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Abstract

Objective: The human optic chiasm comprises partially crossing optic nerve fibres. Here we used
diffusion MRI (dMRI) for the in-vivo identification of the abnormally high proportion of crossing fibres
found in the optic chiasm of people with albinism.

Methods: In 9 individuals with albinism and 8 controls high-resolution 3T dMRI data was acquired
and analyzed with a set of methods for signal modeling [Diffusion Tensor (DT) and Constrained
Spherical Deconvolution (CSD)], tractography, and streamline filtering (LiIFE, COMMIT, and SIFT2).
The number of crossing and non-crossing streamlines and their weights after filtering entered
ROC-analyses to compare the discriminative power of the methods based on the area under the
curve (AUC). The dMRI results were cross-validated with fMRI estimates of misrouting in a subset of

6 albinotic individuals.
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Results: We detected significant group differences in chiasmal crossing for both unfiltered DT
(p=0.014) and CSD tractograms (p=0.0009) also reflected by AUC measures (for DT and CSD: 0.61
and 0.75, respectively), underlining the discriminative power of the approach. Estimates of crossing
strengths obtained with dMRI and fMRI were significantly correlated for CSD (R?=0.83, p=0.012).
The results show that streamline filtering methods in combination with probabilistic tracking, both
optimized for the data at hand, can improve the detection of crossing in the human optic chiasm.
Conclusions: Especially CSD-based tractography provides an efficient approach to detect structural
abnormalities in the optic chiasm. The most realistic results were obtained with filtering methods with
parameters optimized for the data at hand.

Significance: Our findings demonstrate a novel anatomy-driven approach for the individualized

diagnostics of optic chiasm abnormalities.

Highlights

e Diffusion MRI is capable of detecting structural abnormalities of the optic chiasm.

e Quantification of crossing strength in optic chiasm is of promise for albinism diagnostics.
e Optic chiasm is a powerful test model for neuroimaging methods resolving crossing fibers.
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1. Introduction

The optic chiasm is a core component of the human visual system. Here the fate of the
axons is decided, such that fibers from the nasal retina cross to the contralateral
hemisphere, while those from the temporal retina do not cross and remain on the ipsilateral
hemisphere. This partial decussation of the optic nerves guarantees that each hemisphere
receives binocular input from the contralateral visual hemifield. Beyond its clinical relevance
(Hoffmann and Dumoulin 2015) and its relevance as a model for neuronal pathfinding in
basic neuroscience (Prieur and Rebsam 2017; Petros, Rebsam, and Mason 2008) the optic
chiasm can be used as a powerful test-bed for the development of methods that allow the
in-vivo-reconstruction of fiber tracts in the human brain. A common tool for this purpose is
diffusion MRI (dMRI), which uses random thermal motion of water molecules (Stejskal and
Tanner 1965) to identify markers of the neuronal tissue organization. This approach, initially
using the Diffusion Tensor model [DT; (Basser, Mattiello, and LeBihan 1994)], was, however,
proven to be confounded by tissues with a complex microstructure comprising a mixture of
crossing and non-crossing nerves (Alexander, Barker, and Arridge 2002; Tuch et al. 2002).
This leads to misestimations of microstructural parameters (Oouchi et al. 2007) and the
underlying fiber distribution (Jones, Knésche, and Turner 2013). Moreover, this is particularly
relevant in areas with crossing fibers, which may affect as much as 90% of the brain volume
(Jeurissen et al. 2013), making it an important challenge for dMRI. In order to address this
challenge new models were developed, such as Q-Ball imaging (Tuch 2004), Diffusion
Spectrum Imaging [DSI; (Van J. Wedeen et al. 2005)] or Constrained Spherical
Deconvolution [CSD; (J-Donald Tournier, Calamante, and Connelly 2007; Descoteaux et al.

2006)]. Those and other emerging approaches, however, require a sound testing model.
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The optic chiasm reflects the complex microstructure of other brain structures and has the
decisive advantage that (i) the ratio of crossing and non-crossing nerve fibers is a
well-known ground truth and that (ii) human diseases are known, where this ratio is
significantly altered. Based on previous work (Kupfer, Chumbley, and Downer 1967), we
have a clear understanding that in the neurotypical case 53% of nerve fibers in the optic
chiasm travel across the optic chiasm to the contralateral lateral geniculate nucleus (LGN),
while 47% project to the ipsilateral LGN. The optic chiasm was investigated in several
studies evaluating the accuracy of dMRI, such as the qualitative evaluation of tracking
algorithms (Staempfli et al. 2007) or the quantification of fiber crossing strength in ex-vivo
chiasms (Roebroeck et al. 2008). While both studies were successful in capturing qualitative
features of the optic chiasm, neither provided an accurate quantitative estimation of crossing
strength that was in agreement with expected values; Staempfli et al. (2007) performed
qualitative analyses only and Roebroeck et al. (2008) estimated only up to 5% of nerve

fibers to cross to the contralateral hemisphere.

The optic chiasm as a test-bed for differentiating crossing and non-crossing fibers can be
extended further by the inclusion of known neuropathies affecting the human optic chiasm
that reveal clear abnormalities. The most frequent of these rare conditions is albinism, which
is associated with an enhanced crossing of the optic nerve fibers (Guillery 1986; Morland et
al. 2002; E. A. H. Hagen et al. 2005). Here the line of decussation that separates the retinal
ganglion cells with a crossed projection from those with an uncrossed projection and which
is normally aligned with the fovea, is shifted by on average 8 degrees into the temporal
retina (Hoffmann et al. 2005; E. A. H. von D. Hagen et al. 2007; E. A. H. von D. Hagen,
Hoffmann, and Morland 2008). As a result, the crossing of the optic nerves is enhanced
(Hoffmann and Dumoulin 2015). Recently, the first study to report group differences in

chiasm tractography between albinism and controls was published (Ather et al. 2019). It
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used the DT model and demonstrated that dMRI can be used to identify, at the group level,
differences in chiasmal connectivity between albinism and controls.

The dMRI approach can be extended beyond the DT model (Basser, Mattiello, and LeBihan
1994), by incorporating an additional Constrained Spherical Deconvolution model [CSD;
(J-Donald Tournier, Calamante, and Connelly 2007)], as well as the state-of-the-art
tractography evaluation: Linear Fascicle Evaluation [LiFE; (Pestilli et al. 2014; Caiafa and
Pestilli 2017)], Convex Optimization Modeling for Microstructure Informed Tractography
[COMMIT; (Daducci et al. 2013, 2015)], and Spherical-deconvolution Informed Filtering of
Tractograms [SIFT2; (Smith et al. 2015)]. In the present study, we compared the efficacy of
these methods in identifying and quantifying optic nerve fiber misrouting at the optic chiasm

in albinism and its relation to fMRI-based estimates of misrouting extent.

2. Methods

2.1 Participants

Nine participants with diagnosed albinism (5 females) and eight control subjects (6 females)
were recruited for the study. The controls had no neurological or ophthalmological history,
normal decimal visual acuity [ 1.0, Freiburg Visual Acuity Test (Bach 1996)] and normal
stereo vision (Lang and Lang 1988; Donzis et al. 1983). Each participant was instructed
about the purpose of the study and the methods involved and gave written informed study
participation and data sharing consents. The study was approved by the Ethics Committee

of the Otto-von-Guericke University Magdeburg, Magdeburg, Germany.

2.2 Data acquisition

All MRI data were acquired with a Siemens MAGNETOM Prisma 3 Tesla scanner with syngo

MR D13D software and a 64-channel head coil. Diffusion and functional data was acquired
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in separate scanning sessions. During both sessions additional T1-weighted images were

acquired.

2.2.1 T1-weighted data acquisition

T1-weighted images, obtained during both dMRI and fMRI scanning sessions, were
collected in sagittal orientation using a 3D-MPRAGE sequence resolution [0.9 x 0.9 x 0.9
mm?, FoV 230 x 230 mm, TR 2600ms, TE 4.46 ms, Tl 1100 ms, flip angle 7°, image matrix:

256 x 256 x 176, acquisition time 11 min 6 s; (Mugler and Brookeman 1990)].

2.2.2 dMRI data acquisition

The dMRI acquisition protocol was initiated with a localizer scan, followed by a T1-weighted
MPRAGE scan and two diffusion-weighted scans [one with anterior-posterior (A>>P) and the
other with posterior-anterior (P>>A) phase-encoding direction]. All data was collected during
a single continuous scanning session. dMRI images were acquired with Echo-Planar
Imaging (EPI) [b-value 1600 s/mm?, resolution 1.5 x 1.5 x 1.5 mm?®, anterior to posterior
(A>>P) phase-encoding direction, FoV 220 x 220 mm, TR 9400 ms, TE 64.0 ms, acquisition
time 22 min and 24 s]. The b-value was chosen with regard to the reported range of
b-values optimal for resolving two-way crossing [for single shell acquisition: 1500-2500
s/mm? (Sotiropoulos et al. 2013)]. Each scan was performed with 128 gradient directions,
therefore the obtained diffusion-weighted data could be described as High Angular
Resolution Diffusion Imaging [HARDI; (Tuch et al. 2002)] data. The high number of gradient
directions, while excessive for angular contrast allowed by b-value of 1600 s/mm?, enhanced
the effective signal-to-noise-ratio (SNR) and thus supported residual bootstrapping. This is of
importance for diffusion-MRI of the optic chiasm with its reduced SNR. The gradient scheme,
initially designed for 3 shell acquisition, was generated using Caruyer’s tool for g-space

sampling (Caruyer et al. 2013). Due to the acquisition time constraints, however, we limited
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the set of directions to single shell only. Diffusion-weighted volumes were evenly intersected
by 10 non-diffusion weighted volumes for the purpose of motion correction. The second
diffusion-weighted series was acquired with a reversed phase-encoding direction relative to
the previous scan, i.e., posterior to anterior (P>>A). Apart from that, all scan parameters
were identical to those corresponding to the preceding acquisition. The acquisition of two
diffusion-weighted series with opposite phase-encoding directions enhanced the correction
of geometrically induced distortions (Andersson, Skare, and Ashburner 2003). Furthermore,

the additional scans provided a boost of the effective SNR in the dMRI data.

2.2.3 fMRI data acquisition

Functional T2*-weighted images were acquired with EPI [resolution 2.5 x 2.5 x 2.5 mm?; 54
axial slices covering the whole brain, FoV 210 x 210 mm, TR 1500ms, TE 30.0 ms, flip angle
70°] during the course of a different study (Ahmadi, Herbik, et al. 2019), where methods are
detailed. Briefly, the fMRI scanning session consisted of 6 functional scans, 168 time-frames
each, resulting in a scan length of 252 s. The dominant eye of the albinotic participants was
stimulated with moving bars that appeared within a circular aperture of 9.5° radius covering
either the left or the right visual hemifields (three repetitions per hemifield stimulation). All

data was acquired in a single continuous scanning session.

