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ARTICLE INFO ABSTRACT

Keywords: The diffusion tensor model for diffusion MRI has been used extensively to study asymmetry in the human brain
White matter white matter. However, given the limitations of the tensor model, the nature of any underlying asymmetries
Asz’fmmetry remains uncertain, particularly in crossing fibre regions. Here, we provide a more robust characterisation of
Diffusion MRI

human brain white matter asymmetries based on fibre-specific diffusion MRI metrics and a whole-brain data-
driven approach. We used high-quality diffusion MRI data (n = 100) from the Human Connectome Project,
the spherical deconvolution model for fibre orientation distribution estimation, and the Fixel-Based Analysis
framework to utilise crossing fibre information in registration, data smoothing and statistical inference. We found
many significant asymmetries, widespread throughout the brain white matter, with both left>right and right>left
dominances observed in different pathways. No influences of sex, age, or handedness on asymmetry were found.
We also report on the relative contributions of microstructural and morphological white matter properties toward
the asymmetry findings. Our findings should provide important information to future studies focussing on how
these asymmetries are affected by disease, development/ageing, or how they correlate to functional/cognitive

Fixel-based analysis

measures.

1. Introduction

Despite both hemispheres of the brain sharing broadly the same to-
pographical and surface anatomy, studies have demonstrated the pres-
ence of both functional and structural hemispheric asymmetries. In par-
ticular, the existence of white matter asymmetry has been confirmed
in post-mortem studies in humans (Catani and Budisavljevi¢, 2014;
Highley et al., 1999; Toga et al., 2009), including in language-related
pathways (Bishop, 2013), cortico-spinal tracts (CST) (Rademacher et al.,
2001), uncinate fasciculi, and the optic radiations (Biirgel et al., 1999).
However, invasive methods such as blunt dissections and staining of ax-
ons have provided only limited information regarding the asymmetry
of the relevant fibre bundles (Biirgel et al., 1999). Modern neuroimag-
ing techniques have made it possible to comprehensively characterise
asymmetry in terms of structure in vivo. For example, language and
auditory processing regions have shown an increase in tract volume in
the left hemisphere, based on non-invasive modern imaging methods in
healthy subjects (Powell et al., 2006).

In this context, diffusion MRI, and in particular Diffusion Tensor
Imaging (DTI), has been used extensively to study white matter struc-
tural asymmetry non-invasively. DTI provides a means to analyse the
microstructural organisation of white matter fibres in the brain by char-
acterising the anisotropic diffusion of water molecules in each voxel us-
ing a symmetric rank-2 tensor (Basser et al., 1994; Catani et al., 2003,
2005). DTI, and diffusion MRI more broadly, can also be used in com-
bination with a fibre-tracking algorithm to reconstruct the white matter
pathways in the brain (Tournier et al., 2011), which expands the range
of diffusion MRI analysis techniques by which white matter asymmetries
may be quantified.

DTI-based methods for assessing white matter asymmetry have been
mostly based on measuring volumes of reconstructed tracts and the
anisotropy of the tensor model within regions of interest (ROIs) cor-
responding to white matter structures. For example, DTI studies of
white matter asymmetry based on ROI analysis have included eval-
uation of arcuate fasciculus and language pathways (Catani et al.,
2007), the cingulate bundles (Kubicki et al., 2003), the internal capsules

* Correspondence to: The University of Sydney, Brain and Mind Centre, 94 Mallett Street, Camperdown, NSW 2050, Australia.

E-mail address: fernando.calamante@sydney.edu.au (F. Calamante).
! These authors have contributed equally.

https://doi.org/10.1016/j.neuroimage.2020.117505

Received 21 February 2020; Received in revised form 18 September 2020; Accepted 22 October 2020

Available online 2 November 2020

1053-8119/© 2020 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/)


https://doi.org/10.1016/j.neuroimage.2020.117505
http://www.ScienceDirect.com
http://www.elsevier.com/locate/neuroimage
http://crossmark.crossref.org/dialog/?doi=10.1016/j.neuroimage.2020.117505&domain=pdf
mailto:fernando.calamante@sydney.edu.au
https://doi.org/10.1016/j.neuroimage.2020.117505
http://creativecommons.org/licenses/by-nc-nd/4.0/

A. Honnedevasthana Arun, A. Connelly, R.E. Smith et al.

(Peled et al., 1998) and the uncinate fasciculi (Kubicki et al., 2002) of
healthy subjects. This type of ROI-based approach, however, requires an
a priori hypothesis to pre-define the region(s) of interest to be assessed.

Alternatively, whole-brain voxel-based strategies can assess areas of
structural asymmetry in a more data-driven way. In particular, DTI-
based studies have used voxel-based analysis (VBA) in conjunction with
fractional anisotropy (FA) maps to identify asymmetries in the arcuate
fasciculi, cingulum bundles, and cortico-spinal tracts, amongst others
(Biichel et al., 2004; Hidemasa Takao et al., 2011).

Overall, DTI based studies have revealed asymmetry in several white
matter regions (see Table 1). However, there are major shortcomings in
the DTI model that make asymmetry analyses based on this model un-
reliable and of limited interpretability. One of the limitations of the dif-
fusion tensor model is that it is not capable of appropriately modelling
regions that have complex fibre architecture (such as crossing fibres);
this is highly prevalent in the human brain white matter, with evidence
that up to 90% of the white matter voxels may contain such fibre config-
urations (Jeurissen et al., 2013). Accordingly, this makes FA (and other
tensor-based metrics) an unreliable measure to assess white matter ‘in-
tegrity’ (Assaf and Pasternak, 2008): a single voxel may be composed
of multiple fibre populations with different spatial orientations, there-
fore a change in FA cannot be easily interpreted given that it is affected
by changes in any one of a range of parameters of the individual fi-
bre bundles (e.g. relative orientation, volume fraction, fibre orientation
dispersion).

