistered VIBE (67.5%; 40/23). On ss-EPI FOD, VIBE-

ROI-datasets obtained fewer streamlines overall with each at 55.0% above 5%-

threshold and with lower capped to failed ratio (6-DOF: 35/36; 12-DOF: 34/34,

nonregistered 33/36).

The combination of VIBE-placed ROIs (highest inter-rater reliability) with

6-DOF registration onto rs-EPI targets (best streamline selection performance)

is most suitable for white matter template generation required in group

studies.

KEYWORD S
diffusion-weighted imaging, magnetic resonance imaging, optic nerve, preprocessing,
registration, tractography, white matter templates

1 | INTRODUCTION

Optic nerve (ON) pathologies and the associated compro-
mised vision cause a significant decline in quality of life
(Wu, 2019). Deterioration of the nerve fibres themselves
or malignant impairment of their integrity, form or path-
way (e.g., caused by tumour growth) can, if undetected
and untreated, result in a complete vision loss (Becker
et al., 2010). Classical noninvasive diagnostic ophthalmo-
logic methods (slit lamp-assisted ophthalmoscopy, diag-
nostic laser-based imaging such as optical coherence
tomography) for the assessment of the optic nerve head
(ONH, papilla) approach the ocular globe through the
pupil, the lens and its translucent main body (corpus
vitreum) (Weinreb et al., 2014). In clinical practice, ONH
morphology provides information on disease progression,
particularly in glaucoma (Weinreb et al., 2014). However,
these methods are unable to depict the deeper portions of
the ON due to their limited depth of penetration (Altıntaş
et al., 2017; Sims et al., 2020).

The use of diffusion-weighted magnetic resonance
(MR) imaging (DWI (Le Bihan & Breton, 1985)) in com-
bination with nerve fibre tracking methods (tractography
(Basser et al., 2000)) provides additional tools
(Brockmann & Elflein, 2019; Mori & Zhang, 2006). DWI
indirectly implicates the presence as well as the charac-
teristic structure of nerve fibre pathways by measuring
water molecule diffusion anisotropy (Sims et al., 2020).
Tractography in neuroscience is generally utilized for the
structural depiction of nerve fibre trajectories, and this
information further applied into pre-surgical planning
(Golby et al., 2011; Jacquesson et al., 2019) or to chart
and analyze global (Sotiropoulos et al., 2013) or regional
connectivity between segmented sub-areas of the brain
(Nucifora et al., 2007). Beyond that, it can be used as a
sampling strategy, in which diffusion-derived metrics

along a selection of streamlines are analyzed (Riffert
et al., 2014). Constrained spherical deconvolution (CSD)
modelling techniques and their associated fibre orienta-
tion distribution-model (FOD) (Tournier et al., 2004,
2008) are state of the art in DWI tractography due to their
potential for a better differentiation of diverging or cross-
ing populations of white matter (WM) fibres (Raffelt
et al., 2017) and have replaced preceding tensor-based
models (Becker et al., 2020; Riffert et al., 2014).

In neuroimaging research, data evaluation makes
use of standardized templates to save time, obtain more
objective results or conduct group analyses. This is
especially helpful in the analysis of data with low spa-
tial resolution and/or low image quality such as DWI
(Archer et al., 2018). In global (whole-brain) tractogra-
phy, optimal templates completely cover WM and form
a confined space in which streamlines are generated
(seeded), proceeded and terminated exclusively
(Christiaens et al., 2015; Mangin et al., 2013), thereby
emulating biological reality. For analysis, tract bundle
populations of interest are filtered out of the generated
total afterwards.

Some areas of interest exclude the use of algorithmi-
cally generated WM templates, due to poor tissue differ-
entiability in diffusion-weighted images (Chow &
Paley, 2021). Regarding the ON pathway, this particularly
concerns the intercranial part between optic canal and its
partial decussation in the optic chiasm (OC) (Becker
et al., 2010; Salazar et al., 2018) as a consequence of
motion blurring, as well as susceptibility artifacts caused
by varying magnetization characteristics in adjacent tis-
sues (Andersson & Sotiropoulos, 2016; Le Bihan
et al., 2006).