2.3 Data analysis

2.3.1 dMRI data analysis

2.3.1.1 dMRI data preprocessing

The data was preprocessed using a combination of software toolboxes: MRtrix 3.0

(http://www.mrtrix.org/), FMRIB’s FSL 5.0.9 (https://fsl.fmrib.ox.ac.uk/fsl/fslwiki), FreeSurfer

6.0.0 (https://surfer.nmr.mgh.harvard.edu/), ANTS 2.1.0 (http://stnava.qgithub.io/ANTs/) and
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MrDiffusion (https://github.com/vistalab/vistasoft/tree/master/mrDiffusion). The preprocessing

of the dMRI data from DICOM involved converting it to .mif format (compatible with MRtrix)
[mrconvert command], denoising of the dMRI data [dwidenoise command; (Veraart,
Fieremans, and Novikov 2016; Veraart et al. 2016)], removal of Gibbs ringing in the dMRI
data [dwidegibbs command; (Kellner et al. 2015)], estimation of the susceptibility induced
field in the dMRI data [topup command; (Andersson, Skare, and Ashburner 2003)] using FSL
(S. M. Smith et al. 2004), correction for geometry-induced, eddy current and motion
distortions in the dMRI data [eddy command; (Andersson and Sotiropoulos 2016)
(Andersson and Sotiropoulos 2016)], and correction for the bias field (low frequency intensity
inhomogeneities caused by uneven absorption of RF power across scanned tissue) in the
dMRI data [ANTS, N4 algorithm; (Tustison et al. 2010)]. Finally, the dMRI data was
coregistered to the T1-weighted images aligned to the Anterior Commissure - Posterior
Commissure (AC-PC) space (mrAnatAverageAcpcNifti command from
https://github.com/vistasoft/vistalab). Notably, this step also required the application of an
exact transformation to the gradient table, since the gradient vectors were defined in the
space of the dMRI data. The T1-weighted image was segmented into white, grey and
subcortical grey matter and cerebrospinal fluid using FSL [FIRST command; (Patenaude et
al. 2011)]. The white matter masks were additionally manually corrected in the region of

optic chiasm using the T1-weighted images (Figure 1A, left and middle image).

2.3.1.2 dMRI data modeling and tractography

Two distinct diffusion signal models were applied to the dMRI data - Diffusion Tensor [DT,;
(Basser, Mattiello, and LeBihan 1994)] and Constrained Spherical Deconvolution [CSD;
(J-Donald Tournier, Calamante, and Connelly 2007; Descoteaux et al. 2011)]. The DT model
was selected in order to compare our results with previous studies that used this model

alone (Roebroeck et al. 2008; Ather et al. 2019). Due to the limited performance of the DT
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model for populations of crossing fibers, an additional model, CSD, was also tested. The
rationale behind this choice was to investigate whether the results can be improved by using
a model that is more sensitive to crossing fiber populations and at the same time benefits
from the high angular resolution of collected dMRI data. The modeling for DT was performed
with MRtrix tool tckgen (Tensor_Prob algorithm), where dMRI data in each voxel for each
streamline was residually bootstrapped, prior to DT fitting (Jones 2008), such that tracking
along the principal eigenvectors of tensors was probabilistic. For the purpose of CSD
modeling, an estimation of a response from voxels containing only single fiber population
(single fiber response, SFR) was acquired using Tournier’'s approach [dwi2response tool
with -tournier option (J-Donald Tournier, Calamante, and Connelly 2013)] for a maximum
harmonic order (L,.,,) of 6. The fibre orientation distribution functions [fODFs; (Jeurissen et
al. 2014)] were obtained for 3 different maximum harmonic orders L ., =6, 8 and 10
(command dwi2fod using msmt_csd algorithm, as its hard constraints prevents the
estimation of negative peaks).

For the purpose of tracking for both DT and CSD, four regions of interest (ROls) were
manually drawn on T1 images for each individual data set - two covering intersections of left
and right optic nerves and two covering intersections of left and right optic tracts. ROls were
placed to be as close to the optic chiasm as possible without intersecting it (Figure 1A, right
image). ROI widths and heights (in coronal view) had the minimal values required to fully
cover the optic nerves or tracts, and each of the ROIs was 3 voxels (4.5 mm) thick to ensure
proper termination of streamlines during tractography. In total there were four pairs of ROls
connecting optic nerves and optic tracts. For each model, tracking was performed between 2
ROls, one of two optic-nerve ROIs and one of the two optic tract ROIs (Figure 1B), such that
the created streamline groups could be either classified as crossing or non-crossing. For
each pair of ROls the streamlines were generated twice, with a switched definition of seed

and target ROI, and merged into a single group of streamlines, such that the tracking results
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were not biased towards the direction of tracking. The tracking was limited to previously
obtained and manually corrected white matter masks [following Anatomically-Constrained
Tractography framework; (Smith et al. 2012)]. In addition, to reduce a potential bias in
tractography caused by the specific choice of tracking parameters, Ensemble Tractography
(Takemura et al. 2016) was used for all analyses. Accordingly, the tractography was
performed multiple times, with each run using a different set of parameters. The modified
parameters were, specifically: fractional anisotropy threshold (FA,,.,) and maximum

curvature angle between consecutive tracking steps (Curv__ ). In case of CSD this list was

extended by the maximal harmonics order (L, ,,) of the fitted fODFs. Notably, the CSD used
the SFR obtained for only a single L ,,=6. The values of the parameters applied are

summarized in Table 1.

DT CsD

FA esn 0.04, 0.04,
0.08 0.08
Curv, [°]| 30.45, | 30,45,
60 60

SFRsL,| - 6
fODFS Lmax - 6’8110

Table 1. Tractography parameters. Sets of parameters used in generating DT- (left column) and CSD-based
(right column) tractograms. The rows correspond to different parameters, from top to bottom, respectively, the

cut-off FA threshold (FA,,..,), maximum angle between consecutive tracking steps (Curv, maximal harmonic

max)v

order of SFR (SFR L,,,,) and fODF (fODFs L

max lTIaX)'

For each subject, for a given combination of parameters the tractography was performed for
the 4 distinct seed-target ROI pairs, and for each pair of ROls it was performed twice
(reversal of seed-target definitions), with 139 000 seeds (random locations within the seed
ROI, which served as starting points for tracking) and 1000 tracking attempts per seed. This
resulted in a total of 6.672*10° tracking attempts per subject for the DT-based analysis and

20.016*10° attempts for the CSD-based analysis. The DT-based tracking used the

10
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Tensor_Prob algorithm (Jones 2008), the CSD-based was performed with the iFOD2
algorithm (J-D Tournier, Calamante, and Connelly 2010).

The tracking with a fixed number of attempts resulted in unevenly populated streamline
groups, where the count depended on the overall success ratio of tracking for (Smith et al.
2012)given set of parameters and ROls. The tractograms were therefore biased toward the
underlying structural connectivity, which allowed them to be used for the estimation of
crossing strength. Furthermore, the resulting tractograms can be used as an input to filtering,
where the input streamlines are modeled forward in order to explain measured diffusion
signal. This, in turn, allows for the estimation of the contribution of each generated
streamline to the original signal, thus addressing the stochasticity of tracking. It is of interest
to investigate how well filtering performs, if the initial tractogram does not accurately
represent the underlying microstructure, i.e., when it contains high-levels of noise. In order to
answer this question, a second set of tractograms was created, where all the parameters
were identical with the previous tractography, except for the restriction to a fixed number of
streamlines per combination of groups and parameters. Precisely, the generated
tractograms, further referred to as “streamline number targeted” (SNT) tractograms, were
restricted to the generation of 139 streamlines or reaching 139 000 seeds with 1000
attempts per seed, with the latter condition preventing excessively long computations in

cases of very low success ratio of tractography.

2.3.1.3 Tractography filtering

To further investigate the robustness of the results on intra-study level, tractograms, both
normally generated and SNT tractograms, were filtered with 4 separate algorithms: (1)
Linear Fascicle Evaluation [LiFE; (Pestilli et al. 2014; Caiafa and Pestilli 2017; Takemura et
al. 2016)], (2) Convex Optimization Modeling for Microstructure Informed Tractography

[COMMIT-SZB; (Daducci et al. 2013, 2015)] using the Stick-Zeppelin-Ball model, (3)
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COMMIT using the Stick-Ball model [COMMIT-SB; (Daducci et al. 2015, 2013)], and (4)
Spherical-deconvolution Informed Filtering of Tractograms [SIFT2; (Smith et al. 2015)]:

(1) LiFE (Pestilli et al. 2014; Caiafa and Pestilli 2017; Takemura et al. 2016; Avesani et al.
2019). LiFE evaluates the individual streamline paths by scoring their contribution
(expressed as weights assigned to each individual streamline) to predict the measured
diffusion signal across the brain white matter voxels; good streamlines positively contribute
to predicting the dMRI signal (non-zero weights, higher value represents higher contribution),
poor streamline paths do not contribute positively to predicting the measured dMRI signal
(zero weights).

(2) COMMIT-SZB (Daducci et al. 2013, 2015) using a Stick-Zeppelin-Ball model. The
COMMIT framework follows a similar rationale as LiFE (as well outputting weights for the
whole tractogram), extending the range of model parameters that can be used for predicting
the dMRI signal (i.e., it adds additional parameters in order to model both intra- and
extra-axonal cellular contributions to the dMRI signal prediction). The Stick-Zeppelin-Ball
model, as in (Panagiotaki et al. 2012), describes one anisotropic intra-axonal (here
implemented with a tensor with axial diffusivity equal to 1.7x10° mm?/s and null radial
diffusivity), one anisotropic extra-axonal (implemented with axial diffusivity equal to 1.7x10®
mm?/s and radial diffusivity calculated as such, that according to tortuosity model the
intra-cellular volume fractions are equal to 0.7) and one isotropic extra-axonal (implemented
with tensors with isotropic diffusivities equal to 1.7x10? and 3.0x10° mm?s) compartment
contributing to modeling and predicting the dMRI signal for each segment of analyzed
streamlines. This model was chosen due to its overall good previous performance, as
demonstrated in Panagiotaki et al (2012).

(3) COMMIT-SB (Daducci et al. 2013, 2015) using a Stick-Ball model. Although simpler, this
multi-compartment model is a more fitting match for our acquired single shell dMRI data.

While the single shell data allows for the discrimination between anisotropic and isotropic
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contributions to the signal, it severely limits the distinction of extra- and intra-axonal signals.
Therefore a model using one anisotropic intra-axonal compartment and one isotropic
extra-axonal compartment is expected to be optimal for our data and was implemented using
the corresponding components from the COMMIT-SZB approach.

(4) SIFT2 (Smith et al. 2015). SIFT2 filters a tractography solution by assigning weights to
the streamlines in order to optimize a model that matches the densities generated from the
weighted streamline counts with the size of the modelled fiber Orientation Distribution
Functions (fODFs) estimated from the signal within the individual voxels (Smith et al. 2015).
While the filtering used only a subset of whole-brain tractograms and a subset of voxels from
diffusion-weighted images, the information was complete, i.e., tractograms covered all
anatomically connecting regions and all white matter voxels within the region we analyzed.
This feature of input tractograms allows for the application of filtering — if this criterion is not
fulfilled, filtering leads to erroneous results, i.e. is not applicable. It should be noted that two
of the methods, i.e. LiIFE and SIFT2, were applied with their default parameters, while in the
case of COMMIT a wider range of parameters was tested. This, in combination with the
established knowledge, demonstrates that the better the model fit to the data, the better the

evaluation (Pestilli et al. 2014; Takemura et al. 2016; Rokem et al. 2015, 2017).

2.3.2 fMRI data analysis

The fMRI data analysis is detailed in (Ahmadi, Herbik, et al. 2019). Briefly, the functional

data was preprocessed using FreeSurfer 6.0.0, FMRIB’s FSL 5.0.9, Vistasoft

(https://github.com/vistalab/vistasoft) and a toolbox developed by Kendrick Kay

(https://qithub.com/kendrickkay/alignvolumedata). The T1-weighted images were

automatically segmented into white matter volume and cortical surface using FreeSurfer.
The fMRI data was corrected for motion with FSL, averaged across runs for each participant

and subsequently aligned to the T1-weighted image with Vistasoft and Kendrick Kay’s

13


https://paperpile.com/c/3BrI8U/kG2bX
https://paperpile.com/c/3BrI8U/kG2bX
https://paperpile.com/c/3BrI8U/FPix4+EbT5+fxp4l+YMVDA
https://paperpile.com/c/3BrI8U/6Het
https://github.com/vistalab/vistasoft
https://github.com/kendrickkay/alignvolumedata
https://doi.org/10.1101/633347
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/633347; this version posted October 23, 2019. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

alignment toolbox. The cortical surface reconstruction at the white and grey matter boundary
as well as rendering of the smoothed 3D mesh (Wandell, Chial, and Backus 2000) was
performed with Vistasoft.

