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Abstract

Despite over a century of research, the precise anatomy of language in the human brain
remains partially understood. The gap persists due to the lack of large datasets with a
focus on language mapping and the need for novel tools that can more precisely capture
connectional anatomy. This study leverages the Language in Interaction dataset and ad-
vanced tractography using high-angular resolution imaging (HARDI) to examine the
anatomical properties and frontal terminations of the extended language network in 198
healthy participants. Our analysis focused on mapping the patterns of variability and
laterality of five bilateral frontal lobe tracts associated with language: the long and ante-
rior segments of the arcuate fasciculus (AF), the frontal aslant tract (FAT), the inferior
fronto-occipital fasciculus (IFOF), and the uncinate fasciculus (UF). We employed two
tractography algorithms —spherical deconvolution (SD) and diffusion tensor imaging
(DTT)—, alongside manual and semi-automated (Megalrack) dissection techniques, to
estimate interindividual and methodological variability of the dissections. The frontal
lobe was almost entirely within the cortical reach area of the language network, and
its tracts displayed significant asymmetries and complex termination patterns that chal-
lenge classical models. The use of ICA provides a nuanced framework for understand-
ing these anatomical variations, pointing to an intricate integration of the language net-
work with other cognitive functions. These results can crucially inform neurolinguistic

theories and potentially aid interventions for language-related disorders long-term.
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Abbreviations:

aAF - Anterior segment of the arcuate fasciculus
AP - Power of anisotropy

DTT - Diftusion tensor imaging

DWI - Diftusion weighted imaging

FA - Fractional anisotropy

FAT - Frontal aslant tract

HMOA - Hindrance-modulated orientational anisotropy
IFOF - Inferior fronto-occipital fasciculus

IAF - Long segment of the arcuate fasciculus
MRI - Magnetic Resonance Imaging

SD - Spherical deconvolution

T1w - T1 weighted

UF - Uncinate fasciculus
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1 Introduction

Language anatomy, encompassing the neural structures and pathways involved in language process-
ing, is crucial for the improvement of neurolinguistic models and clinical outcomes. Previous stud-
ies have highlighted the significance of anatomical interindividual variability and laterality of white
matter pathways in determining clinical outcomes, particularly in the context of language recovery
after brain injury (8. J. Forkel, Thiebaut de Schotten, Dell’Acqua, et al., 2014; Talozzi et al., 2023).
Understanding each tract’s cortical area of connectivity (terminations) can be crucial in surgical sce-
narios and is worth mapping through various techniques, as emphasised by Giampiccolo Duffau
(2022). Their work inspired our examination of the controversial frontal terminations of the lan-
guage network through spherical deconvolution tractography (de Benedictis et al., 2021; Dell’Acqua
et al., 2013; Giampiccolo and Duffau, 2022; Shekari and Nozari, 2023). Given the role of the frontal
lobe in higher-order cognitive functions, including decision-making, learning, and creativity (Collins
and Koechlin, 2012), exploring frontal connectivity within the language network has the potential to
provide valuable insights into the ‘language ready brain’ (Hagoort, 2013), offering a unique perspec-

tive on the broader cognitive processes that shape human communication.

1.1 Extending the language network

Regions such as the so-called Broca’s area (inferior frontal gyrus, BA 44/45), Wernicke’s area (superior
temporal gyrus, BA 21/22), and their connections through the arcuate fasciculus have long governed
the neuroanatomical understanding of language (Dick and Tremblay, 2012). However, more recent
works have advocated for a more holistic model of language, extending beyond the classical cortical
areas and expanding beyond the AF (Catani et al., 2005; Dick and Tremblay, 2012; S. J. Forkel and
Catani, 2019; Hagoort, 2019; Shekari and Nozari, 2023). This shift was greatly influenced by lesion
or intraoperative observation in pathological populations. However, clinical observations are at odds
with current models of the neurobiology of language in the healthy population. Thanks to the advent
of novel neuroimaging methods that allow the study of the connectional anatomy of the brain, the

study of the subcortical network of language processing has gained momentum.