Strategies for compensation have either included tem-
plate generation relying on manually drawn coverage of
all assumed WM (He et al., 2020) or targeted
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tractography. The latter technique utilizes manually
placed regions of interest (ROIs), serving as mandatory
spatial inclusion parameters for tractography algorithms.
Approaches can be classified into those with multiple
smaller ROIs (Haykal et al., 2020) and those with fewer
and larger ROIs, resulting in oversampling that requires
subsequent software-based and manual cleaning (prun-
ing) steps (Allen et al., 2018; Miller et al., 2019). All non-
automated ROI placement approaches are however
highly susceptible to subjective variability in placement,
with respect to both intra- and interindividual differences
(Hakulinen et al., 2012; Suarez et al., 2012).

In this study, we have chosen an undersampling
approach. Biases in ROI placement might be mitigable by
transfer of anatomical landmark information (atlas-based
or manually placed) from supplementary T1-weighted
image acquisitions (3D volumetric interpolated breath-
hold sequence [VIBE] (Rofsky et al., 1999)). For such
purposes, a successful registration between structural
images and target DWI volumes (Chen et al., 2019) and
preliminary processing steps are necessary to adjust dis-
tortion in target DWI volumes and perform artifact
reduction (Andersson et al., 2003).

Even though susceptibility variations along the ON
pathway pose a challenge for echo-planar imaging (EPI)
sequences, no practical alternative regarding acquisition
speed in DWI exists so far (Wu & Miller, 2017). We there-
fore compared a standard single-shot EPI (ss-EPI)
sequence to a readout-segmented EPI (rs-EPI) sequence
contortion (RESOLVE, Siemens Healthineers, Germany),
the latter applying a varied, less susceptibility-prone
recording pattern, in addition to self-monitoring correc-
tion methods (Porter & Heidemann, 2009). Despite a
raised overall acquisition time, RESOLVE enables
a reduced distortion impact during imaging (Koyasu
et al., 2014; Morelli et al., 2013; Yeom et al., 2013). Conse-
quently, previous studies have shown superior results in
the visual examination of parts of the ON, for example,
in optical neuritis (Wan et al., 2016), in intraorbital ON
image quality (Xu et al., 2016) and in intraorbital detec-
tion reliability and feasibility (Zhou et al., 2022) com-
pared to ss-EPI.

This study aimed to compare methods of transferring
expert-placed T1-weighted ON landmarks combined with
preprocessing steps and registration strategies to optimize
ROI position transfer between structural and diffusion-
weighted images. Evaluation of successful streamline
selection and variations across ROI, FOD and registration
(via degrees of freedom [DOF]) combinations in a stan-
dardized targeted tracking task served as performance
criteria. Informed selection of appropriate methodical
combinations for further use in ON template-generation
research serves as the purpose of our study.

2 | MATERIAL AND METHODS

2.1 | Acquisition

Imaging was performed using a 3.0 T MR scanner
(Magnetom Skyra, Siemens, Germany) using a 64-channel
head-coil. Twenty volunteers of age >18 years were
included in this study (mean age 29.17 ± 5.34 SD, 5 females).
Exclusion criteria have been (i) no ON-related pre-existing
pathologies and (ii) three volunteers wearing prescription
glasses with a diopter value of ±3 were checked individu-
ally for extreme anatomic distortions of the ON.

All participants underwent diffusion-weighted MRI
using a ss-EPI and a rs-EPI (with three readout-direction
segmentations) pulse sequence covering the optic tract
(both 2.5 mm isometric voxels, four directions of b = 0,
30 directions of each b = 800 and 1600 s/mm2, 16 slices,
FOV = 220 mm). This resulted in an acquisition time of
3:02 min for ss-EPI and 10:27 min for rs-EPI, respectively.
Opposed phase datasets were additionally acquired, consist-
ing of 4 b = 0 images for each EPI variant (Andersson
et al., 2003). Structural dataset acquisition followed EPI
position and orientation, with higher resolution (VIBE,
voxel size 1 � 0.8 � 0.8 mm3, TR 6.42 ms, TE 3.69 ms).
Structural images obtained with VIBE sequences proved to
be the most convenient for processing and for differentiat-
ing tissue types around the ON in preliminary experiments.
The comparability of VIBE to other T1-weighted sequences
has already been demonstrated by Wetzel et al., 2002.