More advanced models for diffusion MRI data, such as spherical de-
convolution (Tournier et al., 2004, 2007), can be used to estimate the
distribution of fibre orientations (also known as the fibre orientation
distribution or FOD) in a voxel, even in the presence of multiple fibre
populations. In addition, the FOD amplitude has been suggested as a
quantitative measure of the intra-cellular volume of underlying fibre
populations, and has been initially termed Apparent Fibre Density (AFD)
(Raffelt et al., 2012b). Analysis techniques based on such models there-
fore provide a means to assess the white matter in a fibre-specific and
physically interpretable way.

In this context, Fixel-Based Analysis (FBA) is a recently developed an-
alytical framework that facilitates the evaluation of fibre-specific prop-
erties in the white matter from higher-order models such as spherical
deconvolution, and hence allows statistical analysis of quantitative mea-
sures in the presence of complex fibre geometry in the white matter (
Raffelt et al., 2017a, 2017b). Here, the term “fixel” denotes a specific
fibre population within a single voxel (Raffelt et al., 2015). FBA is capa-
ble of separately examining multiple fibre bundle populations within a
voxel and enables the evaluation of both microscopic (i.e. intra-axonal
fibre volume: “Fibre Density (FD)” Raffelt et al., 2017a, 2017b) and
morphological (i.e. changes in macroscopic bundle width: “Fibre Cross-
section (FC)” Raffelt et al., 2017a, 2017b) effects in the white matter.

In this work, we used the FBA framework to study asymmetries in the
healthy human brain. We aim to provide a more robust characterisation
of structural white matter asymmetries than those previously derived us-
ing the tensor model, by using quantitative measures derived from the
spherical deconvolution model, and a whole-brain data-driven statisti-
cal inference framework that is both sensitive and specific to crossing
fibres; we furthermore apply this approach to a state-of-the-art publicly
available diffusion MRI dataset.?

2. Methods

The use of FBA to investigate brain asymmetries necessitated
deviations from the example FBA processing pipeline® in MRtrix3

2 A preliminary version of this work was presented at the 27th Annual Meet-
ing of the International Society for Magnetic Resonance in Medicine (ISMRM),
Montreal, Canada, 11-16 May 2019, 27: 3618 (2019).

3 https://mrtrix.readthedocs.io/en/latest/fixel_based_analysis/mt_fibre_
density_cross-section.html
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(Tournier et al., 2019). Fig. 1 shows the main steps of our analysis
pipeline, with those steps that differ from a typical group comparison
FBA experiment highlighted by blue boxes.

2.1. MRI data

We analysed 100 pre-processed Diffusion Weighted Imaging (DWI)
datasets from the Human Connectome Project (HCP), aged between 22
and 35 years. The group consisted of 46 males (29.0 + 3.7 years) and
54 females (29.1 + 3.6 years). All data were acquired using a mod-
ified Siemens 3T scanner (‘Connectom Skyra’), whose stronger gradi-
ents allow shortening of the diffusion encoding period and decreas-
ing the echo time (TE), thus increasing the signal-to-noise ratio (SNR)
(Sotiropoulos et al., 2013). These datasets had 90 gradient directions ac-
quired for each of three b-value shells (b = 1000, 2000 and 3000 s/mm?),
with eighteen b = 0 s/mm? images interspersed, and a spatial resolution
of 1.25 mm?3 (Van Essen et al., 2013).

2.2. Image processing

The DWI data provided by HCP were already preprocessed to reduce
motion, susceptibility distortions, gradient nonlinearity-induced geo-
metric distortions and eddy current artefacts (Glasser et al., 2013). FODs
were calculated using the multi-shell, multi-tissue constrained spherical
deconvolution (MSMT-CSD) algorithm (Jeurissen et al., 2014), utilising
group averaged response functions for white matter, grey matter and
CSF (Dhollander et al., 2016; Raffelt et al., 2012a). FODs were globally
normalised to correct for image intensity differences between subjects
(Raffelt et al., 2017a, 2017b).

All subject FOD images were used to create a symmetric template. To
this end, as part of our modified FBA pipeline, a copy of the FOD data
from each subject was left/right flipped, and all 200 FOD images (both
original and flipped data for all 100 subjects) were used to generate an
unbiased symmetric population-specific template (Raffelt et al., 2012a);
this step ensures spatial correspondence both between hemispheres and
across subjects.

For every voxel within the space of this template image, the template
FODs, as well as the non-linearly warped FODs from each input image,
were segmented into discrete fixels, each with an associated fibre ori-
entation and density (Smith et al., 2013). Determination of correspon-
dence between the fixels of each input image and those of the template
was performed (Raffelt et al., 2017a, 2017b). Because two FOD images
were used for each subject (one original and one left-right flipped), for
each template fixel, there were two values of any fixel-wise metric of
interest (one for each hemisphere). In this study, we utilised specifically
the “Fibre Density and Cross-section (FDC)” metric for statistical analy-
sis. This parameter provides an approximate quantification of the white
matter’s “ability to relay information” (Raffelt et al., 2017a, 2017b), in
that it changes in proportion to both microstructural (in the form of
intra-cellular fibre volume: “Fibre Density (FD)” Raffelt et al., 2017a,
2017b) and morphological (i.e. changes in macroscopic bundle width:
“Fibre Cross-section (FC)” Raffelt et al., 2017a, 2017b) bundle proper-
ties that modulate this capability; it thus acts as an appropriate single
scalar measure for statistical inference. Consequences of this decision
are discussed further in Section 4.1.