New models have been proposed (Catani and Bambini, 2014; Duffau et al., 2014; Hickok and Poep-
pel, 2004; Ueno etal., 2011) coming from the fields of psychiatry (Catani and Bambini, 2014), neuro-
surgery (Duffau et al., 2014), computational neurology (Ueno et al., 2011), and linguistics (Hickok
and Poeppel, 2004). The prevailing model includes a language network comprised of two main pro-
cessing streams (Figure 1): the dorsal stream for phonological and syntactic processing (sound to ac-
tion) and the ventral stream for semantic processing (sound to meaning; Hickok and Poeppel, 2004,
Hickok and Poeppel, 2007). The anatomical basis of the dorsal stream is considered to include a
fronto-temporal tract, the arcuate fasciculus (AF; Catani etal., 2005), and a frontal intra-lobular tract,
the frontal aslant tract (FAT; Catani et al., 2012; Oishi et al., 2008). On the other hand, the ventral

stream consists of the inferior fronto-occipital fasciculus (IFOF, S. J. Forkel, Thiebaut de Schotten,




Dell’Acqua, et al., 2014), the uncinate fasciculus (UF, Catani and Thiebaut de Schotten, 2008), and
the inferior longitudinal fasciculus (ILF,Catani et al., 2003), out of which, only the IFOF and UF

have connections (terminations) within the frontal lobe.

Dorsal pathway

anterior AF
long AF @
FAT @

Ventral pathway
IFOF @ UF

Figure 1: Language Network: Frontal lobe connections

Note: White matter tracts with frontal terminations belonging to the dorsal and ventral pathways of
the language network. Exemplary dissections of one participant from the Language in Interaction
BQ4 dataset. AF: arcuate fasciculus, FAT: frontal aslant tract, IFOF: fronto-occipital fascicle, UF:

uncinate fasciculus.

1.2 Methodological barriers in understanding cortical terminations

Nevertheless, despite our confidence in the supportive role of these tracts in language processing, there
is currently a lack of a definitive method for their precise structural characterisation (Giampiccolo and
Duftau, 2022). Anatomical descriptions through post-mortem dissections remain heavily dependent
on the quality of the specimen, are time-consuming, and require extensive experience (Dell’Acqua
and Catani, 2012; Ttre et al., 2000). The non-invasive in-vivo alternative, diffusion weighted imag-
ing (DWT), is a magnetic resonance imaging (MRI) technique used for tractography reconstructions.
Tractography allows for the study of the brain’s white matter tracts and atlasing of its structural con-
nectivity. An advanced technique for tractography, spherical deconvolution (SD), is based on High
Angular Resolution Imaging (HARDI) and is able to model multiple fibre orientations within each
voxel (Dell’Acqua et al., 2013; Dell’Acqua and Tournier, 2019). Multifibre orientations allow for
more accurate tracing of complex fibre pathways in areas of fibre crossing (90% of the brain, Jeuris-
sen et al., 2013). This constitutes an improvement to previous algorithms such as classical diffusion
tensor imaging (DTT), which are limited to reconstructing single fibre orientations. Still, DWT offers
little information close to the cortex given the sudden increase in diffusivity and the limited resolution

of the images (typically acquired with 2mm voxels, which is very similar to the average thickness of the
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cortex), leading to difficulties in determining the exact terminations of the. Therefore, the absence
of a gold standard, a universally accepted reference or benchmark, makes it difficult to validate and
compare findings across different studies (Dell’Acqua and Catani, 2012; Dziedzic et al., 2021; Yendiki
etal, 2022). Klingler post mortem dissections were long thought of as the gold standard but suffer
similar limitations as tractography (Dell’Acqua and Catani, 2012) while tracing studies are only fea-
sible in other species (Yendiki et al., 2022) and not necessarily useful in the context of language since

we expect differences across species that annul the translatability of results.

Given these limitations, many controversies still surround the exact cortical terminations of white
matter tracts (de Benedictis et al., 2021). Fortunately, conflicting evidence in the literature is also
accompanied by efforts to reach a consensus. For instance, Vavassori et al. (Vavassori et al., 2021)
reviewed the historical literature on the superior longitudinal system, and compared the different
models with regards to their frontal, temporal, and parietal terminations. They not only identify the
changing, conflicting, and overlapping descriptions of the AF and the superior longitudinal fascicu-
lus (SLF), but they also stress the importance of agreeing on a given paradigm in order for research
in neurosurgical and clinical fields to advance. More recently and with these implications in mind,
Giampiccolo Duffau Giampiccolo and Duftau, 2022 revisited the temporal terminations of the left
AF combining various sources of evidence, including anatomical dissections, diffusion tractography,
functional MRI and intraoperative mapping studies. This review solidified the case for a far-reaching
AF that extends beyond the traditional temporal terminations in Wernicke’s area or superior tempo-
ral gyrus. Given the reviewed functional correlates, the authors stress the importance of sparing the

tull extent of the AF for language preservation (Giampiccolo and Duffau, 2022).