To allow passing downwards along their body axis,
the subjects’ upward line of sight was diverted (90�) by
an in-build head-coil mirror. A multi-coloured pictogram
was used as a visual targeting point in order to avoid eye
movement and consequential shifts of the
ON. Individuals were instructed to maintain their visual
focus in a relaxed manner and to avoid physical stress
and exhaustion (Moodley et al., 2014).

2.2 | Preprocessing

To preprocess the datasets prior to FOD-generation and
tractography, we opted into using an in-house rebuild of
the TractoFlow pipeline (Theaud et al., 2020) and applied it
on our acquired slabs. These slabs included the ocular
globes, the osseous orbit and the intracranial part of the ON
up to the OC, as well as coverage of the whole course of the
optic tract and optic radiation up into the visual cortex.

MRtrix3 (Tournier et al., 2019), ANTS (Avants
et al., 2014), FSL (Jenkinson et al., 2012) and scripts from
the experimental Scilpy (Sherbrooke Connectivity Imag-
ing Lab [Scilpy, 2021]/2015) python library were applied
in accordance to their use in the TractoFlow pipeline.

JANKO ET AL. 4989
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The main technique for distortion correction (topup from
the FSL package) employed supplementary DWI volumes
with reversed acquisition direction (opposed phase) for
calculating the influence of directional distortion-biases
by cancelling them out (Andersson et al., 2003). Addi-
tional corrections, such as denoising or bias field correc-
tion, were deemed conservatively enough to avoid DWI-
data falsification and derived from existing DWI prepro-
cessing pipelines (Theaud et al., 2020).

All DWI datasets underwent the workflow shown in
Figure 1, whilst omitting all steps from TractoFlow that
concerned normalization and use of whole-brain tem-
plates for group studies. The supplementary structural

VIBE datasets also underwent preprocessing according to
the steps in the TractoFlow structural data preprocessing.
After passing the pipeline, all image volumes were
checked for successful completion.

2.3 | ROI placement

Three experienced neuroradiologists (readers:
C.B. 18 years, M.W. 13 years and N.F.G. with 5 years of
experience) placed ROIs in a scheme according to Haykal
et al. (2020) in each structural image as well as in the dif-
fusion datasets (see Figure 2). In order to standardize the

F I GURE 1 Complete project

overview. Raw data in the image

acquisition step is represented as stacks

and continuously colour-coded in

processed panel forms. Executed

programmes during preprocessing steps

are represented in yellow rhomboids.

Prior to the registration of VIBE-drawn

regions of interest (ROIs) onto respective

diffusion-weighted magnetic resonance

imaging (DWI)-variants, fibre

orientation distribution (FOD)

generation as well as ROI placement by

expert readers takes place. Tractography

algorithms are shown in orange and use

combinations of either rs-/ss-FODs and

(un)registered ROIs.
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ROI placement, readers were instructed to first determine
the OC and mark a single voxel in its isocenter. For both
strands of the ON, three additional ROIs had to be
marked in the same way with the following placement
instructions: (1) at the optic disc, approximately 1 mm
from the end of the ocular globe; (2) at the distal end of
the optic canal; and (3) at halfway point between 2 and
the initial ROI at the OC isocenter.

After spatial registration (see process description
below), the spatial voxel information derived from all
ROIs was converted into three-dimensional coordinates
for use in the tractography algorithm. ROIs (1–3) on both
strands were inflated into spheres with fixed radii (see
below). The voxels in the OC isocenter were expanded to
a flat rectangle to span an area of approximately 20 mm
width by 7.5 mm height in the coronal plane to safely
cover the standard human chiasm span (Puzniak
et al., 2019; Salazar et al., 2018). We analyzed the inter-
reader placement reliability to determine the level of dif-
ficulty of the different specific ROIs and the sequence
type used in acquisition, respectively.