2.3. Statistical analysis

The General Linear Model (GLM) was used to test hypotheses of dif-
ferences in the FDC metric between the left and right hemispheres of the
brain (Winkler et al., 2014). This was achieved as part of our modified
FBA pipeline as follows: for each subject, we explicitly computed the
difference in the value of FDC in each fixel between the left and right
hemispheres (FDCy - FDC;); we performed two independent one-sample
t-tests (i.e., Hg,;: FDCg - FDC; > 0; H; . p: FDC; - FDCy > 0), with age, sex,
and handedness included as covariates (hypotheses of the influence of


https://mrtrix.readthedocs.io/en/latest/fixel_based_analysis/mt_fibre_density_cross-section.html

Table 1

Summary of findings reported from this study and from prior DTI based asymmetry studies, as well as from the voxel-based FA analysis from the Supplementary Material. Note that the references from prior literature
are not meant to represent a comprehensive list; examples listed here are included as a general summary of the overall status of the field. For the prior results reported here, we also considered the arcuate fasciculus
to overlap with part of SLF II and SLF IV (Makris et al., 2005). *no overlap in the left and right asymmetry locations.

Structures Asymmetry a - Relative contribution Reports from other studies Asymmetry from
from our FBA of FD vs FC our VBA
Asymmetry Metric Reference
Cingulum LEFT 0.795 LEFT FA Gong et al., 2005 LEFT
Kubicki et al., 2003
FA, Number of streamlines, Tract Thiebaut de Schotten et al., 2011
volume
Inferior longitudinal LEFT 0.845 RIGHT Tract Volume Latini et al., 2017 LEFT
fasciculus FA Park et al., 2004
LEFT Tract volume Panesar et al., 2018
FA Thiebaut de Schotten et al., 2011
No Significance FA Thomas et al., 2015
Internal capsule (anterior) RIGHT 0.601 RIGHT FA Park et al., 2004 LEFT
Peled et al, 1998
Internal capsule (posterior) LEFT 0.30 RIGHT FA Park et al., 2004 LEFT
Peled et al., 1998
Optic radiations LEFT 0.665 LEFT FA Park et al., 2004 LEFT
Dayan et al,, 2015
Kang et al., 2011
Post-mortem Biirgel et al., 1999
Volume and shape Kammen et al., 2016
Chamberland et al., 2018; Dreessen de
Gervai et al., 2014; James et al., 2015;
Lilja et al., 2014; Yogarajah et al., 2009
RIGHT FA Thiebaut de Schotten et al., 2011
Superior longitudinal LEFT 0.648 LEFT FA and LA (lattice anisotropy) Makris et al., 2005 LEFT
fasciculus 1 Number of streamlines, Tract volume Budisavljevic et al., 2017
RIGHT FA, Number of streamlines Thiebaut de Schotten et al., 2011
Park et al., 2004
No Significance Tract volume, FA, MD Kamali et al., 2014
Superior longitudinal LEFT 0.72 LEFT FA and LA (lattice anisotropy) Makris et al., 2005 LEFT* RIGHT*
fasciculus II Streamline end points Wang et al., 2016
No Significance Tract volume, FA, MD Kamali et al., 2014
Superior longitudinal RIGHT 0.75 RIGHT Tract Volume Thiebaut de Schotten et al., 2011 RIGHT
fasciculus IV FA Park et al., 2004
LEFT Volume of streamlines Ferndndez-Miranda et al., 2015
Relative fibre density Vernooij et al., 2007
FA and LA (lattice anisotropy) Makris et al., 2005
Uncinate fasciculus RIGHT 0.25 RIGHT Post-mortem Highley et al., 2002 LEFT
Tract volume Hau et al., 2016
FA Thomas et al., 2015
LEFT FA Kubicki et al., 2003
Hasan et al., 2009
Tract volume and FA correlated with Ocklenburg et al., 2014
functional task
No Significance FA, Number of streamlines Thiebaut de Schotten et al., 2011
Inferior fronto-occipital RIGHT 0.70 RIGHT Tract volume Hau et al,, 2016 RIGHT
fasciculus Number of streamlines Thiebaut de Schotten et al., 2011
LEFT Tract volume Hau et al, 2016
Superior-fronto occipital RIGHT 0.344 No asymmetry-based literature found LEFT
fasciculus
Stria terminalis RIGHT 0.816 No asymmetry-based literature found LEFT
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Fig. 1. Flow chart summarising the steps involved in the fixel-based analysis (FBA) for the white matter asymmetry characterisation. The blue dashed box indicates
modified part of the traditional FBA pipeline. Pre-processed DWI data were obtained for each of the 100 subjects. Multi-shell, multi-tissue constrained spherical
deconvolution (MSMT-CSD) was performed to obtain FOD’s and each FOD image was left-right flipped. The flipped and original FOD data were warped to a
symmetric template. Fibre-Density cross-section (FDC) was computed for both flipped and original FOD dataset (n = 200) by following the standard FBA pipeline. We
explicitly computed the difference in the value of FDC in each fixel between the left (L) and right (R) hemispheres (FDCy, - FDC, ). One-sample t-tests were performed
to test FDC; > FDC; and FDC; > FDCy with age, sex, and handedness as covariates. A mask was used to crop the streamlines crossing the mid-sagittal plane and
was used to perform data smoothing and statistical enhancement. Family-wise error (FWE) corrected p-values were assigned to each fixel based on 10,000 random

shuffles, with statistical significance determined at p<0.05. We used a hemisphere mask to test our hypotheses only on the right half of the brain.

these variables on the inter-hemispheric differences were also tested);
for statistical inference, all hypotheses were tested in the right hemi-
sphere of the template. To aid visualisation, some results are displayed
in the hemisphere of dominance (e.g. Left>Right findings displayed in
the left hemisphere) — this is made explicit on each occasion.