The estimation of the pRF properties, the delineation of the visual areas, and the
visualization on the smoothed mesh surface were performed using Vistasoft, as described in
(Ahmadi, Fracasso, et al. 2019; Ahmadi, Herbik, et al. 2019) . Polar angle and eccentricity
maps were extracted and the misrouting extent was measured by calculating the mean
eccentricity value [in degrees of visual angle] for the most eccentric abnormal representation
in a ROI drawn at the fundus of the calcarine sulcus that coincided with the representation of
the horizontal meridian. The maximal extent that could be determined was limited to the
stimulus size of 9.5°. In accordance with the well-known variability of misrouting in albinism,
particularly evident in cortical measures of the representation in albinism (Hoffmann et al.

2003, 2005), these values ranged between 3.0° - 9.3° (Ahmadi, Herbik, et al. 2019).

2.4 Quantitative and statistical analysis

The crossing strength was expressed using either the weights provided by tractogram
filtering or, in the case of unfiltered tractograms, the number of the obtained streamlines
(which is equivalent to the assumption that all weights are equal). For both metrics, the
crossing strength was described by a pair of values - sums of streamlines/weights of
streamlines that cross at the optic chiasm to the other brain hemisphere (crossing
streamlines) or that remain on the same side (non-crossing streamlines). In order to reduce
the dimensionality of the results, as well as to allow for cross-study comparison (Ather et al.

2019), the decussation index (I,) was calculated:

> weights,

crossing

+ > weights

]D = Y weights

crossing non—crossing
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where the weights and weights for each streamline were either used according

crossing non-crossing

to the filtering results (for filtered tractograms) or set to 1 (for unfiltered tractograms).

The I;s obtained for each group (control and albinism), signal model (DT or CSD) and
applied filtering model (none, LiFE, COMMIT-SB, COMMIT-SZB, and SIFT2) were tested for
normality using the Kolmogorov-Smirnov test. As all the data samples were normally
distributed, the equality of means was tested with one-tailed, two-sample t-tests at an alpha
level of 5%. Additionally, for better comparability of our estimates, we calculated mean,
median and standard deviation values of Is.

The calculated | s were subsequently entered into a Receiver Operating Characteristic
(ROC) curve analysis, which returned the Area Under Curve (AUC) measure for a given
combination of signal model (DT or CSD) and applied various filtering methods (none, LiFE,
COMMIT-SB, COMMIT-SZB, and SIFT2). It should be noted that the estimated values were
derived from the classification of the training data. As such, the obtained AUCs reflect the
ability to separate already measured groups.

Finally, we tested whether the variability in the fMRI-based extent of misrouting is related to
the estimates of misrouting derived from dMRI. This was tested by correlating the I;s derived
from dMRI with the fMRI-based extent of misrouting. The results were expressed with the
coefficient of determination R?, which describes the proportion of variance in the dependent
variable (dMRI-based |;) explained by the independent (fMRI-based extent of misrouting). It
should be noted that the fMRI-based eccentricity measures were available only for a subset

of six albinotic participants.

3. Results

In order to compare different dMRI-based approaches to assess optic chiasm integrity, we
assessed (i) non-validated DT-based tractograms, (ii) non-validated CSD-based

tractograms, (iii) the impact of filtering techniques on the identification of chiasmal
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abnormalities at both the group and the individual level and (iv) its robustness to noise in the
tractograms.

(i) Efficacy of non-validated DT-based tractograms for the detection of chiasma
abnormalities.

In analogy to Ather et al. (Ather et al. 2019) we quantified the crossing strength by
comparing the streamline counts for crossing and non-crossing streamlines as depicted in
Figure 1B and C. In order to compare different dMRI-based approaches to assess optic
chiasm integrity, we further expressed the extent of crossing at the optic chiasm in the
albinotic and the control group via |, (Figure 1D) as detailed in Methods. In accordance with
Ather et al. (2018), our results demonstrated a significant |, difference between the albinism
and the control group [t= -2.43; p=0.014; median (mean+SEM) |,: 17.9% (40.5%%40.1) and
6.4% (5.8%x4.4), respectively]. A ROC analysis to assess the accuracy of the detection of
chiasmatic abnormalities at an individual level, yielded an AUC of 0.61, i.e., short of that
reported by Ather et al. (AUC=0.73).

(i) Comparison of non-validated CSD- and DT-based tractograms.

The CSD-based approach also allowed for the detection of differences in the chiasm
crossing at the group level [t = -3.78; p=0.0009; median (meantSEM) decussation index
43.5% (41.1%%15.2) and 18.5% (19.2%+6.2)], between the albinism and the control group,
respectively as depicted in (Figure 1 F and G). Importantly, the ROC analysis yielded a
higher AUC, i.e. 0.75, than the DT-based approach, which underlines a greater
discriminative power at the individual level for CSD derived streamlines. Interestingly, I,s
vary across the albinotic subjects, for both the CSD and for the DT model. We now tested
whether this variability in |, across albinotic subjects was related to the well-known variability
of the extent of misrouting in albinism, which is particularly evident in the cortical measures
of the representation abnormality in albinism (Hoffmann et al. 2003, 2005). For this purpose,

we correlated the dMRI-derived | of six albinotic participants with the strength of their
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misrouting as determined from fMRI-based pRF mapping [see Methods]. There was a clearly
significant positive correlation for the CSD model (R? =0.83; p=0.012; Figure 1H), while
there was only a non-significant trend of a positive correlation for the DT model (R?*=0.65,
p=0.052; Figure 1E). This indicates a remarkable precision of the dMRI-based detection of
misrouting in reflecting the extent of misrouting in albinism.

(iii) Relevance of tractography filtering.

While the previous analyses were exclusively performed for unfiltered tractograms, we now
assessed the effect of tractography filtering as detailed in Methods for the (a) DT and the (b)
CSD modeling approaches. As for the above analyses, their outcome is quantified via the
ROC-derived AUC values and the R? values for the correlation of ID and fMRI-based extents
of misrouting (Table 2 and Supplementary Figure A.1).

(a) DT-based approach. For each filtering technique the group differences in the mean |,
values were detected. However, only for SIFT2 the actual p-value was lower than for the
original unfiltered tractogram (0.013 versus 0.014, respectively) - all other techniques
showed higher values. The original, non-filtered, tractogram also returned similar results to
the filtered ones with regard to the AUC values (0.61, the highest values for filtering were
obtained for SIFT2 and LiFE, 0.61 and 0.60, respectively) and to the R? values (0.65 for
non-filtered, with SIFT2 and LiFE returning 0.64 and 0.52, respectively, neither being
significant). It should be noted, however, that the derived |, values were generally improved,
i.e. closer to the known ground truth in comparison to their non-filtered |, counterparts
(where estimates of crossing are lower; Table 2 and Supplementary Figure A.1).

(b) For the CSD-based approaches, except for LiFE, all filtered techniques yielded significant
group differences for |, and, including LiFE, higher I;s for both albinism and controls closer
to the ground truth, compared to the unfiltered approaches. The good performance of
filtering was also reflected in the highly increased AUC values (with non-filtered tractograms

yielding an AUC of 0.75, the COMMIT-SB, COMMIT-SZB and SIFT2 returned AUCs of 0.94,
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0.92 and 0.94, respectively). Surprisingly, filtering did not improve the correlation between
dMRI and fMRI. Out of 4 tested filtering techniques only SIFT2 returned a significant
correlation (R? = 0.79). The best results (highest R?> and AUC) were obtained for SIFT2, with

COMMIT-SZB being the second best.
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Figure 1. Optic chiasm — white matter mask, ROI definitions, example of tractography and quantitative
results. A. T1-weighted image of a representative control subject overlaid with the automatically generated white

matter mask (left column), manually corrected mask (middle column) and ROls covering the intersections of the
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ends of optic nerves and the beginnings of the optic tracts (right column). B. Representative subsets of
tractograms (0.125% of the total number of streamlines) created using the CSD signal model for a control (top
row) and a participant with albinism (bottom row), i.e., streamlines projecting through the chiasm ipsilaterally
(non-crossing; left column), contralaterally (crossing; middle column), and a combination of both streamlines
(right column). C. Numbers of crossing vs non-crossing streamlines calculated from tractograms based on the DT
model. D. Numbers of crossing and non-crossing streamlines calculated from tractograms based the on DT
model expressed as |,. E. Correlation between the estimates of the extent of crossing obtained with dMRI using
the DT model and fMRI-based pRF mapping. F. Numbers of crossing streamlines plotted vs non-crossing
streamlines calculated from tractograms based on the CSD model. G. Numbers of crossing and non-crossing
streamlines calculated from tractograms based on the CSD model expressed with |,. H. Correlation between the

estimates of crossing obtained with dMRI, using the CSD model, and fMRI-based pRF mapping.

mean |, for albinism [mean I, for controls p-value for I, AUC R?
[%] [%]
DT CSD DT CSD DT CSD DT CSD DT CSD
Unfilteredt0.5+40.1 1.1 +152 [5.8+44 [192+6.2 [0.014 0.00009  [0.61 0.75 0.65 0.83
LiFE[37.0 £+ 33.4 42.3+10.0 [11.0+7.1 [359+54 [0.024 0.0635 0.60 0.74 0.52 0.51
COMMIT - SBK2.0+27.2 41.3+6.0 [20.3+84 [28.6+4.2 [0.024 0.00008  [0.56 0.94 0.34 0.32
COMMIT- SZB|46.3 +29.8 44.8+84 [225+11.0 |30.6+£5.0 [0.025 0.0004 0.58 0.92 0.29 0.63
SIFT2K40.2+£35.3 [39.1£129 [89+45 [20.5 +5.3 [0.013 0.0009 0.61 0.94 0.64 0.79

Table 2. Results derived from original and filtered tractograms.
The rows describe different filtering techniques. The columns describe separate estimates including the p-values
derived from statistical testing of equality of the I,s for albinism and controls. Each column is divided into two

sub-columns, corresponding to the two signal models, i.e., DT and CSD.

(iv) Robustness of tractography filtering

Given the remarkable similarity of the unfiltered tractograms and the SIFT2-filtered
tractograms, it was tested whether applied filtering models are robust to noise in input
tractograms. For this purpose, the filtering techniques were applied to SNT (“Streamline
Number Targeted”, see Methods) tractograms with forcibly equalized numbers of streamlines
as detailed in Methods. This effectively caused for the unfiltered tractograms an

overrepresentation of the crossing streamlines, especially in the control population
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(Supplementary Table C.1). The group mean I,s were not significantly different, neither for
the DT- [median (mean+SEM) |, =36.8% (46.9%+33.3) and 34.7% (28.4%%18.2), for
albinism and controls respectively; p=0.093] nor for the CSD-based approaches [median
(meantSEM) decussation index 48.7% (44.2%7.9) and 48.3% (46.2%5.4), for albinism
and controls respectively; p=0.726]. Subsequent filtering and analysis of filtered SNT
tractograms resulted in the following results for the (a) DT- and (b) CSD-based approaches
(Supplementary Table C.1):

(a) DT-based approach. Already prior to filtering there was a tendency to group differences
in the initial mean I, values, which turned significant for all filtered SNT tractograms. With
regard to the AUC values, all filtering techniques returned increased AUC values with
respect to the unfiltered tractogram. The filtering, however, did not improve the R? values,
neither made it the correlation statistically significant.