2.4 | Registration

We chose a registration strategy including VIBE images
as the modifiable element and target DWI-variants to
avoid ON alteration of the DWI datasets between prepro-
cessing and FOD-generation. Linear registration was

performed via 6- and 12-parameter (DOF) affine transfor-
mations (FLIRT) out of the FSL toolbox (Jenkinson
et al., 2012). The relatively conservative 6-parameter
DOF (‘rigid body’ = 3 rotations + 3 translations) is gen-
erally used to correct shifts and motions in intra-subject
acquisitions, whilst 12-parameter DOF (‘full-affi-
ne’ = ‘rigid body’ + 3 scalings + 3 shears) may be more
beneficial in compensating residual distortion in the tar-
get DWI volumes. The generated transformation matrices
were extracted and consequently applied onto VIBE-
drawn ROI-datasets, which were affected by the calcu-
lated transformations, respectively.

This resulted in eight combinations of DWI-FODs
and ROIs: Each of the two DWI-variants (rs-/ss-EPI) with
ROIs directly drawn onto the prepossessed DWI, as well
as one VIBE-drawn nonregistered set for each DWI and
additionally each VIBE transformed with 6- or 12-DOF,
respectively.

2.5 | Tractography

Streamlines were generated via MRtrix3 (tckgen) using
the probabilistic iFOD2 algorithm (Tournier et al., 2010).
Thereby, the ROI closest to the ocular globes served as a
seeding region, whereas the two remaining ROIs on each
strand were mandatory includes. Each streamline termi-
nates in the OC-ROI. Tractography parameters were fixed
according to our preliminary experiments in tracking the
ON (maximum angle 15 degree, step size = 0.5� voxel
size, unidirectional). The radius of the seeding ROI was
set at 2.5 mm with a seeding cutoff value of 0.08. Both
other spherical ROIs were bilaterally set to a radius of
3 mm to safely cover the assumed ON thickness accord-
ing to the literature (4–6 mm) (Becker et al., 2010; Salazar
et al., 2018). The cutoff value for each tracking task was
set at 0.05. In-depth explanation into tracking parameters
can be found in the MRtrix3 user documentation
(https://mrtrix.readthedocs.io).

The tracking task was limited to a maximal predefined
number of 100,000 seeding points (streamline starting
point candidates). Rather than defining a fixed number of
streamlines, the limitation of seeding points is similar to a
limitation of time, since the resources/capabilities
(i.e., number of cores/threads) are known and consistent
whilst being unbiased by computational performance fluc-
tuations. Each tracking task stopped after successfully
selecting 1000 streamlines (primary condition) or after uti-
lization of all 100,000 seeds (secondary condition). Each
task was run three times, and subsequently, streamline
numbers were averaged. Completed tractograms of each
image volume were checked for plausibility and potential
deviations from expected ON anatomic pathways.

F I GURE 2 Schematic drawing of the optical nerve pathway in

the transverse plane with both strands connecting one respective

ocular globe with the optic chiasm (OC). Hatched areas

representing osseous orbital structures, fat tissues are depicted as

curls. On both strands, instructions required for landmark

placement are pointed out by dotted green lines and numbered in

descending order (R1-R3, L1-L3, OC). Viewing axis is inferior–
superior (IS) by neuroradiological convention.
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Noteworthy remark: The quantity of generated
streamlines have little or no validity regarding biological
assertions (Jones et al., 2013; Rheault et al., 2020) and
were only used as an indicator of success with respect to
ROI placement fidelity (between DWIs and VIBEs) and
comparison of registration benefits (untransferred
vs. transferred VIBE-ROI-datasets and VIBE-ROI transfer
onto respective DWI sequences).

2.6 | Statistical analyses

Statistical analyses were performed using R (http://
CRAN.R-project.org/; RStudio version 2022.07.2 Build
576) software packages. Statistical significance was
defined for all analyses as an alpha level of 0.05.

Interreader reliability was estimated using intraclass
correlation coefficient (ICC) and the 95% confident inter-
val (CI). Interreader reliability was chosen as a single-
rating, absolute-agreement, 2-way random-effects model
(Koo & Li, 2016). Each image containing seven marked
ROIs was converted into a set of separate three-
dimensional coordinates per ROI. In turn, these were
split into their x-, y- and z-components for ICC quantifi-
cation and comparison among readers for each respective
ROI/sequence combination. ICC-components were
merged again for mean ICC calculation. Because of the
small sample size, the lower 95% CI boundaries were
chosen for comparison.