A network approach to studying these controversies provides a more well-rounded perspective of the
language connectome, as exemplified by Vassal et al. (Vassal et al., 2026) who used DTT tractography
of 20 healthy volunteers to describe frequent occurrences of connection patterns for eight white mat-
ter fascicles of the language network. They thoroughly report the occurrence of connections to a set
of parcellated areas for each fascicle and identify prominent hemispheric asymmetries. For instance,
AF comprised direct connections between Broca’s (BA 44/45) and Wernicke’s (BA 21/22) areas in
all left hemispheres but only 40% of right hemispheres. Although these observations were insightful
at the network-level, their sample size could not answer the question of how the cortical projections
of the language connectome might differ from one healthy brain to another, which could lead to
advances in phenotyping white matter and impact our understanding of clinical cases (8. J. Forkel,
Thiebaut de Schotten, Kawadler, et al., 2014).

1.3 Exploring interindividual and methodological variability of cortical ter-

minations

While it has been known to anatomists for a long time that each brain is different, neuroimaging

methods were not able to capture this interindividual variability until recently. To investigate this,




Croxson and colleagues (Croxson et al., 2018) mapped a healthy population and demonstrated that
variability is not homogenous across the brain and the white matter. Their whole brain analysis identi-
fied a gradient of variability with areas of high variability being identified as higher cognitive function
areas by neuroimaging and lesion studies (Croxson et al., 2018). This study was however limited to
a whole brain analysis and did not identify system-specific patterns of variability, nor did it focus on

cortical terminations.

As previously mentioned, the sudden increase in diffusivity and the limited resolution of the images
hinders the description of exact streamline termination and their variability. However, white matter
streamlines can be extended to the closest surface point to map the corresponding cortical termina-
tions (Beyh et al., 2022). This allows us to jump the interface between grey and white matter, and
topographically analyse the distributions of these connections to estimate interindividual variability.
It is important to note that current in-vivo tractography still suffers from “gyral bias”, whereby fibre
tracking algorithms terminate preferentially on gyral crowns, rather than the banks and fundi of sulci
(Schilling et al., 2018).

Interindividual variability can be quantified as a whole or further dissected by means of principal and
independent component analyses (Beckmann, 2012;Cattell, 1966;]olliffe and Cadima, 2016). The
former is designed to capture patterns in the data that explain the largest amount of variability, whilst
the latter primes statistical independence. Here, we applied such methods to terminations in order

to establish topographical patterns of connectivity that explain an individual’s unique terminations.

In addition to interindividual variability, methodological variability inevitably emerges, stemming
from the choice of diffusion algorithm that may produce different outcomes owing to differences
in data acquisition, preprocessing, and modelling methodologies. These discrepancies have the po-
tential to influence the precision and dependability of the resulting fibre pathways and connectivity
mappings (Tallus et al., 2023). Moreover, the human element could impact the manual virtual dis-
sections due to a person’s pre-existing biases, such as what the laterality or extent of specific tracts
should be, resulting in variations in the dissections’ cleaning process. Consequently, discrepancies
may arise in the identification and characterisation of anatomical white matter, posing challenges in
fully grasping its organisation and functionality. Efforts to conduct faster group-level dissections led
to the development of the semi-automatic MegaIrack software (Dell’Acqua et al., 2015). MegaTrack
merges tractograms from several individuals so that a given tract can be simultaneously dissected for
all of them and subsequently separated back into individual tracts. This, in turn, can be used to merge
tractograms from different reconstruction methods and hemispheres to perform a single dissection

free of the aforementioned biases.

In this study, we focused on building a probabilistic model of the frontal terminations of the lan-
guage network —anatomically determined by diffusion imaging of 198 participants. Our primary
focus lies in mapping the interindividual and methodological variability of these tracts and their ter-

minations, carrying out various analyses on microstructural and spatial dimensions. To achieve this,
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we employ two imaging reconstruction modalities, DTT and SD, coupled with two dissection tech-
niques (manual and MegaTrack, megatrackatlas.org; Dell’Acqua et al., 2015). The resultant tracts
serve dual purposes: being the first external and large-scale validation of Megalrack against manual
dissections and allowing for an analysis of terminations and laterality unaffected by biases. Overall,
this study sheds light on the interindividual and methodological variability that shapes our under-
standing of the frontal terminations of the language white matter network. Such insights hold signif-

icant ramifications for contemporary functional models of language and clinical practice.