(b) CSD-based approach. The initial mean I, values were much less distinguishable between
groups than for the DT-based approach. This made the group differences after filtering more
meaningful. In agreement with the above results (Suppl. table C.1), LiFE failed to detect
group differences (p=0.58), but this also applied to the SIFT2 results (p=0.68). SIFT2 also
returned a lower AUC than without filtering. In contrast, for the COMMIT-SB and the
COMMIT-SZB model the group |, differences were significant (0.006 and 0.024,
respectively), and the reported AUC values were higher than without filtering (0.83 and 0.78,
respectively). All filtering methods failed to detect strong and significant correlations between

dMRI and fMRI estimates.

4. Discussion

We used diffusion weighted imaging to identify decussation abnormalities at the optic chiasm
and compared different tractography methods (DT and CSD) and filtering schemes (LiFE,

COMMIT-SZ, COMMIT-SZB, and SIFT2). Even in the case of unfiltered tractograms we
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reported a significant difference of the decussation index (I,) between albinism and controls,
which was more pronounced for the CSD than for the DT model. This result is consistent
with previous reports that CSD-based tracking can return valuable results that outperform
DT-based methods (Franco Pestilli et al. 2014). The ROC analyses for the CSD model
suggested its potential as an aid for individualized diagnostics. This was further supported by
the better linear correlation of the CSD-derived |, values with the extent of misrouting
estimated from fMRI. Further analyses for the tested models and filtering methods
consistently confirmed that the CSD model yields better classification accuracies for all
investigated approaches. We used two filtering methods with default parameters (LiFE and
SIFT2), and a third one that varied in the parameters set to fit the diffusion kernel that
optimally matches the dMRI data (COMMIT-SB and -SZB). We replicated previous results
demonstrating that the choice of parameters matters (Takemura et al. 2016). We
demonstrate that even a single implementation of an evaluation method (COMMIT in our
case) can return very different results depending on the choice of parameter set and
corresponding quality of fit to the data. Indeed, COMMIT-SB was comparable in
performance to the default LiIFE and SIFT2. Instead, COMMIT with a kernel model that
returned a better fit to the diffusion signal (the -SZB kernel) improved results, with both
increased evaluation performance and decreased NRMSE (Supplementary Figure B.1.).
These findings are consistent with established knowledge; the better the model fit to the
data, the better the evaluation (Franco Pestilli et al. 2014; Takemura et al. 2016; Rokem et

al. 2015, 2017).

Comparison of results for DT with the literature

Our results are in accordance with those reported by Ather et al. (2019) demonstrating that
dMRI can detect structural abnormalities of the optic chiasm at a group level. Notably, the

findings were reproduced despite several differences in the study design, e.g. acquisition
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protocols, preprocessing pipeline, implementation of the DT model, tracking algorithms and
sample size, which indicates the robustness of the effect. However, the numerical values of
mean |, we obtained differ from those previously reported (Ather et al 2019). While Ather et
al. (2019) report mean I, for albinism and controls of 42.0% * 18.7 and 27.8% + 17.5,
respectively, we note that, while our estimates of crossing in albinism show similar values
(40.5% £ 40.1), we underestimate crossing in the control group (5.8% % 4.4). Our values for
controls, however, correspond very well with those reported by Roebroeck et al. (Roebroeck
et al. 2008). In their study, a ultra-high field (9.4 T) and sub-millimetre resolution (156 x 156 x
312 um) dMRI analysis of 3 ex-vivo human chiasms using the DT model, they also reported
values corresponding to |, = 5%. The discrepancy of the results across studies appears to
be linked to different b-values — while Ather et al. used b-value of 1000 s/mm?, Roebroeck et
al. used b-value of 1584 s/mm?, similar to our study (1600 s/mm?). Generally speaking, lower
b-values preserve more signal originating from extra-axonal compartments, which results in
more isotropic tensors. This, in turn, eases tractography and results in the generation of a
higher number of streamlines. Those differences would be expected to particularly impact on
challenging conditions, such as the mixture of crossing and non-crossing streamlines in the
chiasm of controls. Higher b-values, in turn, would severely impair the success ratio of
tracking in such conditions, as observed here. More generally, it should be noted that all the
estimates of | inferred from DT analyses of dMRI which were reported thus far [Roebroeck
et. al (2008), Ather et. al. (2018)] heavily underestimate the actual ground truth ratio of
crossing to non-crossing nerves in the optic chiasm (53:47, respectively) as reported by
Kupfer et al. (1967). One of the causes of this is an intrinsic limitation of the DT model, as it
assumes only one, dominant direction per voxel and as such is ill-defined for populations of
crossing fibers. Consequently, the application of DT in those cases leads to the neglect of
valid fibers and erroneous estimates of the primary direction (Wiegell, Larsson, and Wedeen

2000).
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Comparison of results between CSD and DT

Given the established limitations of DT for the crossed fibers as in the chiasm, we extended
our study by incorporating a CSD model. This model is believed to be superior to DT in
resolving crossing fibers and additionally benefits from the HARDI protocol we used for the
acquisition of our data. Accordingly, we found that for non-filtered CSD-based tractograms
the mean |, values for albinism and control (41.1 £ 15.2 and 19.2 + 6.3 %, respectively) were
higher and closer to the biological ground truth than those we reported for DT. This is further
supported by the cross-modality validation with fMRI-estimated misrouting [R%.¢, Vs R%;;:
0.83 (p=0.012) and 0.65 (n.s., p=0.052)] and by the ROC-based classification (AUC_4, vs
AUC,;: 0.75 and 0.61). These findings are in good agreement with theoretical expectations
and provide strong support for using models directly incorporating crossed fiber populations
in future studies on chiasmal connectivity (Franco Pestilli et al. 2014; J-Donald Tournier et al.

2008; V. J. Wedeen et al. 2008; J-Donald Tournier, Calamante, and Connelly 2012).

Choice of model parameters and optimal filtering results

We tested only a few filtering methods, not exhaustively as this was not a primary goal of our
study. Specifically, two methods were used with default parameters, without optimizing the
parameters for the properties of the diffusion data at hand, these methods were LiFE and
SIFT2. The COMMIT method was used with two types of parameters (we changed the
kernel used for predicting the diffusion, see SZB and SB results). Our results show that the
non-optimized methods can return a higher NRMSE in fitting the data, optimized methods
instead can fit the data better. As a result of the better fit to the data, filtering improved and
allowed higher detection of group differences, i.e. higher AUC-values as compared to the
unfiltered tractograms. Even though a full-comparison of all the filtering methods goes

beyond the scope of the current work, the results demonstrate that no filtering method is
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good or bad per-se. Instead careful attention must be taken to assure that the method used
in a study achieves a good fit to the diffusion signal, before interpreting and evaluating the

results.

4 4 Limitations

The study is mainly limited by the challenges posed by the diffusion-weighted imaging of the
optic chiasm. Specifically, the small size of the optic chiasm and its location in a highly
heterogeneous brain region impact on the quality of dMRI images and subsequent analysis
stages, such as tractography. While the design of our acquisition protocol and preprocessing
pipeline allowed us to address those challenges, we note that this study aspect may be
further improved in the future with emerging methods (Bastiani et al. 2019). In the present
work, we provide proof-of-principle results for the potential to identify crossing abnormalities
in the chiasm. Our study was limited in the number of participants, and it is possible that
future studies with higher participant numbers will allow for refined ROC-analyses and thus
suggest diagnostic criteria with higher classification accuracy. For example, in our case,
doubling the sample size, would have allowed us to divide the data into a “training” and “test”
set to cross-validate the ROC analysis (Franco Pestilli et al. 2014; Rokem et al. 2015;
Franco Pestilli 2015). Unfortunately, no datasets of similar quality and scope are currently
openly available to perform additional analyses. Such lack of data speaks to the importance
of the promotion of open sharing of data and algorithms to advance methods development

and scientific understanding (Avesani et al. 2019; Gorgolewski et al. 2017, 2016).

4.2 Practical relevance

A key objective of our study was to explore the efficacy of dMRI-based assessment of
chiasm integrity and hence its potential as a diagnostic. This is particularly relevant as the

identification of chiasmatic abnormalities is a key for the correct diagnosis, especially in
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phenotypes of albinism with mild pigmentation defects (Montoliu et al. 2014). Functional
tests established for this purpose (Apkarian et al. 1983; E. A. H. von D. Hagen, Hoffmann,
and Morland 2008) have the disadvantage that they require visual stimulation which in turn
relies on the cooperation of the often severely visually impaired participants. While
procedures based on purely anatomical MRI procedures do not allow for an individualized
identification (Schmitz et al. 2003), our results indicate that dMRI combined with CSD
modeling might be able to fill this gap. In fact, as suggested above, testing a greater sample
of participants is now required. Although the protocol used in the study is clinically
suboptimal due to its length (dMRI and fMRI protocols being, respectively, ~45 and ~25
minutes long), the use of simultaneous multi-slice EPI and limiting acquisition of opposing
phase-encoding direction to b0 volumes only will shorten dMRI protocol by factor 3-4, i.e., to
10-15 minutes. The full scanning session, including localizer and acquisition of T1-weighted

image, would in that case take no longer than an hour.

5. Conclusions

We investigated the application of state-of-the-art dMRI to detect optic chiasm abnormalities
and report CSD-based models to identify abnormalities with high accuracy (AUC=0.75) and
to correlate well with functional (fMRI) measures of the optic nerve misrouting (R?>=0.83). The
classification accuracy (AUC=0.92), as well as veridicality of estimates of crossing strength
can be further improved by the application of filtering techniques with optimized parameters
(in our case COMMIT-SZB). dMRI combined with CSD-modeling and filtering techniques
therefore appear to offer promising approaches for the individualized identification of
chiasmatic abnormalities. Moreover, our investigations highlight the great value of the optic
chiasm as a test-bed for dMRI methods-optimization. In order to further support these
activities, we are in the process of making the data set publicly available for the benefit of the

general neuroimaging community.

25


https://paperpile.com/c/3BrI8U/ALG1P
https://paperpile.com/c/3BrI8U/MIEQk+IgMqo
https://paperpile.com/c/3BrI8U/MIEQk+IgMqo
https://paperpile.com/c/3BrI8U/9xsHM
https://doi.org/10.1101/633347
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/633347; this version posted October 23, 2019. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Acknowledgements

The authors thank the study participants. This work was supported by European Union’s
Horizon 2020 research and innovation programme under the Marie Sklodowska-Curie grant
agreement (No. 641805) and by the German research foundation (DFG, HO 2002 10-3) to
M.B.H. F.P. was supported by NSF 11S-1636893, NSF BCS-1734853, NSF AOC 1916518,
NIH NCATS UL1TR002529, a Microsoft Research Award, Google Cloud Platform, and the
Indiana University Areas of Emergent Research initiative “Learning: Brains, Machines,

Children.”

7. References

Ahmadi, Khazar, Alessio Fracasso, Jelle A. van Dijk, Charlotte Kruijt, Maria van Genderen,
Serge O. Dumoulin, and Michael B. Hoffmann. 2019. “Altered Organization of the Visual
Cortex in FHONDA Syndrome.” Neurolmage 190 (April): 224-31.

Ahmadi, Khazar, Anne Herbik, Markus Wagner, Martin Kanowski, Hagen Thieme, and
Michael B. Hoffmann. 2019. “Population Receptive Field and Connectivity Properties of
the Early Visual Cortex in Human Albinism.” Neurolmage 202 (August): 116105.

Alexander, D. C., G. J. Barker, and S. R. Arridge. 2002. “Detection and Modeling of
Non-Gaussian Apparent Diffusion Coefficient Profiles in Human Brain Data.” Magnetic
Resonance in Medicine: Official Journal of the Society of Magnetic Resonance in
Medicine / Society of Magnetic Resonance in Medicine 48 (2): 331-40.