Classification followed the recommendations by
Koo & Li, that is, values less than 0.5 are indicative of
poor reliability, values between 0.5 and (up to) 0.75 indi-
cate moderate reliability, values between 0.75 and (up to)
0.9 indicate good reliability and values greater than 0.90
indicate excellent reliability (Koo & Li, 2016).

3 | RESULTS

3.1 | ROI placement

Single ICC values for planar x-, y- and z-components and
their means as well as 95% low CI boundaries are sum-
marized in Table 1. Of 21 single-plane observations
(Figure 3), ICC for VIBE resulted in 19 excellent and two
good ratings, with no moderates or failures below 0.5 (rs-
EPI: 7, excellent; 11, good; 3, moderate; 0, failures; ss-
EPI: 12, excellent; 6, good; 3, moderate; 0, failures).
Among the mean lower 95% boundary results, VIBE
scored 11 as excellent (rs-EPI: 4; ss-EPI: 5), with further
5 as good results (rs-EPI: 5; ss-EPI: 8) and 2 as moderate
(rs-EPI: 5 and 4 failed; ss-EPI: 2 and 3 failed).

3.2 | Tractography

In order to assess the results of the tracking task, the
maximal (capped) selection of 1000 viable streamlines
(within 100,000 seeding attempts) was set as 100%,
whilst zero selected streamlines equaled a complete
(0%) failure. We added a grading step at 5% (50 stream-
lines and above) for a more nuanced comparison. In
each of the eight ROI/FOD-combinations, 120 tracking
tasks were evaluated (each run three times and aver-
aged): 20 subjects * 3 experts * 2 ON strands (left/
right) = 120.

ROI placement directly drawn into rs-EPI resulted in
32 capped (26.7%) with 30 failures (25.0%), compared to
23 capped (19.2%) and 31 failures (25.8%) in ss-EPI-drawn
ROIs. Further, rs-EPI passed the 5%-threshold in 51.7% of
tasks (ss-EPI: 45.8%).

Between FODs, nonregistered VIBE-drawn ROIs
capped 40 times (rs-EPI; 33.3%, 23 failures: 19.2%)
compared to 33 (ss-EPI; 27.5%, 36 failures: 30.0%); 5%-
threshold was 67.5% in rs-EPI compared to 55.0% in ss-
EPI.

VIBE-drawn and subsequently registered ROI-sets
capped on rs-EPI 39 times (32.5%, 16 failures: 13.3%) with
6-DOF and 41 times (34.2%, 16 failures: 13.3%) on
12-DOF. On ss-EPI FOD data, 6-DOF-registered ROIs
capped 35 times (29.2%, 36 failures: 30.0%), whilst
12-DOF capped 34 times (28.3%, 34 failures: 28.3%). The
threshold of 5% was exceeded in 70% (6-DOF) and 67.5%
(12-DOF) of rs-EPI-FOD tasks. On ss-EPI-FODs, 55.0%
(both 6-DOF and 12-DOF) of tasks surpassed the 5%-
threshold.

In total, in all rs-EPI modalities combined, 5%-
threshold was exceeded in 64.2% of tasks (31.7% capped,
17.7% failed), compared to 52.7% in all combined ss-EPI
combinations (26.0% capped, 28.5% failed).

An explanatory overview of all results in relation to
placement modalities and registration methods is shown
in Figure 4.

4 | DISCUSSION

We examined DWI sequences in MR imaging of the opti-
cal nerve pathway to evaluate their suitability as targets
for transferred ROI-datasets from structural images.
Therefore, an rs-EPI sequence was compared to a stan-
dard ss-EPI sequence with respect to its presumed distor-
tion resilience. A process overview is shown in Figure 5.

Prior to preprocessing and modelling of directional
diffusion information (FOD-generation), highest reliabil-
ity in interreader landmark placement on structural

4992 JANKO ET AL.
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images over both DWI-variants was demonstrated, and
ROI-datasets were further subjected to our analysis. We
respectively registered the data onto rs- and ss-EPI target
volumes utilizing rigid body registration (6-DOF) and
full-affine approaches (12-DOF). Qualitatively higher
FOD-generation in the ON pathway is presumed by
results from the subsequent tracking task performance
with superior performance of rs-EPIs (67.5% to 70.0%
over ss-EPIs with 55.0%).