2 Methods

2.1 Data Acquisition

We used the neuroimaging data from the Language In Interaction BQ4 dataset (n=198, age range
18-30, age average=23, 73% female, languageininteraction.nl). Data were acquired on a 3T Magne-
tom Prisma MR scanner at the Donders Institute Nijmegen. Structural T1-weighted images were
acquiredat 1x1x1 mm? isotropic resolution with a repetition time of 2000 msec, an echo time of
2.03 msec, a flip angle of 8°, and a field of view of 256 x 256 x 192 mm?. Diffusion weighted imag-
ing (DWI) data were acquired using a spin-echo echo planar imaging sequence with an echo time of
74.8 msec, repetition time of 2940 msec, a field of view of 216 x 216 mm?, 81 slices, isotropic voxels
of 1.8x 1.8 x 1.8 mm?3, in-plane acceleration factor 2, multi-band factor 3, 86 gradient directions at
b=1250s-mm~2, 85 directions atb=2500s-mm-2, 11b = 0 images, and 7b =0 images with reversed

phase encoding.

2.2 Diffusion Weighted Image Preprocessing and Processing

The raw DWI data were corrected for thermal noise (Veraart et al., 2016) and Gibbs ringing artefacts
(Kellner et al., 2016). b0 images with reverse phase encoding polarity were used to estimate the sus-
ceptibility distortion field using topup (Andersson et al., 2003). eddy was used to correct the DWI se-
ries for eddy current distortions, motion artefacts, slice-to-volume motion, outlier slice regeneration,
and incorporating the topup field into this step, including the effects of motion on these distortions
(Andersson et al., 2016;Andersson and Sotiropoulos, 2016; Andersson et al., 2017; Andersson et al.,
2018).

Anisotropic power (AP) maps (Dell’Acqua et al., 2014) derived from the pre-processed DWI images
were used to estimate a rigid body alignment between the DWI space and the T1w space in ANTs
(Avants et al., 2011; Avants et al., 2014). The resulting transformation was applied to the entire DWI
series using spline interpolation. The b-vectors were also rotated according to the same transforma-

tion.

Damped Richardson-Lucy spherical deconvolution modelling (Dell’acqua et al., 2010) and determin-

istic tractography were performed using Star Track (mr-startrack.com) and the following parameters:




fibre response a = 1.5; number of iterations = 200; minimum amplitude threshold 1 = 0.0015; reg-
ularisation threshold v = 16; step size = 1 mm; absolute threshold for tracking = 0.002; maximum
angle threshold = 45° minimum length = 20 mm; maximum length = 300 mm. Within the same
software, diffusion tensor modelling and tractography were applied with the following parameters:
step size=0.9mm; minimum FA threshold =0.15; angle threshold = 35°; minimum length = 20 mm;

maximum length = 300 mm.

AP maps computed during modelling were used to calculate a diffeomorphic registration between
native space anatomy and the MNI152 T1w template. This step was performed in ANTs using the
SyN algorithm (Avants et al., 2011). The resulting transformations were applied to the whole brain
tractogram using in-house MATLAB scripts. This yielded the final tractograms that were used for

manual virtual dissections in TrackVis (trackvis.org).

To prepare for the Megalrack analysis, an additional registration step was performed to map each
tractogram to the ICBM 2020 Nonlinear symmetric brain template (Fonov etal., 2011) where the left
and right hemispheres are mirror images of each other. This was achieved by mapping the MNI152
template to this symmetric template using ANTs. Thereafter, any tractogram could be registered to

the symmetric template via a two-step registration: native - MNI152 (asym.) — ICBM (sym.).