Andersson, Jesper L. R., Stefan Skare, and John Ashburner. 2003. “How to Correct
Susceptibility Distortions in Spin-Echo Echo-Planar Images: Application to Diffusion
Tensor Imaging.” Neurolmage 20 (2): 870-88.

Andersson, Jesper L. R., and Stamatios N. Sotiropoulos. 2016. “An Integrated Approach to
Correction for off-Resonance Effects and Subject Movement in Diffusion MR Imaging.”
Neurolmage 125 (January): 1063—78.

Apkarian, P., D. Reits, H. Spekreijse, and D. Van Dorp. 1983. “A Decisive
Electrophysiological Test for Human Albinism.” Electroencephalography and Clinical
Neurophysiology 55 (5): 513-31.

Ather, Sarim, Frank Anthony Proudlock, Thomas Welton, Paul S. Morgan, Viral Sheth, Irene
Gottlob, and Rob A. Dineen. 2019. “Aberrant Visual Pathway Development in Albinism:
From Retina to Cortex.” Human Brain Mapping 40 (3): 777-88.

Avesani, Paolo, Brent McPherson, Soichi Hayashi, Cesar F. Caiafa, Robert Henschel,
Eleftherios Garyfallidis, Lindsey Kitchell, et al. 2019. “The Open Diffusion Data
Derivatives, Brain Data Upcycling via Integrated Publishing of Derivatives and
Reproducible Open Cloud Services.” Scientific Data 6 (1): 69.

Bach, Michael. 1996. “The Freiburg Visual Acuity Test???Automatic Measurement of Visual
Acuity.” Optometry and Vision Science: Official Publication of the American Academy of

26


http://paperpile.com/b/3BrI8U/C7Xr
http://paperpile.com/b/3BrI8U/C7Xr
http://paperpile.com/b/3BrI8U/C7Xr
http://paperpile.com/b/3BrI8U/C7Xr
http://paperpile.com/b/3BrI8U/C7Xr
http://paperpile.com/b/3BrI8U/6Het
http://paperpile.com/b/3BrI8U/6Het
http://paperpile.com/b/3BrI8U/6Het
http://paperpile.com/b/3BrI8U/6Het
http://paperpile.com/b/3BrI8U/6Het
http://paperpile.com/b/3BrI8U/nQzRf
http://paperpile.com/b/3BrI8U/nQzRf
http://paperpile.com/b/3BrI8U/nQzRf
http://paperpile.com/b/3BrI8U/nQzRf
http://paperpile.com/b/3BrI8U/nQzRf
http://paperpile.com/b/3BrI8U/nQzRf
http://paperpile.com/b/3BrI8U/ORhAZ
http://paperpile.com/b/3BrI8U/ORhAZ
http://paperpile.com/b/3BrI8U/ORhAZ
http://paperpile.com/b/3BrI8U/ORhAZ
http://paperpile.com/b/3BrI8U/ORhAZ
http://paperpile.com/b/3BrI8U/zuyKt
http://paperpile.com/b/3BrI8U/zuyKt
http://paperpile.com/b/3BrI8U/zuyKt
http://paperpile.com/b/3BrI8U/zuyKt
http://paperpile.com/b/3BrI8U/MIEQk
http://paperpile.com/b/3BrI8U/MIEQk
http://paperpile.com/b/3BrI8U/MIEQk
http://paperpile.com/b/3BrI8U/MIEQk
http://paperpile.com/b/3BrI8U/MIEQk
http://paperpile.com/b/3BrI8U/Qn9m5
http://paperpile.com/b/3BrI8U/Qn9m5
http://paperpile.com/b/3BrI8U/Qn9m5
http://paperpile.com/b/3BrI8U/Qn9m5
http://paperpile.com/b/3BrI8U/Qn9m5
http://paperpile.com/b/3BrI8U/JAIRS
http://paperpile.com/b/3BrI8U/JAIRS
http://paperpile.com/b/3BrI8U/JAIRS
http://paperpile.com/b/3BrI8U/JAIRS
http://paperpile.com/b/3BrI8U/JAIRS
http://paperpile.com/b/3BrI8U/JAIRS
http://paperpile.com/b/3BrI8U/2Om3N
http://paperpile.com/b/3BrI8U/2Om3N
http://paperpile.com/b/3BrI8U/2Om3N
https://doi.org/10.1101/633347
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/633347; this version posted October 23, 2019. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Optometry 73 (1): 49-53.

Basser, P. J., J. Mattiello, and D. LeBihan. 1994. “MR Diffusion Tensor Spectroscopy and
Imaging.” Biophysical Journal 66 (1): 259-67.

Bastiani, Matteo, Jesper L. R. Andersson, Lucilio Cordero-Grande, Maria Murgasova, Jana
Hutter, Anthony N. Price, Antonios Makropoulos, et al. 2019. “Automated Processing
Pipeline for Neonatal Diffusion MRI in the Developing Human Connectome Project.”
Neurolmage 185 (January): 750-63.

Caiafa, Cesar F., and Franco Pestilli. 2017. “Multidimensional Encoding of Brain
Connectomes.” https://doi.org/10.1101/107607.

Caruyer, Emmanuel, Christophe Lenglet, Guillermo Sapiro, and Rachid Deriche. 2013.
“Design of Multishell Sampling Schemes with Uniform Coverage in Diffusion MRI.”
Magnetic Resonance in Medicine: Official Journal of the Society of Magnetic Resonance
in Medicine / Society of Magnetic Resonance in Medicine 69 (6): 1534—40.

Daducci, Alessandro, Alessandro Dal Palu, Alia Lemkaddem, and Jean-Philippe Thiran.
2015. “COMMIT: Convex Optimization Modeling for Microstructure Informed
Tractography.” IEEE Transactions on Medical Imaging 34 (1): 246-57.

Daducci, Alessandro, Alessandro Dal Palu, Alia Lemkaddem, and Jean-Philippe Thiran.
2013. “A Convex Optimization Framework for Global Tractography.” 2013 IEEE 10th
International Symposium on Biomedical Imaging.
https://doi.org/10.1109/isbi.2013.6556527 .

Descoteaux, Maxime, Elaine Angelino, Shaun Fitzgibbons, and Rachid Deriche. 2006.
“‘Apparent Diffusion Coefficients from High Angular Resolution Diffusion Imaging:
Estimation and Applications.” Magnetic Resonance in Medicine: Official Journal of the
Society of Magnetic Resonance in Medicine / Society of Magnetic Resonance in
Medicine 56 (2): 395—-410.

Descoteaux, Maxime, Rachid Deriche, Denis Le Bihan, Jean-Frangois Mangin, and Cyril
Poupon. 2011. “Multiple Q-Shell Diffusion Propagator Imaging.” Medical Image Analysis
15 (4): 603-21.

Donzis, P. B., J. A. Rappazzo, R. M. Burde, and M. Gordon. 1983. “Effect of Binocular
Variations of Snellen’s Visual Acuity on Titmus Stereoacuity.” Archives of
Ophthalmology 101 (6): 930-32.

Gorgolewski, Krzysztof J., Fidel Alfaro-Almagro, Tibor Auer, Pierre Bellec, Mihai Capota, M.
Mallar Chakravarty, Nathan W. Churchill, et al. 2017. “BIDS Apps: Improving Ease of
Use, Accessibility, and Reproducibility of Neuroimaging Data Analysis Methods.” PLoS
Computational Biology 13 (3): €10052009.

Gorgolewski, Krzysztof J., Tibor Auer, Vince D. Calhoun, R. Cameron Craddock, Samir Das,
Eugene P. Duff, Guillaume Flandin, et al. 2016. “The Brain Imaging Data Structure, a
Format for Organizing and Describing Outputs of Neuroimaging Experiments.” Scientific
Data 3 (June): 160044.

Guillery, R. W. 1986. “Neural Abnormalities of Albinos.” Trends in Neurosciences.
https://doi.org/10.1016/0166-2236(86)90115-3.

Hagen, Elisabeth A. H., Gavin C. Houston, Michael B. Hoffmann, Glen Jeffery, and Antony
B. Morland. 2005. “Retinal Abnormalities in Human Albinism Translate into a Reduction
of Grey Matter in the Occipital Cortex.” European Journal of Neuroscience.
https://doi.org/10.1111/j.1460-9568.2005.04433.x.

Hagen, Elisabeth A. H. von Dem, Michael B. Hoffmann, and Antony B. Morland. 2008.
“Ildentifying Human Albinism: A Comparison of VEP and fMRL.” Investigative
Opthalmology & Visual Science. https://doi.org/10.1167/iovs.07-0458.

Hagen, Elisabeth A. H. von Dem, Gavin C. Houston, Michael B. Hoffmann, and Antony B.
Morland. 2007. “Pigmentation Predicts the Shift in the Line of Decussation in Humans
with Albinism.” European Journal of Neuroscience.

27


http://paperpile.com/b/3BrI8U/2Om3N
http://paperpile.com/b/3BrI8U/2Om3N
http://paperpile.com/b/3BrI8U/GuO43
http://paperpile.com/b/3BrI8U/GuO43
http://paperpile.com/b/3BrI8U/GuO43
http://paperpile.com/b/3BrI8U/GuO43
http://paperpile.com/b/3BrI8U/llCUH
http://paperpile.com/b/3BrI8U/llCUH
http://paperpile.com/b/3BrI8U/llCUH
http://paperpile.com/b/3BrI8U/llCUH
http://paperpile.com/b/3BrI8U/llCUH
http://paperpile.com/b/3BrI8U/rDxFo
http://paperpile.com/b/3BrI8U/rDxFo
http://dx.doi.org/10.1101/107607
http://paperpile.com/b/3BrI8U/rDxFo
http://paperpile.com/b/3BrI8U/B23DR
http://paperpile.com/b/3BrI8U/B23DR
http://paperpile.com/b/3BrI8U/B23DR
http://paperpile.com/b/3BrI8U/B23DR
http://paperpile.com/b/3BrI8U/B23DR
http://paperpile.com/b/3BrI8U/0Hc5t
http://paperpile.com/b/3BrI8U/0Hc5t
http://paperpile.com/b/3BrI8U/0Hc5t
http://paperpile.com/b/3BrI8U/0Hc5t
http://paperpile.com/b/3BrI8U/0Hc5t
http://paperpile.com/b/3BrI8U/9yOoP
http://paperpile.com/b/3BrI8U/9yOoP
http://paperpile.com/b/3BrI8U/9yOoP
http://paperpile.com/b/3BrI8U/9yOoP
http://paperpile.com/b/3BrI8U/9yOoP
http://paperpile.com/b/3BrI8U/9yOoP
http://dx.doi.org/10.1109/isbi.2013.6556527
http://paperpile.com/b/3BrI8U/9yOoP
http://paperpile.com/b/3BrI8U/us96n
http://paperpile.com/b/3BrI8U/us96n
http://paperpile.com/b/3BrI8U/us96n
http://paperpile.com/b/3BrI8U/us96n
http://paperpile.com/b/3BrI8U/us96n
http://paperpile.com/b/3BrI8U/us96n
http://paperpile.com/b/3BrI8U/us96n
http://paperpile.com/b/3BrI8U/uFrtx
http://paperpile.com/b/3BrI8U/uFrtx
http://paperpile.com/b/3BrI8U/uFrtx
http://paperpile.com/b/3BrI8U/uFrtx
http://paperpile.com/b/3BrI8U/uFrtx
http://paperpile.com/b/3BrI8U/kuc4g
http://paperpile.com/b/3BrI8U/kuc4g
http://paperpile.com/b/3BrI8U/kuc4g
http://paperpile.com/b/3BrI8U/kuc4g
http://paperpile.com/b/3BrI8U/kuc4g
http://paperpile.com/b/3BrI8U/RoRT4
http://paperpile.com/b/3BrI8U/RoRT4
http://paperpile.com/b/3BrI8U/RoRT4
http://paperpile.com/b/3BrI8U/RoRT4
http://paperpile.com/b/3BrI8U/RoRT4
http://paperpile.com/b/3BrI8U/RoRT4
http://paperpile.com/b/3BrI8U/ywBd8
http://paperpile.com/b/3BrI8U/ywBd8
http://paperpile.com/b/3BrI8U/ywBd8
http://paperpile.com/b/3BrI8U/ywBd8
http://paperpile.com/b/3BrI8U/ywBd8
http://paperpile.com/b/3BrI8U/ywBd8
http://paperpile.com/b/3BrI8U/cyZO1
http://paperpile.com/b/3BrI8U/cyZO1
http://paperpile.com/b/3BrI8U/cyZO1
http://paperpile.com/b/3BrI8U/cyZO1
http://dx.doi.org/10.1016/0166-2236(86)90115-3
http://paperpile.com/b/3BrI8U/cyZO1
http://paperpile.com/b/3BrI8U/5ceEG
http://paperpile.com/b/3BrI8U/5ceEG
http://paperpile.com/b/3BrI8U/5ceEG
http://paperpile.com/b/3BrI8U/5ceEG
http://paperpile.com/b/3BrI8U/5ceEG
http://paperpile.com/b/3BrI8U/5ceEG
http://dx.doi.org/10.1111/j.1460-9568.2005.04433.x
http://paperpile.com/b/3BrI8U/5ceEG
http://paperpile.com/b/3BrI8U/IgMqo
http://paperpile.com/b/3BrI8U/IgMqo
http://paperpile.com/b/3BrI8U/IgMqo
http://paperpile.com/b/3BrI8U/IgMqo
http://paperpile.com/b/3BrI8U/IgMqo
http://dx.doi.org/10.1167/iovs.07-0458
http://paperpile.com/b/3BrI8U/IgMqo
http://paperpile.com/b/3BrI8U/FDJrk
http://paperpile.com/b/3BrI8U/FDJrk
http://paperpile.com/b/3BrI8U/FDJrk
http://paperpile.com/b/3BrI8U/FDJrk
http://paperpile.com/b/3BrI8U/FDJrk
https://doi.org/10.1101/633347
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/633347; this version posted October 23, 2019. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