Reviewing intra-variant registration differences, we
found 12-DOF full-affine registration not performing sig-
nificantly better or worse compared with 6-DOF in ss-
EPI and in rs-EPI volumes.

Our results demonstrate a continuous advantage
towards rs-EPI utilization as ROI landmarks in ON trac-
tography. This is primarily verified by a more effective
streamline selection performance, which indicates higher
target suitability for structurally placed landmark infor-
mation on rs-EPI compared to the established ss-EPI.

4.1 | ROI placement

During placement, the confidence of the readers’ own
accuracy was evaluated. In both DWI-variants, placement
confidence of intercranial ROIs (3) and to a lesser degree
canal ROIs (2), due to no or unclear anatomic landmarks,
was assessed as low, whereas only few chiasm ROI
(OC) and ROI (1) placements were deemed difficult. The
placement for some rs-EPI volumes were considered as
highly uncertain, particularly in the ocular globe region
due to perceived blurring. On all VIBE images, placement
of ROIs according to requirements was considered very
easy with a high confidence into accuracy. This is in line
with the ICC, as VIBE clearly outperformed both DWI
sets in ROI (3) and the OC. In between DWI-variants,
ss-EPI-drawn ROIs were placed with higher ICC reliabil-
ity at both ocular globes and intercanal landmarks.

Distortion correction appeared to affect rs-EPI vol-
umes stronger, with a higher perceived overlay match
(after rigid body registration) between VIBEs and their

TAB L E 1 Single and mean intraclass correlation coefficient (ICC) values and respective 95% low ICC for x-, y- and z-coordinates oft

each ROI position and the three acquisition types. Sorting of ROI landmarks is corresponding to anatomy with both ocular globes at the left/

right and the optic chiasm in the middle (optic chiasm [OC], see Figure 2).

Axis/ROI R1 Low R2 Low R3 Low OC Low L3 Low L2 Low L1 Low

rs-EPI x 0.94 0.87 0.81 0.65 0.59 0.24 0.88 0.77 0.65 0.23 0.81 0.49 0.82 0.67

y 0.88 0.75 0.81 0.63 0.82 0.63 0.65 0.41 0.83 0.63 0.82 0.62 0.89 0.76

z 0.98 0.96 0.99 0.98 0.95 0.89 0.89 0.77 0.96 0.91 0.98 0.97 0.98 0.96

Mean 0.93 0.86 0.87 0.75 0.79 0.59 0.80 0.65 0.81 0.59 0.87 0.69 0.90 0.79

ss-EPI x 0.98 0.84 0.92 0.84 0.53 0.27 0.89 0.76 0.73 0.28 0.88 0.77 0.99 0.97

y 0.95 0.93 0.89 0.79 0.87 0.74 0.61 0.35 0.89 0.79 0.92 0.83 0.98 0.91

z 0.99 0.98 0.98 0.96 0.95 0.89 0.88 0.72 0.96 0.91 0.99 0.98 0.99 0.98

Mean 0.97 0.92 0.93 0.86 0.78 0.63 0.79 0.61 0.86 0.66 0.93 0.86 0.99 0.95

VIBE x 0.99 0.95 0.92 0.82 0.84 0.63 0.97 0.93 0.89 0.73 0.95 0.89 0.99 0.97

y 0.98 0.90 0.96 0.89 0.95 0.88 0.99 0.97 1.00 0.88 0.97 0.94 0.98 0.81

z 1.00 0.99 1.00 1.00 1.00 0.99 1.00 1.00 1.00 0.99 1.00 0.99 1.00 0.99

Mean 0.99 0.95 0.96 0.90 0.93 0.84 0.98 0.97 0.96 0.87 0.97 0.94 0.99 0.93

Abbreviations: rs-EPI, readout-segmented EPI; ss-EPI, single-shot EPI.

F I GURE 3 Lower 95% ICC confidence interval boundaries

grouped for all datasets depending on imaging type. Sorting of ROI

landmarks is corresponding to anatomy, optical nerve heads at the

outer edges and the optic chiasm in the middle. Orange lines

represent ICC classification delimiters after Koo & Li: values less

than 0.5 are indicative of poor reliability, values between 0.5 and

(up to) 0.75 indicate moderate reliability, values between 0.75 and

(up to) 0.9 indicate good reliability, and values greater than 0.90

indicate excellent reliability.
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rs-EPI targets. This also resulted in a stronger blurring in
regions that were apparently strongest affected by the
correction (ocular globes, intercranial region, OC) result-
ing in an offset of placement reliability due to less percep-
tible image contrast. Notably, this is in contrast to the

reported overall blur reduction in the brain (Morelli
et al., 2013; Wu & Miller, 2017).