2.3 Data Analysis

2.3.1 Manual Dissections

The final tractograms were visualised in Trackvis (trackvis.org) and manually dissected according to
previous literature (Catani and Thiebaut de Schotten, 2008; S. Forkel et al., 2024; Rojkova et al.,
2016). Over a period of four months, we dissected the prominent language tracts connected to the
frontal lobe, resulting in five tracts in each hemisphere: long and anterior segments of the arcuate fas-
ciculus, inferior fronto-occipital fasciculus, uncinate fasciculus, and frontal aslant tract. The regions
of interest (ROIs) used for dissection were predefined in MNI space under the supervision of an ex-
pert anatomist (SJF) (Figure 2). Briefly, the long segment of the AF was defined as a fronto-temporal
pathway, with two-dimensional ROIs in the precentral gyrus and at the posterior section of the tem-
poral lobe. Similarly, the IFOF was dissected with a ROI on the occipital lobe and another in the
external/extreme capsule. The latter ROl is also used in combination with a sphere in the temporal
pole for the delineation of the UF. Two more spheres were placed on the inferior precentral gyrus and
Geshwind’s territory in the inferior parietal lobe to dissect the anterior segment of the AF. Lastly, the
FAT was dissected with ROIs spanning the posterior inferior frontal gyrus and the superior frontal

gyrus. Crucially, all 10 dissected tracts of each participant were individually examined and cleaned of
artefacts with additional “NOT” ROls.
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Figure 2: Regions of interest used for manual segmentation

Note: Each full tractogram is segmented into 5 bilateral tracts with the use of two inclusive regions
of interest per tract. The regions were determined in MNI space. aAF: anterior segment of the ar-
cuate fasciculus, IAF: long segment of the arcuate fasciculus, FAT: frontal aslant tract, IFOF: fronto-

occipital fascicle, UF: uncinate fasciculus.

In order to analyse the extent of cleaning required in each tract, dissections and their visitation maps
(i.e. a map showing each voxel intersected by a streamline) were saved before and after this process
to compute the difference in streamline count and volume, as well as to spatially describe the areas

consistently discarded.

Following previously described analyses (Thiebaut de Schotten etal., 2011), we assessed group eftects
by computing statistical maps for each white matter tract. Briefly, dissected tracts were transformed
into binary visitation maps in which each voxel is assigned a value of 1 or 0 based on the presence
or absence of a streamline in that specific location. Subsequently, a permutation-based one-sample
t-test was conducted on these maps utilising FSL’s randomise tool with S000 permutations (Winkler
et al., 2014). This approach facilitated the derivation of statistically significant maps and effect size
maps (Cohen’s d), which were then restricted to the areas of significant effect (p < 0.05 voxel-wise

corrected for family-wise error).

Additionally, we summed all binary visitation maps into percentage overlap maps, filtered at a 50%
threshold, where variability reflected interindividual overlap variability (Thiebaut de Schotten et al.,
2011).

From this data, we extracted tract-specific measurements which included median fractional anisotropy

(FA), number of streamlines, volume, anisotropy power (AP) and Hindrance Modulated Orienta-
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tional Anisotropy (HMOA) for the complete tract (Dell’Acqua et al., 2013). We calculated a laterali-

sation index for each metric according to the following formula:
(metricg — metricy)/(metricg + metricy)

In line with the pipeline by Thiebaut de Schotten etal. (Thiebaut de Schotten etal., 2011), we assessed
the statistical significance of the degree of the lateralisation of each tract and metric using one-sample t-
tests. Additionally, we performed an analysis of variance analysis (ANOVA) to test the sex differences
in the lateralisation indexes independently for each tract and metric. Finally, Bonferroni correction

was applied to account for multiple comparisons.

2.3.2

Cortical Projections of the Language Network

Cortical projections were computed as described in Beyh et al. (Beyh et al., 2022). Native space
Freesurfer cortical meshes were re-tessellated to match the 32k FS LR’ surface template using tools
from Connectome Workbench (humanconnectome.org/software). The 32k FS LR’ template is a
standardised cortical surface model that features ~ 32k vertices per hemisphere and maintains the na-
tive anatomical features of each brain while facilitating precise vertex-level correspondence and com-
parison between participants. Next, the end points of each streamline were projected to their nearest
neighbour surface vertex within a radius of 2.5mm. These projection maps were then smoothed
along the surface with a geodesic Gaussian kernel (FWHM =2mm) in order to compensate for the
sparsity with which streamlines reach the cortical surface and to account for the uncertainty of the

projection location (Jones, 2003).

These projection maps were binarised and masked for the frontal lobe in order to be used as input
for subsequent component analyses as well as the computation of a frontal termination area laterality
index following the previously mentioned formula. Such indexes were used along streamline count
and volume laterality indexes to form a linear model and explore the intercept and residuals. A final
surface-wise smoothing (FWHM =4mm) was applied to the maps for the calculation of the surface

Cohen’s d maps.