https://doi.org/10.1111/j.1460-9568.2007.05303.x.

Hoffmann, Michael B., and Serge O. Dumoulin. 2015. “Congenital Visual Pathway
Abnormalities: A Window onto Cortical Stability and Plasticity.” Trends in Neurosciences
38 (1): 55-65.

Hoffmann, Michael B., Birgit Lorenz, Antony B. Morland, and Linda C. Schmidtborn. 2005.
“Misrouting of the Optic Nerves in Albinism: Estimation of the Extent with Visual Evoked
Potentials.” Investigative Ophthalmology & Visual Science 46 (10): 3892-98.

Hoffmann, Michael B., David J. Tolhurst, Anthony T. Moore, and Antony B. Morland. 2003.
“Organization of the Visual Cortex in Human Albinism.” The Journal of Neuroscience:
The Official Journal of the Society for Neuroscience 23 (26): 8921-30.

Jeurissen, Ben, Alexander Leemans, Jacques-Donald Tournier, Derek K. Jones, and Jan
Sijbers. 2013. “Investigating the Prevalence of Complex Fiber Configurations in White
Matter Tissue with Diffusion Magnetic Resonance Imaging.” Human Brain Mapping 34
(11): 2747-66.

Jeurissen, Ben, Jacques-Donald Tournier, Thijs Dhollander, Alan Connelly, and Jan Sijbers.
2014. “Multi-Tissue Constrained Spherical Deconvolution for Improved Analysis of
Multi-Shell Diffusion MRI Data.” Neurolmage 103 (December): 411-26.

Jones, Derek K. 2008. “Tractography Gone Wild: Probabilistic Fibre Tracking Using the Wild
Bootstrap with Diffusion Tensor MRI.” IEEE Transactions on Medical Imaging 27 (9):
1268-74.

Jones, Derek K., Thomas R. Kndsche, and Robert Turner. 2013. “White Matter Integrity,
Fiber Count, and Other Fallacies: The Do’s and Don'ts of Diffusion MRI.” Neurolmage
73 (June): 239-54.

Kellner, Elias, Bibek Dhital, Valerij G. Kiselev, and Marco Reisert. 2015. “Gibbs-Ringing
Artifact Removal Based on Local Subvoxel-Shifts.” Magnetic Resonance in Medicine:
Official Journal of the Society of Magnetic Resonance in Medicine / Society of Magnetic
Resonance in Medicine 76 (5): 1574-81.

Kupfer, C., L. Chumbley, and J. C. Downer. 1967. “Quantitative Histology of Optic Nerve,
Optic Tract and Lateral Geniculate Nucleus of Man.” Journal of Anatomy 101 (Pt 3):
393-401.

Lang, Joseph |., and Thomas J. Lang. 1988. “Eye Screening with the Lang Stereotest.” The
American Orthoptic Journal 38 (1): 48-50.

Montoliu, Lluis, Karen Granskov, Ai-Hua Wei, Monica Martinez-Garcia, Alimudena
Fernandez, Benoit Arveiler, Fanny Morice-Picard, et al. 2014. “Increasing the
Complexity: New Genes and New Types of Albinism.” Pigment Cell & Melanoma
Research 27 (1): 11-18.

Morland, A. B., M. B. Hoffmann, M. Neveu, and G. E. Holder. 2002. “Abnormal Visual
Projection in a Human Albino Studied with Functional Magnetic Resonance Imaging and
Visual Evoked Potentials.” Journal of Neurology, Neurosurgery, and Psychiatry 72 (4):
523-26.

Mugler, J. P., 3rd, and J. R. Brookeman. 1990. “Three-Dimensional Magnetization-Prepared
Rapid Gradient-Echo Imaging (3D MP RAGE).” Magnetic Resonance in Medicine:
Official Journal of the Society of Magnetic Resonance in Medicine / Society of Magnetic
Resonance in Medicine 15 (1): 152-57.

Oouchi, H., K. Yamada, K. Sakai, O. Kizu, T. Kubota, H. Ito, and T. Nishimura. 2007.
“Diffusion Anisotropy Measurement of Brain White Matter Is Affected by Voxel Size:
Underestimation Occurs in Areas with Crossing Fibers.” AUNR. American Journal of
Neuroradiology 28 (6): 1102-6.

Panagiotaki, Eleftheria, Torben Schneider, Bernard Siow, Matt G. Hall, Mark F. Lythgoe, and
Daniel C. Alexander. 2012. “Compartment Models of the Diffusion MR Signal in Brain
White Matter: A Taxonomy and Comparison.” Neurolmage 59 (3): 2241-54.

28


http://paperpile.com/b/3BrI8U/FDJrk
http://dx.doi.org/10.1111/j.1460-9568.2007.05303.x
http://paperpile.com/b/3BrI8U/FDJrk
http://paperpile.com/b/3BrI8U/VzMOZ
http://paperpile.com/b/3BrI8U/VzMOZ
http://paperpile.com/b/3BrI8U/VzMOZ
http://paperpile.com/b/3BrI8U/VzMOZ
http://paperpile.com/b/3BrI8U/VzMOZ
http://paperpile.com/b/3BrI8U/Lr0bM
http://paperpile.com/b/3BrI8U/Lr0bM
http://paperpile.com/b/3BrI8U/Lr0bM
http://paperpile.com/b/3BrI8U/Lr0bM
http://paperpile.com/b/3BrI8U/Lr0bM
http://paperpile.com/b/3BrI8U/Y3Bcd
http://paperpile.com/b/3BrI8U/Y3Bcd
http://paperpile.com/b/3BrI8U/Y3Bcd
http://paperpile.com/b/3BrI8U/Y3Bcd
http://paperpile.com/b/3BrI8U/Y3Bcd
http://paperpile.com/b/3BrI8U/GB4Br
http://paperpile.com/b/3BrI8U/GB4Br
http://paperpile.com/b/3BrI8U/GB4Br
http://paperpile.com/b/3BrI8U/GB4Br
http://paperpile.com/b/3BrI8U/GB4Br
http://paperpile.com/b/3BrI8U/GB4Br
http://paperpile.com/b/3BrI8U/gMIeM
http://paperpile.com/b/3BrI8U/gMIeM
http://paperpile.com/b/3BrI8U/gMIeM
http://paperpile.com/b/3BrI8U/gMIeM
http://paperpile.com/b/3BrI8U/gMIeM
http://paperpile.com/b/3BrI8U/olXhp
http://paperpile.com/b/3BrI8U/olXhp
http://paperpile.com/b/3BrI8U/olXhp
http://paperpile.com/b/3BrI8U/olXhp
http://paperpile.com/b/3BrI8U/olXhp
http://paperpile.com/b/3BrI8U/oHQ0o
http://paperpile.com/b/3BrI8U/oHQ0o
http://paperpile.com/b/3BrI8U/oHQ0o
http://paperpile.com/b/3BrI8U/oHQ0o
http://paperpile.com/b/3BrI8U/oHQ0o
http://paperpile.com/b/3BrI8U/ywZyz
http://paperpile.com/b/3BrI8U/ywZyz
http://paperpile.com/b/3BrI8U/ywZyz
http://paperpile.com/b/3BrI8U/ywZyz
http://paperpile.com/b/3BrI8U/ywZyz
http://paperpile.com/b/3BrI8U/ywZyz
http://paperpile.com/b/3BrI8U/CYtVi
http://paperpile.com/b/3BrI8U/CYtVi
http://paperpile.com/b/3BrI8U/CYtVi
http://paperpile.com/b/3BrI8U/CYtVi
http://paperpile.com/b/3BrI8U/CYtVi
http://paperpile.com/b/3BrI8U/NoVNU
http://paperpile.com/b/3BrI8U/NoVNU
http://paperpile.com/b/3BrI8U/NoVNU
http://paperpile.com/b/3BrI8U/NoVNU
http://paperpile.com/b/3BrI8U/ALG1P
http://paperpile.com/b/3BrI8U/ALG1P
http://paperpile.com/b/3BrI8U/ALG1P
http://paperpile.com/b/3BrI8U/ALG1P
http://paperpile.com/b/3BrI8U/ALG1P
http://paperpile.com/b/3BrI8U/ALG1P
http://paperpile.com/b/3BrI8U/MaNb2
http://paperpile.com/b/3BrI8U/MaNb2
http://paperpile.com/b/3BrI8U/MaNb2
http://paperpile.com/b/3BrI8U/MaNb2
http://paperpile.com/b/3BrI8U/MaNb2
http://paperpile.com/b/3BrI8U/MaNb2
http://paperpile.com/b/3BrI8U/YccYP
http://paperpile.com/b/3BrI8U/YccYP
http://paperpile.com/b/3BrI8U/YccYP
http://paperpile.com/b/3BrI8U/YccYP
http://paperpile.com/b/3BrI8U/YccYP
http://paperpile.com/b/3BrI8U/YccYP
http://paperpile.com/b/3BrI8U/7pY7T
http://paperpile.com/b/3BrI8U/7pY7T
http://paperpile.com/b/3BrI8U/7pY7T
http://paperpile.com/b/3BrI8U/7pY7T
http://paperpile.com/b/3BrI8U/7pY7T
http://paperpile.com/b/3BrI8U/7pY7T
http://paperpile.com/b/3BrI8U/J2tV
http://paperpile.com/b/3BrI8U/J2tV
http://paperpile.com/b/3BrI8U/J2tV
http://paperpile.com/b/3BrI8U/J2tV
http://paperpile.com/b/3BrI8U/J2tV
https://doi.org/10.1101/633347
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/633347; this version posted October 23, 2019. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Patenaude, Brian, Stephen M. Smith, David N. Kennedy, and Mark Jenkinson. 2011. “A
Bayesian Model of Shape and Appearance for Subcortical Brain Segmentation.”
Neurolmage 56 (3): 907-22.