Our results advocate for stepping away from ROIs
drawn on diffusion-weighted images with low resolution
and unclear anatomical referencing points. Especially,

F I GURE 4 Depiction of tracking

task results among all combinations of

expert-placed regions of interest (ROIs)

and registration methods. Results are

shown as vertical 100%-bars (key on the

left side) in relation to found streamlines

in each tracking task. Data is centred

around the 5%-success threshold

(equaling 50 found streamlines).

Proportions of capped (1000 streamlines

found) and failed (0 streamlines found)

results are marked in darker blue/red

with according percentage shown.

F I GURE 5 Illustration of registration and regions of interest (ROI) placement steps, shown are readout-segmented EPI (rs-EPI) and

VIBE volumes of participant 03:(a) rs-EPI diffusion-weighted magnetic resonance imaging (DWI) image after preprocessing, depiction of

contrast/saturation adjusted b0 image. (b) Overlay of target image A and C after registration of the latter. (c) Preprocessed and unregistered

VIBE image. At this point, ROI landmarks are placed on VIBE and both DWI volumes. (d/e) show registered (here 6-degrees of freedom

[DOF]) VIBE images with registration-shifted ROIs (red dots indicate initial placement) and their effective radii (violet). Both ocular ROIs

shown separately in E due to the optic nerves curvature. (f) Depiction of successful tractograms in both strands, with all respective ROIs as

mandatory inclusion areas.
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due to the prevalence of misinterpretable surrounding
data (Schilling et al., 2021), a high precision and reliabil-
ity in all tractographic approaches in intercranial ON and
OC regions are of utmost importance. In addition, this is
of high relevance in the aforementioned approach of
template-confined global tractography with subsequent
ROI-based post-filtering, as the method is applied
similarly.

4.2 | Acquisition

In DWI acquisition, factors determining the resolution of
diffusion-derived data (e.g., FODs in CSD) and acquisi-
tion time must be balanced out (Runge et al., 2017). The
latter are detrimental in all MR imaging by giving rise to
motion artifacts that increasingly condense in low spatial
resolution imaging such as DWI (Wu & Miller, 2017).
Resolution factors depend on the chosen sequences
(e.g., EPI variants) and on a combination of b-values with
the encoding gradient directions. Our values
(b = 800/1600 with 30 directions each) do not meet the
gold standard (i.e., high-angular-resolution diffusion-
weighted imaging (HARDI) recommendations (Tournier
et al., 2019)) but are still deemed as minimally required
for reliable FOD/fixel-based analysis (FBA) (Dhollander
et al., 2021). Beneficially, this allows further comparison
with available patient DWI data and more importantly
implementation into routine workflows (acquisition
times <10 min).

4.3 | Subject factors

Considering gaze behaviour during acquisition, we opted
for an ‘open but relaxed’ instruction with an additional
focus point, according to research recommendations dis-
couraging fully closed eyes (Hoch et al., 2017). Detrimen-
tal correlations concerning the impact of eye movement
on DWI parameters have been reported (Moodley
et al., 2014). To our best knowledge, further insight into
application on tractography does not exist; however, this
is of relevance in clinical settings where noncooperative
or illness-impaired patients are examined.

Interestingly, preliminary examinations regarding
implants and retainers assumed only limited and locally
confined influence, and thus, subjects with implants or
retainers were not excluded. We did not find a correlation
between failed FOD-generation/tracking and retainer
presence. However, a high level of uncertainty regarding
artifact causes has been reported, depending on material
and field strength (Roser et al., 2021; Shalish et al., 2015),
with extreme artifact radii in phantoms of up to 51 mm

(Blankenstein et al., 2015). To our knowledge, no dedi-
cated studies concerning retainer influence on diffusion-
weighted imaging exist so far.