The Connectivity-based Fixel Enhancement (CFE) method was used
both for tailored smoothing of fixel-wise data, and statistical enhance-
ment of fixel-wise statistical measures (Raffelt et al., 2015). To this end,
a whole-brain tractogram of 20 million streamlines was generated using
the probabilistic streamlines algorithm iFOD2 (Tournier et al., 2010) on
the population FOD template. These data were reduced to a tractogram
of 2 million streamlines using the Spherical-deconvolution Informed Fil-
tering of Tractograms (SIFT) algorithm to reduce reconstruction biases
(Smith et al., 2013). Streamlines within this tractogram crossing the
mid-sagittal plane were cropped in order to prevent data smoothing &
statistical enhancement across hemispheres.

Family-wise error (FWE) corrected p-values were assigned to each
fixel based on 10,000 random shuffles, with statistical significance
determined at p<0.05. Our statistical analysis also included a non-
parametric non-stationarity correction to compensate for differences in
statistical power across the template (Salimi-Khorshidi et al., 2011).

In order to further characterise the observed FDC asymmetries, we
evaluated the relative contributions of the fibre density (FD, i.e., mi-
crostructure) and fibre cross-section (FC, i.e., morphologic) measures
to detected FDC asymmetries (note that FDC is the product of FD and

FC Raffelt et al., 2017a, 2017b). To this end, the following steps were
carried out:

o Interhemispheric differences (A =(Hgz — H;)) and means (u =
(Hg + H;)/2) were computed from the smoothed fixel data for both
FD and FDC metrics.

e For each of FD and FDC independently, the relative change was cal-
culated;i.e., Qpp = App/ppp and Qppe = Appe/Hppe, to compute
the relative interhemispheric difference for each metric.

o The ratio of the above 2 measures, i.e. « = QFD/Q , was then com-
puted to indicate the relative contribution of FD (and therefore im-
plicitly of FC) to the observed FDC change:

— a<0.5 suggests significant results in FDC are more substantially
driven by hemisphere differences in FC, with 0.0 indicating that
the observed difference is entirely due to a difference in FC;

— a>0.5 suggests results are more greatly driven by hemispheric
differences in FD, with 1.0 indicating that the observed difference
in FDC is entirely due to a difference in FD.

For a set of major white matter regions detected in our study (see Re-
sults section), fixel masks corresponding to statistically significant fixels
within those regions were used to extract the mean value of this relative
contribution parameter per significant bundle.

Note: For completeness, and to allow readers to directly relate some
of the prior DTI-based voxel-based results cited in Table 1 to what may
have been obtained from the high-quality HCP data used here, we have
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included as Supplementary Material (“Voxel-based FA analysis”) the re-
sults of performing a more traditional voxel-based analysis of FA (in con-
trast to the fixel-based analysis of the FDC measure, as per the objective
of our study). Note however that our study is not intended to perform
a head-to-head comparison of these two methods, nor do we attempt
to disentangle contributions from the myriad differences in these two
analysis pipelines toward their differential results.

2.4. Visualisation

To aid visualisation of the significant results, we isolated from the
whole-brain tractogram (which was used for fixel-wise data smooth-
ing and statistical enhancement; see the previous section) only those
streamline segments for which a statistically significant effect was ob-
served within the underlying fixels traversed.

A track-density imaging (TDI) white matter atlas (Cho et al., 2015)
was used to assign anatomical labels to groups of significant fixels. Cor-
respondence of our data with the atlas was achieved by overlaying our
significant results on the super-resolution DEC (Directionally-encoded
colour) TDI map (Calamante et al., 2010) (generated using the whole-
brain tractogram, and computed at 0.5 mm isotropic resolution), ori-
ented such that axial slices were aligned to the central intercommissural
line (as was used in the generation of the atlas). Areas contributing to
asymmetry were identified by matching the significant fixel results as
seen on the slices (axial, coronal and sagittal) of DEC TDI images with
the anatomically correspondent slices of the atlas (axial, coronal and
sagittal).

Finally, to further visualise the complete trajectories of some of the
major white matter bundles where asymmetry was detected, the whole-
brain tractogram was edited to isolate those streamlines (in this case
the full streamlines, not just streamline segments) traversing significant
fixels determined to correspond to known anatomical pathways. This
visualisation thus allows displaying the full length of these white matter
pathways, all the way to the cortical regions to which they are estimated
to project.