Pestilli, Franco. 2015. “Test-Retest Measurements and Digital Validation for in Vivo
Neuroscience.” Scientific Data.

Pestilli, Franco, Jason D. Yeatman, Ariel Rokem, Kendrick N. Kay, and Brian A. Wandell.
2014. “Evaluation and Statistical Inference for Human Connectomes.” Nature Methods
11 (10): 1058-63.

Pestilli, F., J. Yeatman, A. Rokem, K. Kay, H. Takemura, and B. Wandell. 2014. “LiFE:
Linear Fascicle Evaluation a New Technology to Study Visual Connectomes.” Journal of
Vision 14 (10): 1122—-1122.

Petros, Timothy J., Alexandra Rebsam, and Carol A. Mason. 2008. “Retinal Axon Growth at
the Optic Chiasm: To Cross or Not to Cross.” Annual Review of Neuroscience 31:
295-315.

Prieur, Delphine S., and Alexandra Rebsam. 2017. “Retinal Axon Guidance at the Midline:
Chiasmatic Misrouting and Consequences.” Developmental Neurobiology 77 (7):
844-60.

Roebroeck, Alard, Ralf Galuske, Elia Formisano, Oriana Chiry, Hansjirgen Bratzke, Itamar
Ronen, Dae-Shik Kim, and Rainer Goebel. 2008. “High-Resolution Diffusion Tensor
Imaging and Tractography of the Human Optic Chiasm at 9.4 T.” Neurolmage 39 (1):
157-68.

Rokem, Ariel, Hiromasa Takemura, Andrew S. Bock, K. Suzanne Scherf, Marlene
Behrmann, Brian A. Wandell, lone Fine, Holly Bridge, and Franco Pestilli. 2017. “The
Visual White Matter: The Application of Diffusion MRI and Fiber Tractography to Vision
Science.” Journal of Vision 17 (2): 4.

Rokem, Ariel, Jason D. Yeatman, Franco Pestilli, Kendrick N. Kay, Aviv Mezer, Stefan van
der Walt, and Brian A. Wandell. 2015. “Evaluating the Accuracy of Diffusion MRI Models
in White Matter.” PloS One 10 (4): e0123272.

Schmitz, Bernd, Torsten Schaefer, Christoph M. Krick, Wolfgang Reith, Martin Backens, and
Barbara Kasmann-Kellner. 2003. “Configuration of the Optic Chiasm in Humans with
Albinism as Revealed by Magnetic Resonance Imaging.” Investigative Ophthalmology &
Visual Science 44 (1): 16-21.

Smith, Robert E., Jacques-Donald Tournier, Fernando Calamante, and Alan Connelly. 2012.
“Anatomically-Constrained Tractography: Improved Diffusion MRI Streamlines
Tractography through Effective Use of Anatomical Information.” Neurolmage 62 (3):
1924-38.

Smith, Robert E., Jacques-Donald Tournier, Fernando Calamante, and Alan Connelly. 2015.
“SIFT2: Enabling Dense Quantitative Assessment of Brain White Matter Connectivity
Using Streamlines Tractography.” Neurolmage 119 (October): 338-51.

Smith, Stephen M., Mark Jenkinson, Mark W. Woolrich, Christian F. Beckmann, Timothy E.
J. Behrens, Heidi Johansen-Berg, Peter R. Bannister, et al. 2004. “Advances in
Functional and Structural MR Image Analysis and Implementation as FSL.” Neurolmage
23 Suppl 1: S208-19.

Sotiropoulos, Stamatios N., Saad Jbabdi, Jungian Xu, Jesper L. Andersson, Steen Moeller,
Edward J. Auerbach, Matthew F. Glasser, et al. 2013. “Advances in Diffusion MRI
Acquisition and Processing in the Human Connectome Project.” Neurolmage 80
(October): 125-43.

Staempfli, Philipp, Anna Rienmueller, Carolin Reischauer, Anton Valavanis, Peter Boesiger,
and Spyridon Kollias. 2007. “Reconstruction of the Human Visual System Based on DTI
Fiber Tracking.” Journal of Magnetic Resonance Imaging: JMRI 26 (4): 886-93.

Stejskal, E. O., and J. E. Tanner. 1965. “Spin Diffusion Measurements: Spin Echoes in the

29


http://paperpile.com/b/3BrI8U/ipWpg
http://paperpile.com/b/3BrI8U/ipWpg
http://paperpile.com/b/3BrI8U/ipWpg
http://paperpile.com/b/3BrI8U/ipWpg
http://paperpile.com/b/3BrI8U/PLiQn
http://paperpile.com/b/3BrI8U/PLiQn
http://paperpile.com/b/3BrI8U/PLiQn
http://paperpile.com/b/3BrI8U/PLiQn
http://paperpile.com/b/3BrI8U/sktMC
http://paperpile.com/b/3BrI8U/sktMC
http://paperpile.com/b/3BrI8U/sktMC
http://paperpile.com/b/3BrI8U/sktMC
http://paperpile.com/b/3BrI8U/sktMC
http://paperpile.com/b/3BrI8U/FPix4
http://paperpile.com/b/3BrI8U/FPix4
http://paperpile.com/b/3BrI8U/FPix4
http://paperpile.com/b/3BrI8U/FPix4
http://paperpile.com/b/3BrI8U/FPix4
http://paperpile.com/b/3BrI8U/EWb2J
http://paperpile.com/b/3BrI8U/EWb2J
http://paperpile.com/b/3BrI8U/EWb2J
http://paperpile.com/b/3BrI8U/EWb2J
http://paperpile.com/b/3BrI8U/EWb2J
http://paperpile.com/b/3BrI8U/IxP4U
http://paperpile.com/b/3BrI8U/IxP4U
http://paperpile.com/b/3BrI8U/IxP4U
http://paperpile.com/b/3BrI8U/IxP4U
http://paperpile.com/b/3BrI8U/IxP4U
http://paperpile.com/b/3BrI8U/ToDVu
http://paperpile.com/b/3BrI8U/ToDVu
http://paperpile.com/b/3BrI8U/ToDVu
http://paperpile.com/b/3BrI8U/ToDVu
http://paperpile.com/b/3BrI8U/ToDVu
http://paperpile.com/b/3BrI8U/ToDVu
http://paperpile.com/b/3BrI8U/YMVDA
http://paperpile.com/b/3BrI8U/YMVDA
http://paperpile.com/b/3BrI8U/YMVDA
http://paperpile.com/b/3BrI8U/YMVDA
http://paperpile.com/b/3BrI8U/YMVDA
http://paperpile.com/b/3BrI8U/YMVDA
http://paperpile.com/b/3BrI8U/fxp4l
http://paperpile.com/b/3BrI8U/fxp4l
http://paperpile.com/b/3BrI8U/fxp4l
http://paperpile.com/b/3BrI8U/fxp4l
http://paperpile.com/b/3BrI8U/fxp4l
http://paperpile.com/b/3BrI8U/9xsHM
http://paperpile.com/b/3BrI8U/9xsHM
http://paperpile.com/b/3BrI8U/9xsHM
http://paperpile.com/b/3BrI8U/9xsHM
http://paperpile.com/b/3BrI8U/9xsHM
http://paperpile.com/b/3BrI8U/9xsHM
http://paperpile.com/b/3BrI8U/kNow
http://paperpile.com/b/3BrI8U/kNow
http://paperpile.com/b/3BrI8U/kNow
http://paperpile.com/b/3BrI8U/kNow
http://paperpile.com/b/3BrI8U/kNow
http://paperpile.com/b/3BrI8U/kNow
http://paperpile.com/b/3BrI8U/kNow
http://paperpile.com/b/3BrI8U/kG2bX
http://paperpile.com/b/3BrI8U/kG2bX
http://paperpile.com/b/3BrI8U/kG2bX
http://paperpile.com/b/3BrI8U/kG2bX
http://paperpile.com/b/3BrI8U/kG2bX
http://paperpile.com/b/3BrI8U/DD8CV
http://paperpile.com/b/3BrI8U/DD8CV
http://paperpile.com/b/3BrI8U/DD8CV
http://paperpile.com/b/3BrI8U/DD8CV
http://paperpile.com/b/3BrI8U/DD8CV
http://paperpile.com/b/3BrI8U/DD8CV
http://paperpile.com/b/3BrI8U/6Z3Rw
http://paperpile.com/b/3BrI8U/6Z3Rw
http://paperpile.com/b/3BrI8U/6Z3Rw
http://paperpile.com/b/3BrI8U/6Z3Rw
http://paperpile.com/b/3BrI8U/6Z3Rw
http://paperpile.com/b/3BrI8U/6Z3Rw
http://paperpile.com/b/3BrI8U/OK59r
http://paperpile.com/b/3BrI8U/OK59r
http://paperpile.com/b/3BrI8U/OK59r
http://paperpile.com/b/3BrI8U/OK59r
http://paperpile.com/b/3BrI8U/OK59r
http://paperpile.com/b/3BrI8U/9mSdX
https://doi.org/10.1101/633347
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/633347; this version posted October 23, 2019. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Presence of a Time - Dependent Field Gradient.” The Journal of Chemical Physics.
https://doi.org/10.1063/1.1695690.

Takemura, Hiromasa, Cesar F. Caiafa, Brian A. Wandell, and Franco Pestilli. 2016.
“‘Ensemble Tractography.” PLoS Computational Biology 12 (2): e1004692.

Tournier, J-D, F. Calamante, and A. Connelly. 2010. “Improved Probabilistic Streamlines
Tractography by 2nd Order Integration over Fibre Orientation Distributions.” In
Proceedings of the International Society for Magnetic Resonance in Medicine, 1670.

Tournier, J-Donald, Fernando Calamante, and Alan Connelly. 2007. “Robust Determination
of the Fibre Orientation Distribution in Diffusion MRI: Non-Negativity Constrained
Super-Resolved Spherical Deconvolution.” Neurolmage 35 (4): 1459-72.

Tournier, J-Donald, Fernando Calamante, and Alan Connelly. 2012. “MRtrix: Diffusion
Tractography in Crossing Fiber Regions.” International Journal of Imaging Systems and
Technology. https://doi.org/10.1002/ima.22005.

Tournier, J-Donald, Fernando Calamante, and Alan Connelly. 2013. “Determination of the
Appropriate B Value and Number of Gradient Directions for High-Angular-Resolution
Diffusion-Weighted Imaging.” NMR in Biomedicine 26 (12): 1775-86.

Tournier, J-Donald, Chun-Hung Yeh, Fernando Calamante, Kuan-Hung Cho, Alan Connelly,
and Ching-Po Lin. 2008. “Resolving Crossing Fibres Using Constrained Spherical
Deconvolution: Validation Using Diffusion-Weighted Imaging Phantom Data.”
Neurolmage 42 (2). 617-25.

Tuch, David S. 2004. “Q-Ball Imaging.” Magnetic Resonance in Medicine: Official Journal of
the Society of Magnetic Resonance in Medicine / Society of Magnetic Resonance in
Medicine 52 (6): 1358-72.

Tuch, David S., Timothy G. Reese, Mette R. Wiegell, Nikos Makris, John W. Belliveau, and
Van J. Wedeen. 2002. “High Angular Resolution Diffusion Imaging Reveals Intravoxel
White Matter Fiber Heterogeneity.” Magnetic Resonance in Medicine: Official Journal of
the Society of Magnetic Resonance in Medicine / Society of Magnetic Resonance in
Medicine 48 (4): 577-82.