4.4 | Tractography

In most settings, pure streamline count is not sufficient
as a measurement criteria, especially so in terms of con-
nection strength (Jones et al., 2013; Le Bihan et al., 2006).
We explicitly refrain from conclusions based on stream-
line numbers other than in our experimental comparison
context described.

Having no universally valid cutoff-value reference for
our iFOD2 algorithm, we used the historical lower algo-
rithmic default boundary (0.05), following recommenda-
tions of MRtrix3 developers and operators, who advised
against fixed values in favour of trials and best practices
for varying purposes and application areas. Incidentally,
we found consistent reporting of cutoff values to be lack-
ing across a number of tractography-related publications.

We chose a predefined tracking task in order to com-
pare small changes intra- and inter-DWI-variants of
ROI/FOD-combinations. Inter-variant analysis showed
clear performance advantages of all rs-EPI-based variants
with 5%-threshold success of up to 70% over 55.0% in all
ss-EPI-based combinations. Intra-variant analysis only
saw noteworthy differences in rs-EPI 6-DOF-registered
ROI-datasets, which outperformed nonregistered ROIs
(67.5%) by 2.5%. Besides this, ROIs directly drawn on
their respective DWI volumes performed worse in both
variants (rs-EPI: 51.7%; ss-EPI: 45.8%) compared to all
registered combinations.

During closer visual inspection into the lowest
streamline count subjects, we have observed weak
streamline selection performance and failures due to
FOD shifts or presumed artifact build-up. This primarily
affected the perceived position of the OC and papilla
regions, with shifting beyond expectable anatomic
assumptions and not traceable for human experts on the
provided DWI volumes. For future research, automated
approaches with combined, atlas-based (on structural
images) and tractography-informed (on DWI) segmenta-
tion of ROIs might prove superior to prior concepts.

4.5 | Limitations and future
developments

Due to small subject numbers, the significance of our
results is limited. However, as comparable studies used
similar numbers, we consider our work as a proof of
methodical concept.
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4.5.1 | Accelerated sequences

A promising way to mitigate time detriments from rs-EPI
sequences is the use of simultaneous multi-slice (SMS) rs-
EPI (Frost et al., 2015; Setsompop et al., 2012, 2015). In
global brain applications, SMS-rs-EPI was found to
achieve similar results regarding quality to rs-EPI but
with a reduced acquisition time up to a factor of 3 (Ho
et al., 2018; Manoliu et al., 2017; Runge et al., 2017).
Hence, a reduction in acquisition time has the benefit of
reduced motion artifacts or, alternatively, time may be
reinvested for the benefit of higher b-values and more
gradient directions to approach HARDI requirements,
with an optimal balance yet to be determined.

4.5.2 | Fixel-based-analysis

The FBA framework (Raffelt et al., 2017) provides
advanced derivable DWI metrics which fulfil the
requirements for quantitative analysis. Previous studies
on FBA showed promising results in a variety of obser-
vation areas (Dhollander et al., 2021) with some demon-
strating pathological changes in ON morphology and
functionality (Haykal et al., 2020). Availability and
application of templates is mandatory in group study
designs such as FBA and hence one of the key drivers
behind this study.

4.5.3 | Outlook

Based on our results, we will focus on template develop-
ment as our next step. Further standardized and estab-
lished tractographic methods of ON and complete visual
system depiction and analysis may be applied in early
detection of ON deterioration processes and even in rou-
tine screenings of vulnerable demographic groups
(e.g., the presence of illness in the family, age, ethnicity)
(Miller et al., 2019; Nuzzi et al., 2018; Weinreb
et al., 2014).

5 | CONCLUSION

We compared expert-placed ROI-data transfer from struc-
tural T1-weighted volumes onto standard EPI sequence
for DWI acquisition to an advanced, rs-EPI sequence for
their performance in a predefined targeted tracking task
in the ON. Preprocessed rs-EPI volumes confirmed dis-
tortion resilience as well as higher reliability in successful
modelling of directional diffusion information. In combi-
nation with appropriate preprocessing and registration

strategies, rs-EPI is more suitable for transferred ROI-
data from structural images compared to the ss-EPI stan-
dard DWI. Based on these findings, this approach may be
applied in the development of WM templates or used for
further group studies and quantitative analysis methods.
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