3. Results

Our statistical analysis identified an extensive breadth of white mat-
ter areas demonstrating hemispheric asymmetry in the fixel-specific
metric FDC. Fig. 2A and B shows example axial slices of the template
image, with significant fixels (FWE-corrected p-value < 0.05) found to
have rightward dominance (i.e., FDCy>FDC; ) and leftward dominance
(i.e., FDC; >FDCy) respectively. To aid visualisation, results are shown
in the right side of the brain for right>left and in the left side of the brain
for the left>right case. For comparison of the relative spatial locations of
various white matter bundles for asymmetries observed in either direc-
tion, Supplementary Fig. S1 shows streamlines segments associated with
significant fixels for both FDCr >FDC; and FDC; >FDCy, results overlaid
on the same template image (in this case, with both results displayed on
the right hemisphere). Supplementary videos 1 and 2 show animations
of the significant results for FDCz>FDC; and FDC; >FDCp, respectively.
Statistical tests for the influence of sex, age and handedness on asym-
metry revealed no significant effects.

Table 1 lists white matter structures that showed asymmetries and
that could be unambiguously identified based on comparison to the
white matter atlas, as well as by the complementing information of the
trajectories obtained from the white matter bundles isolated from the
whole-brain tractogram based on significant fixels (see Section 2.4 Vi-
sualisation). Note: as this atlas did not explicitly label the arcuate fasci-
culus (AF), and to facilitate comparison with prior literature (given AF
labelling has been widely adopted in the diffusion MRI field), we con-
sider here that AF overlaps with parts of SLF II and SLF IV (Makris et al.,
2005). Reconstructions of complete bundle trajectories for some of the
major white matter structures exhibiting asymmetry are shown in Fig. 3.
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These visualisations were generated only for a subset of the structures
identified in Table 1, based on the degree of certainty with which the
subset of streamlines traversed the relevant statistically significant fix-
els, and whose trajectories corresponded to a known white matter bun-
dle.

Fig. 4 illustrates the relative contribution of microstructural (i.e.
FD metric) vs. macroscopic (i.e. FC metric) fixel-wise measures to the
observed FDC asymmetry effects in white matter regions as listed in
Table 1. Supplementary videos 3 and 4 shows an animation of these
relative contributions (from FD and FC) to the fixel-wise FDC effect for
both right > left and left > right respectively. Table 1 additionally pro-
vides the mean of this value within those statistically significant fixels
corresponding to each of the identified white matter structures. Values
of « for statistically significant pathways were all between 0.0 and 1.0,
meaning that none of these pathways demonstrated opposing direction-
ality of asymmetry between the FD and FC metrics.

4. Discussion

The goal of this study was to characterise white matter asymme-
tries in healthy humans using state-of-the-art diffusion MRI data, a fibre-
specific diffusion model metric, and a statistical method that is robust to
the presence of complex macroscopic architecture encountered through-
out the human brain white matter. We demonstrated the presence of
both left-dominated and right-dominated asymmetries in the FDC met-
ric in a large number of white matter structures (as shown in Table 1) us-
ing the FBA framework. The findings reported in this study are broadly
consistent with those reported by previous DTI and structural studies
(Biichel et al., 2004; Catani et al., 2007; Park et al., 2004; Powell et al.,
2006; Thiebaut de Schotten et al., 2011); see “Comparison to prior re-
lated literature” section below for further discussion. Our study was en-
tirely data-driven: we did not require a prior hypothesis to restrict our
analysis to specific white matter regions, instead we tested our hypothe-
ses throughout the entire brain white matter.

As our analysis was based on the FBA framework, it benefits from
a number of important strengths of this method in the context of the
study of brain asymmetry relative to prior DTI-based literature. These
include:

e Fibre specificity: Fig. 5 illustrates the most extreme case of the benefits
of intra-voxel fibre specificity: voxels may contain fixels for which
the direction of the observed effect is reversed (i.e., FDC >FDCy, in
one fixel and FDCy>FDC; in another fixel) within the same voxel.
Such opposing effects in the fibre bundles within a voxel would po-
tentially be missed by a voxel-based analysis approach (as these con-
tributions could have cancelled out in a voxel-aggregate measure).
Moreover, the reduced specificity with voxel-based approaches make
interpretation of any detectable effect much more complex. A sig-
nificant result observed with FBA within a template fixel is al-
ways specific to that fixel, even in regions containing multiple
fibres.

o Robust template construction: Previous tensor-based asymmetry stud-
ies typically used tensor metrics (Park et al., 2004) (e.g. fractional
anisotropy maps) to build a symmetric template. We used FOD-
based registration, which is superior to FA-based registration for
white matter template construction, as it allows for a better cor-
respondence of white matter anatomical structures across subjects
(Raffelt et al., 2012a, 2011), in addition to between hemispheres in
this case.

e Fibre tract-specific smoothing and statistical enhancement: In FBA, fixel-
fixel connectivity information is used to perform smoothing and sta-
tistical enhancement in a manner faithful to the fibrous nature of the
underlying white matter anatomy; this is preferable to voxel-based
techniques, which use only spatial proximity during smoothing, po-
tentially blurring information between adjacent yet unrelated tracts.
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Fig. 2. A- Significant fixels displayed for Right > Left asymmetry (FWE corrected, p<0.05) in Fibre Density and Cross-section (FDC). Fixels are displayed in the right
hemisphere of the brain as seen on axial slices.