Tustison, Nicholas J., Brian B. Avants, Philip A. Cook, Yuanjie Zheng, Alexander Egan, Paul
A. Yushkevich, and James C. Gee. 2010. “N4ITK: Improved N3 Bias Correction.” IEEE
Transactions on Medical Imaging 29 (6): 1310-20.

Veraart, Jelle, Els Fieremans, and Dmitry S. Novikov. 2016. “Diffusion MRI Noise Mapping
Using Random Matrix Theory.” Magnetic Resonance in Medicine: Official Journal of the
Society of Magnetic Resonance in Medicine / Society of Magnetic Resonance in
Medicine 76 (5): 1582—93.

Veraart, Jelle, Dmitry S. Novikov, Daan Christiaens, Benjamin Ades-Aron, Jan Sijbers, and
Els Fieremans. 2016. “Denoising of Diffusion MRI Using Random Matrix Theory.”
Neurolmage 142 (November): 394—406.

Wandell, B. A., S. Chial, and B. T. Backus. 2000. “Visualization and Measurement of the
Cortical Surface.” Journal of Cognitive Neuroscience 12 (5): 739-52.

Wedeen, Van J., Patric Hagmann, Wen-Yih Isaac Tseng, Timothy G. Reese, and Robert M.
Weisskoff. 2005. “Mapping Complex Tissue Architecture with Diffusion Spectrum
Magnetic Resonance Imaging.” Magnetic Resonance in Medicine: Official Journal of the
Society of Magnetic Resonance in Medicine / Society of Magnetic Resonance in
Medicine 54 (6): 1377-86.

Wedeen, V. J., R. P. Wang, J. D. Schmahmann, T. Benner, W. Y. I. Tseng, G. Dai, D. N.
Pandya, P. Hagmann, H. D’Arceuil, and A. J. de Crespigny. 2008. “Diffusion Spectrum
Magnetic Resonance Imaging (DSI) Tractography of Crossing Fibers.” Neurolmage 41
(4): 1267-77.

Wiegell, M. R., H. B. Larsson, and V. J. Wedeen. 2000. “Fiber Crossing in Human Brain

30


http://paperpile.com/b/3BrI8U/9mSdX
http://paperpile.com/b/3BrI8U/9mSdX
http://paperpile.com/b/3BrI8U/9mSdX
http://paperpile.com/b/3BrI8U/9mSdX
http://dx.doi.org/10.1063/1.1695690
http://paperpile.com/b/3BrI8U/9mSdX
http://paperpile.com/b/3BrI8U/EbT5
http://paperpile.com/b/3BrI8U/EbT5
http://paperpile.com/b/3BrI8U/EbT5
http://paperpile.com/b/3BrI8U/EbT5
http://paperpile.com/b/3BrI8U/BLp7r
http://paperpile.com/b/3BrI8U/BLp7r
http://paperpile.com/b/3BrI8U/BLp7r
http://paperpile.com/b/3BrI8U/BLp7r
http://paperpile.com/b/3BrI8U/5Ub3E
http://paperpile.com/b/3BrI8U/5Ub3E
http://paperpile.com/b/3BrI8U/5Ub3E
http://paperpile.com/b/3BrI8U/5Ub3E
http://paperpile.com/b/3BrI8U/5Ub3E
http://paperpile.com/b/3BrI8U/5Ub3E
http://paperpile.com/b/3BrI8U/w4pgX
http://paperpile.com/b/3BrI8U/w4pgX
http://paperpile.com/b/3BrI8U/w4pgX
http://paperpile.com/b/3BrI8U/w4pgX
http://paperpile.com/b/3BrI8U/w4pgX
http://dx.doi.org/10.1002/ima.22005
http://paperpile.com/b/3BrI8U/w4pgX
http://paperpile.com/b/3BrI8U/5Ub3E
http://paperpile.com/b/3BrI8U/WKgPP
http://paperpile.com/b/3BrI8U/WKgPP
http://paperpile.com/b/3BrI8U/WKgPP
http://paperpile.com/b/3BrI8U/WKgPP
http://paperpile.com/b/3BrI8U/WKgPP
http://paperpile.com/b/3BrI8U/MsKBU
http://paperpile.com/b/3BrI8U/MsKBU
http://paperpile.com/b/3BrI8U/MsKBU
http://paperpile.com/b/3BrI8U/MsKBU
http://paperpile.com/b/3BrI8U/MsKBU
http://paperpile.com/b/3BrI8U/Ua06m
http://paperpile.com/b/3BrI8U/Ua06m
http://paperpile.com/b/3BrI8U/Ua06m
http://paperpile.com/b/3BrI8U/Ua06m
http://paperpile.com/b/3BrI8U/Ua06m
http://paperpile.com/b/3BrI8U/A8h7F
http://paperpile.com/b/3BrI8U/A8h7F
http://paperpile.com/b/3BrI8U/A8h7F
http://paperpile.com/b/3BrI8U/A8h7F
http://paperpile.com/b/3BrI8U/A8h7F
http://paperpile.com/b/3BrI8U/A8h7F
http://paperpile.com/b/3BrI8U/A8h7F
http://paperpile.com/b/3BrI8U/H8Akw
http://paperpile.com/b/3BrI8U/H8Akw
http://paperpile.com/b/3BrI8U/H8Akw
http://paperpile.com/b/3BrI8U/H8Akw
http://paperpile.com/b/3BrI8U/H8Akw
http://paperpile.com/b/3BrI8U/ABG4Z
http://paperpile.com/b/3BrI8U/ABG4Z
http://paperpile.com/b/3BrI8U/ABG4Z
http://paperpile.com/b/3BrI8U/ABG4Z
http://paperpile.com/b/3BrI8U/ABG4Z
http://paperpile.com/b/3BrI8U/ABG4Z
http://paperpile.com/b/3BrI8U/3qrZe
http://paperpile.com/b/3BrI8U/3qrZe
http://paperpile.com/b/3BrI8U/3qrZe
http://paperpile.com/b/3BrI8U/3qrZe
http://paperpile.com/b/3BrI8U/gkJwr
http://paperpile.com/b/3BrI8U/gkJwr
http://paperpile.com/b/3BrI8U/gkJwr
http://paperpile.com/b/3BrI8U/gkJwr
http://paperpile.com/b/3BrI8U/b87gG
http://paperpile.com/b/3BrI8U/b87gG
http://paperpile.com/b/3BrI8U/b87gG
http://paperpile.com/b/3BrI8U/b87gG
http://paperpile.com/b/3BrI8U/b87gG
http://paperpile.com/b/3BrI8U/b87gG
http://paperpile.com/b/3BrI8U/b87gG
http://paperpile.com/b/3BrI8U/DCq1g
http://paperpile.com/b/3BrI8U/DCq1g
http://paperpile.com/b/3BrI8U/DCq1g
http://paperpile.com/b/3BrI8U/DCq1g
http://paperpile.com/b/3BrI8U/DCq1g
http://paperpile.com/b/3BrI8U/DCq1g
http://paperpile.com/b/3BrI8U/HnD9B
https://doi.org/10.1101/633347
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/633347; this version posted October 23, 2019. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Depicted with Diffusion Tensor MR Imaging.” Radiology 217 (3): 897—-903.

31


http://paperpile.com/b/3BrI8U/HnD9B
http://paperpile.com/b/3BrI8U/HnD9B
http://paperpile.com/b/3BrI8U/HnD9B
https://doi.org/10.1101/633347
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/633347; this version posted October 23, 2019. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

DT CsD

«16* . 10?
M Albinism =) o W Abirism =3
ool =8 K onfral  {n=8)
- 50 50 rafo - S80S0 rafio
; I
E ) u
2 ¥ g
= f |:
£ = 5
=3 g g
A B ®
. om & o @
a 2 a 2
Murmber of nion-crossing sreamines 1w Blurmber of o oossing Sreamlines 187
«169 104
W Abnism o= ‘,". [ Abirism jn=)
4 onrol 8l o onfral (e8]
- A050 raio 2 He- 5050 rafio
£ g £
@ B
o
TER 5
- B o 7 ]
£ £
g i g8 @ s
! L o @
2 3 =
o .‘.-.
a 2
Eum of waights of non-crossing steamines |, 157 Sumn of weights of noncrossng sreamiines. 159
167 <167
W Albinism =g i W Akirism {n=g)
onfrol  fn=8) e & ]
- 5080 rafio - 5050 radio
i : £ -
an} 5 4 5’5
w o : o
= » F ;
— = G
= g B4 Al
E -] =] |
nz o a o
8 g‘ od g‘ @ ® e
Fa 2 ot
T | BE g ° B <um T gy @
E b 7] E o .
o m 5
a| u 4| &
B 1] (9]
a (2]
a 2 4 a z 4 & -]
Sumn of weights of non crossing sieamines | 59 Sum of woights of noncrossng srcamines. 49
«1a? 107
W Albirism =) g [l Abirism {n=s)
ool =8l K o {n=8)
- H080 rafio .~ - &0A0 rafo
5 g g,
o E E
= g £ "
E ]
= 3 = g L
= 3 i
@] ®
] F 3 -
H H n-gE ': @
o 5 | W e 0 B " @D
g g m R L
a W ® o S
(1] 2 a 2 4
Surn of weights of non -crossing sieamines g9 Surm of weights of noncrossng sreamines 407
10* 0?
Wl Albiniam =9 W Abirism {re=S)
oniral  {n=8) xy o =)
- BOS0 rafio o 4 so%0raie
g g
B2 B
" W
ol e 2
q 0]
L ¢ :
L. ik iz
o -" E & o
Sl ameee e H IJ';' %
M @ ou 0 - -
a 2 a 2 4

Sum of weights of non-crossing steamines 0@ Sum of weights of noncrossng sreamines. ¢ 32


https://doi.org/10.1101/633347
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/633347; this version posted October 23, 2019. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-NC-ND 4.0 International license.

Figure A.1. Streamline counts for all tested combinations of diffusion models and filtering methods.
Numbers of crossing vs non-crossing streamlines calculated from tractograms based on DT (left column) and

CSD (right column) models. Rows correspond to different tested filtering methods as indicated.
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Figure B.1 Comparison of NRMSE across tested filtering models for CSD-based tractograms
NRMSE (y-axis) demonstrating quality of the model fit to the data for tested filtering techniques with default

parameters of models (x-axis) for both albinism and control group.

mean |, for albinism [mean I, for controls p-value for I, AUC R?
[%] [%]
DT CSD DT CSD DT CSD DT CSD DT CSD
Unfiltered46.9 + 33.3 44.2+79 [28.4+18.2 46.2+54 [0.09 0.72 0.51 0.54 0.53 0.09
LiFE#43.3+30.5 46.3+10.8 21.5+7.3 K47.1+47 [0.03 0.58 0.60 0.63 0.29 0.11
COMMIT -SBW¥4.7+255 454 +58 [242+84 (388x3.1 [0.02 0.006 0.60 0.83 0.25 0.0003
COMMIT- SZBK9.8 +23.2 49.0+85 [259+12.3 [42.0+£3.5 [0.01 0.024 0.64 0.78 0.31 0.18
SIFT2K5.2+29.7 41.8+84 [245+12.4 |43.4+50 [0.04 0.68 0.56 0.50 0.46 0.06

Table C.1. Results derived from SNT tractograms

Rows describe different filtering techniques, columns describe separate estimates: mean |, calculated for group

with albinism, mean | calculated for controls, p-value derived from statistical testing of equality of mean I,s for

albinism and controls, AUC calculated from ROC analysis, and R? indicating how much variance in dMRI-based

estimates is explained by fMRI results. Each column is divided into two sub-columns, corresponding to DT and

CSD signal models.
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