B- Significant fixels displayed for Left>Right asymmetry (FWE corrected, p<0.05) in Fibre Density and Cross-section (FDC). Fixels are displayed in the left hemisphere
of the brain as seen on axial slices. Fixels coloured according to their fibre orientation (left-right: red; anterior-posterior: green; superior-inferior: blue).
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Fig. 3. Visualisation of streamlines traversing significant fix-
els corresponding to example known anatomical pathways.
Top row: left cingulum bundle; middle row: right Inferior
Fronto-Occipital Fasciculus; last row: left Superior Longitudi-
nal Fasciculus (note: this bundle also includes part of the ar-
cuate fasciculus, as the latter overlaps with SLF II and SLF
IV). Streamlines are coloured according to their local ori-
entation (left-right: red; anterior-posterior: green; superior-
inferior: blue). Left: axial view; middle: coronal view; right:
sagittal view. Each bundle is shown in the hemisphere in which
FDC is greater.

Relative Contribution of Fibre Density (FD) and Fibre Cross-section (FC)

Cingulum

ILF

Internal Capsule (posterior)
Optic radiations

SLF Il

SLF I

SLF IV

Uncinate
B Left > Right Asymmetry

IFOF .
B Right > Left Asymmetry

Internal Capsule (Anterior)
SFO

Stria Terminalis

0 —_— 5 — 1

FC FD
o

Fig. 4. Relative contribution of FD and FC in the white matter bundles showing significant asymmetry. Parameter « indicates the relative contribution of FD and FC
to the observed effect in FDC for each white matter bundle (see Statistical Analysis section). Values less than 0.5 suggest significant results in FDC are primarily driven
by hemisphere difference in FC; values greater than 0.5 suggest results are primarily driven by hemispheric differences in FD. ILF: Inferior Longitudinal Fasciculus;
SLF: Superior Longitudinal Fasciculus; IFOF: Inferior Fronto-Occipital Fasciculus; SFO: Superior Fronto-Occipital Fasciculus.
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4.1. Utilisation of the FDC metric for analysis

While the FBA framework can be applied to assess any number of
quantitative diffusion metrics - and all three of the FD, FC and FDC
metrics are all tested almost ubiquitously - in this study, we focussed
primarily on FDC, for a number of reasons:

¢ FDC encapsulates both microstructural and morphological changes,
and therefore provides an appropriate singular summary measure
of the white matter’s ability to transfer information - and thus any
hemispheric dominance of such in our work - simplifying the inter-
pretation of experimental outcomes.

¢ This reduces our vulnerability to false positives when testing multi-

ple hypotheses under weak FWE control (Alberton et al., 2020).

It avoids the potential issue of independent statistical testing of

FD and FC despite their potential covariance (Raffelt et al., 2017a,

2017b).

¢ We interrogated the relative contributions of microstructural and
morphological parameters (Fig. 4) to the statistically significant
white matter bundle asymmetries by instead estimating the relative
contributions of these parameters toward the observed FDC effect;
this we purport provides comparable information to testing all three
conventional FBA metrics, but without necessitating performing ex-
plicit statistical inference on each measure individually.

4.2. Comparison to prior related literature

The most commonly used diffusion metrics to measure asymmetry
have been FA and tract volume. FA is typically considered to be sen-
sitive to “microstructure” in some way, whereas tract volume is con-
sidered to provide an insight into bundle morphology. These physical
attributes are comparably interrogated by the FBA metrics FD and FC
respectively. However, it is essential to highlight that FBA offers sub-
stantial advantages in the fibre bundle specificity of both the quantita-
tive metrics themselves, and the attribution of statistical significance.

Despite these fundamental differences, our fixel-wise results are nev-
ertheless broadly in agreement with previous studies and our own voxel-
based FA analysis (e.g., see Table 1 and Supplementary Material); these
are discussed in more detail below.

e Superior Longitudinal Fasciculus (SLF): We have reported leftward
dominant asymmetry in SLF I and SLF II, for both of which the
effect is principally driven by FD (Table 1). SLF I findings are in
accordance with a previous diffusion-based study based on stream-
line count following spherical deconvolution-based tractography
(Budisavljevic et al., 2017), as well as with our own VBA supple-
mentary results. SLF II findings are in agreement with a DTI-based
study (Makris et al., 2005) and another study based on Diffusion
Spectrum Imaging (DSI) analysis and fibre tracking on HCP data,
reported leftward asymmetry using streamline count as the metric
(Wang et al., 2016); however, other findings reported in (Park et al.,
2004; Thiebaut de Schotten et al., 2011) contradict this specific re-
sult in our study. In another study (Budisavljevic et al., 2017), SLF
IT was reported to be symmetrically distributed between the left
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Fig. 5. Example of detected asymmetries (with R>L
and L>R in the same voxel). Red fixels denote R>L
asymmetry and blue fixels denote L>R asymmetry,
with both results shown in the right hemisphere to
help visualise the relative spatial locations. Yellow vox-
els indicate overlapping fixels of right/left asymmetry.
This demonstrates a strength of FBA, which can charac-
terise asymmetries even in voxels where crossing fibre
bundles have opposing asymmetry effects.

and right hemispheres. Other DTI-based studies did not find any
significant asymmetry in SLF I and II components (Kamali et al.,
2014). We have reported rightward dominant asymmetry in SLF
IV, with the majority of asymmetry contributed by FD (Table 1).
This finding is consistent with some previous diffusion-based stud-
ies (Park et al., 2004; Thiebaut de Schotten et al., 2011), but incon-
sistent with others (Fernandez-Miranda et al., 2015; Makris et al.,
2005; Vernooij et al., 2007); indeed our own VBA supplementary
result itself identified both areas with left>right and right>left ar-
eas in SLF II. Such inconsistent findings highlight lack of consen-
sus regarding the asymmetry of SLF. It should be also noted that
there can be some differences in the way the AF is considered in
terms of the SLF. In some studies (Catani and Thiebaut de Schot-
ten, 2008; Martino et al., 2013) the AF is considered as part of the
SLF network, with the AF referred to as the ‘perisylvian-SLF’ or ‘SLF
IV’. In other studies, the horizontal component of the AF cannot be
distinguished from the SLF II, because the two fibre tracts run hor-
izontally and adjacent to each other (Makris et al., 2005). In our
study, and for comparison with prior literature, we used the conven-
tion that AF overlaps with parts of SLF II and SLF IV (Makris et al.,
2005).

e Cingulum bundle: We have reported the supracallosal portion of the
cingulum bundle to exhibit leftward asymmetry, with the majority of
this asymmetry being contributed by FD (Table 1). This is entirely
consistent with previous diffusion MRI studies (Gong et al., 2005;
Kubicki et al., 2003; Thiebaut de Schotten et al., 2011), and with
our own VBA supplementary analysis.

e Inferior Fronto-Occipital Fasciculus (IFOF): We have reported IFOF to

have rightward asymmetry, with the majority of this asymmetry con-

tributed by FD (Table 1). This finding is consistent with one previ-
ous study based on streamline count (Thiebaut de Schotten et al.,

2011) and with our own VBA supplementary analysis; however, an-

other study based on measurements of mean tract termination densi-

ties reported some components of the IFOF to be leftward dominant

(Hau et al., 2016).

Uncinate fasciculus (UF): We have found the uncinate fasciculus to

have rightward asymmetry, predominantly contributed by FC (i.e.,

tract cross-sectional area) (Table 1). This finding is consistent with

previous post-mortem dissection (Highley et al., 2002), DTI-based
tract volume (Hau et al., 2016) and FA (Thomas et al., 2015). In
contrast, our own VBA supplementary analysis and other studies
have reported left > right asymmetry in the uncinate using FA as
the metric of interest (Hasan et al., 2009; Kubicki et al., 2002). An-
other study did not find any significant asymmetry in the uncinate
(Thiebaut de Schotten et al., 2011). While these latter results con-
tradict our own, this may be due to the limitations of the DTI model
and tracking procedures adopted to measure asymmetry. Both IFOF
and uncinate fasciculi are crucial for intra-hemispheric transfer of
information between the frontal cortex and the occipital, tempo-
ral and parietal cortices, and knowing their asymmetries is funda-
mental for understanding their role in mediating language semantics

(Duffau, 2015; Turken and Dronkers, 2011), so resolution of these

discrepancies is warranted.
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o Inferior Longitudinal Fasciculus (ILF): We have reported left>right
asymmetry in the ILF, contributed mainly by FD (Table 1). Some
previous studies based on FA (Thiebaut de Schotten et al., 2011) and
tract volume (Panesar et al., 2018) have reported leftward dominant
asymmetry, which was also consistent with our own VBA supple-
mentary analysis; conversely, other FA (Park et al., 2004) and tract
volume (Latini et al., 2017) studies have reported rightward asym-
metry. Another study using FA metric did not find any significant
asymmetry in the ILF (Thomas et al., 2015). These highly conflicted
findings mean that there is no current consensus regarding the asym-
metry of the ILF in the literature.

e Optic Radiation: We have reported leftward asymmetry for the optic
radiations, mainly contributed by the FD metric. Investigations into
the asymmetry of this structure using FA are conflicted, with both
rightward dominance (Thiebaut de Schotten et al., 2011) and left-
ward dominance (Dayan et al., 2015; Kang et al., 2011; Park et al.,
2004) previously reported. Conflicting reports in FA-based studies
may be due to the difference in DTI metrics used to report asymme-
try findings. Leftward lateralisation has been reported with respect
to volume (Kammen et al., 2016) and shape (larger anterior extent,
i.e., smaller optical radiation temporal pole distance (Chamberland
et al., 2018; Dreessen de Gervai et al., 2014; James et al., 2015;
Lilja et al., 2014; Yogarajah et al., 2009)). Histological studies have
reported leftward asymmetry in optic radiation (Biirgel et al., 1999),
concordant with the findings reported in our study. Our own VBA
supplementary analysis also showed leftward FA asymmetry.

o Internal Capsule: For the internal capsule, we found leftward asym-
metry (dominated by the contribution of FC) in the posterior aspect
and rightward asymmetry (dominated by the contribution of FD) in
the anterior part. A previous study based on FA metric reported right-
ward asymmetry effects for the posterior part of the internal capsule
(Park et al., 2004); our own VBA supplementary analysis found left-
ward asymmetry in both anterior and posterior aspects. This conflict
may be due to the presence of crossing fibres at the medial regions
where the SLF and fibres from the posterior limb of the internal cap-
sule cross, where DTI-based metrics may yield misleading findings
(Tournier et al., 2011).
Additionally to the above findings, but to the best of our knowl-
edge not reported in any prior diffusion-based asymmetry studies,
we found rightward asymmetry in the stria terminalis and SFOF,
and leftward asymmetry the in forceps major and corona radiata
superior. For comparison, our VBA supplementary analysis showed
leftward FA asymmetry in stria terminalis, SFOF, forceps major and
corona radiata superior; the conflicting results could again originate
in limitations of the tensor model.

We did not find any association of sex, age or handedness with asym-
metry in our analysis. This may be, in part, due to the limited age range
of our data set (22-35 years) and to the large proportion of right-handed
subjects (86%). Literature on the effect of sex, age, and handedness in
hemispheric differences is not conclusive. One study with a very large
sample size (n = 857) reported small regions showing significant effects
of age and sex on white matter asymmetry (Takao et al., 2011). In an-
other study investigating the UF with a wide participant age range (6—
68), a left > right asymmetry was reported in childhood but conversely
a right > left asymmetry in adulthood (Hasan et al., 2010); they did
not, however, find significant differences in asymmetry of this bundle
between males and females. Similarly, no sex-related differences were
reported by a study investigating asymmetry in IFOF (Wu et al., 2016).
Another study reported a significant effect of handedness on asymmetry
in the frontal lobe using the FA metric (Biichel et al., 2004); however,
consistent with our own findings, previous VBM (Good et al., 2001)
and DTI (Hervé et al., 2006; Westerhausen et al., 2007) studies failed
to demonstrate any asymmetry related to participant handedness. Fur-
ther research would be necessary to resolve these conflicts in character-
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isation of the influences of sex, age, and handedness on white matter
asymmetry.

In general, it should be noted that findings from asymmetry studies
involving DTI (Biichel et al., 2004; Hau et al., 2016; Park et al., 2004;
Thiebaut de Schotten et al., 2011; Vernooij et al., 2007) - which is the
most widely used strategy - can be challenging to interpret. Not only
are such metrics quantified at the voxel level, and therefore cannot be
easily attributed to specific fibre bundles, their sensitivity to differential
effects within individual crossing fibre bundles is complex and difficult
to predict; indeed, in some cases, genuine effects within multiple cross-
ing fibre bundles in a voxel may result in no net observable change in
these metrics. The limitations of the tensor model do not only affect
voxel-wise quantitative measures, but also the outcomes of tractogra-
phy, where the inability to properly model the complexity of the under-
lying fibrous structure can lead to erroneous quantification of features
such as tract volume (Farquharson et al., 2013).

4.3. Practical issues and limitations

This study has a number of limitations, which we summarise here:

We restricted specifically our anatomical labelling of the structures
identified as having significant results to only those white matter
structures that could be confidently identified based on the TDI hu-
man brain atlas (Cho et al., 2015) or also based on the complemen-
tary information from fibre-tracking reconstructions based on sig-
nificant fixels. The set of fixels exhibiting statistical significance is
greater than the list of structures in Table 1; the complete uncurated
results are shown in Fig. 2A and B, and supplementary videos 1 and
2.

Fig. 3 shows only a few white matter bundles that could be unam-
biguously delineated from the whole-brain tractogram based on a
cluster of significant fixels. Other white matter bundles identified
as statistically significant could not be reconstructed in this man-
ner without considerable manual editing of the tractogram to iso-
late only those streamlines deemed to correspond to the expected
anatomical pathways, which may have subjectively influenced the
interpretation of such results. It should be noted, however, that this
limitation only influences the labelling / visualisation / reporting
aspects of the study, not the statistical inference itself.

As we sought to maximise our sensitivity to detect a genuine effect,
we used in this study data from HCP, as this is amongst the best
quality publicly available diffusion MRI data. It was not the purpose
of this study to investigate the structures that can still be reliably
identified as asymmetric using more typical clinical diffusion MRI
protocols. Further work is also needed to fully characterise how the
various protocol parameters impact the findings from FBA. While
some parameters have been explored elsewhere (e.g. b-value depen-
dency (Genc et al., 2020; Raffelt et al., 2012b), more thorough eval-
uation of the sensitivity of FBA to experimental conditions would
provide useful information.

We observed asymmetry in a small number of interhemispheric
white matter connections, in both our primary FBA of FDC and
our supplementary VBA of FA. This was an unexpected finding, as
one would intuitively expect that the white matter properties re-
flected by the FDC metric should not vary on either side of the inter-
hemispheric plane. It has not yet been ascertained whether this effect
is due to asymmetry of the gradient non-linearities of the Connectom
Skyra hardware or inter-hemispheric differences in tissue magneti-
sation properties such as T, (neither of which can currently be han-
dled appropriately within the spherical deconvolution model used),
some other aspect of our processing pipeline, or a genuine biological
difference.

As discussed in the previous section, there were a number of struc-
tures for which our findings disagreed with those from some pub-
lished data. This is not novel in this context, as there are also in-
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consistencies between the asymmetry trends reported amongst prior
studies (e.g. see Table 1). While we speculate that the differences
between our results and others are likely due to known limitations
of the DTI model and analysis methods utilised in prior studies, we
cannot definitively assert that our FBA results reflect biological truth
and that any disagreement with such must be erroneous, as FBA it-
self is prone to its own unique set of limitations and artifacts. We
do however suggest that the demonstrable technical advantages af-
forded by utilisation of the FBA framework give greater confidence
to the asymmetry results observed using such.

5. Conclusion

We have provided a robust characterisation of white matter asym-
metry in the healthy population, using a fibre-specific diffusion metric
and analysis framework and high-quality diffusion MRI data. We ob-
served many significant asymmetries, widespread throughout the brain,
with both left>right and right>left dominances observed in different
pathways. We additionally reported on the relative contributions of mi-
crostructural (i.e. Fibre Density) and morphological (i.e. Fibre Cross-
section) white matter properties toward these observations. These find-
ings should provide important information to future studies focussing
on how these asymmetries are affected by the disease, how asymme-
try changes during development/ageing, or how such asymmetries are
correlated to functional studies or cognitive measures.
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