2.3.3

Termination Component Analysis

In order to identify anatomical patterns in the tracts and terminations that are not apparent to the
naked eye, dimensionality reduction methods were applied. In particular, independent component
analysis (ICA; Beckmann, 2012) is a linear method that primes the statistical independence of com-
ponents. This method is most efficient when performed on whitened data —where correlations are
removed and variance always equals one— since some operations such as scaling will not be neces-
sary during the ICA. After whitening, ICA only needs to perform a rotation of the data matrix and

will converge faster. Whitening can be achieved by applying a principal component analysis (PCA;
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Jollifte and Cadima, 2016) that focuses on explaining the most variance through orthogonal compo-
nents. Hence, a PCA analysis was performed on the vertices belonging to the frontal lobe for each of
the S tracts and hemispheres. Then, the first 50 components of terminations were used as whitened

input for the ICA analysis rendering 5 termination components per tract.

UMAP (Uniform Manifold Approximation and Projection) is an advanced dimensionality reduction
tool that non-linearly generates an embedding space that retains the original distances in the data
(McInnes et al., 2020). To see if this method could use prior analyses to phenotype participants in
terms of their terminations, we constructed an embedding space with 2 and 3 components based on

the final set of 50 language network independent component scores.

2.3.4

Behavioural Factor Scores

To probe the association between micro and macrostructural metrics and indexes in the white matter
of the healthy brain, we used factor scores derived from each individual’s raw behavioural scores from
the Language in Interaction dataset (Hintz et al., 2020). These factor scores include Word Produc-
tion, Sentence Comprehension, Linguistic Knowledge, Processing Speed, Working Memory, Corsi
Digit Span, and IQ. A linear mixed-effects model was used to find relationships between such scores
(dependent variable) and laterality indexes of HMOA, FA, streamline count, and volume, as well as
the individual hemispheric metrics (independent variables), while accounting for the random effects

of interindividual variability. Finally, factor scores were correlated against the ICA components.

2.3.5
MegaTrack

Manual dissections have the advantage of being more individualised and informed by prior anatomi-
cal knowledge of the tracts and tractography reconstruction characteristics. On the other hand, there
might be a question of a slight bias when dissecting DTT vs. SD (i.e. by being more lenient on SD
dissection cleaning) or left vs. right hemisphere (i.e. previous knowledge of laterality accentuating
the results). In order to explore this effect and perform dissections of both DTT and SD data and
of both hemispheres without implicit laterality or reconstruction-type bias, we used the MegaTrack
tool (megatrackatlas.org; DellAcqua et al., 2015). Megalrack combines tractography data from mul-
tiple participants into a single, standardised anatomical space, resulting in a “mega” tractogram and
enabling simultaneous dissection of the whole dataset. Each streamline in the MegaTrack dataset
is tagged with unique identifiers, allowing for the recovery of native space tracts and the automatic
extraction of tract-specific measurements. In this case, we built a dataset using a symmetric brain tem-
plate so both modalities (DTT and SD) and hemispheres could be combined into a single dense trac-
togram to be dissected at once, without knowledge of what streamlines belong to each hemisphere or
reconstruction type. The ROIs used were akin to those used on the manual segmentations, allowing

for a direct comparison of the results.
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As the first external validation of the Megalrack software, we computed the weighted Dice coeth-
cient of similarity between Megalrack’s output and manual dissections, which is considered the gold
standard in this context. The weighted version of Dice, as described in Cousineau et al. (Cousineau
et al., 2017), gives more importance to voxels, indicating a high density of streamlines, that is, the
core of the tracts, rendering more reliable results. Additionally, micro and macrostructural metrics
were correlated for each tract to establish if the distribution of the data is maintained across dissection

methods.

We then used the generated dissections to explore the possibility of a laterality bias inflicted by the
person dissecting during manual cleaning. Laterality bias was conceptualised as the intercept of a
linear model containing the unbiased laterality (from Megalrack) as a predictor and the laterality

obtained from the manual dissections as the outcome.

Lastly, we compare DTT and SD dissections performed simultaneously in MegalIrack in terms of lat-

erality metrics, spatial similarity (weighted Dice coefficient), and cortical termination areas (Cohen’s

d).

3 Results

3.1 Manual Dissections

All tracts were successfully dissected for each of the 198 participants. In the case of the UF, some
instances rendered very few streamlines, but these cases were kept in the dataset as a representation of

typical interindividual or tractographic variability.

Itis common in tractography reconstructions for tracts to merge with each other, generating anatom-
ically incorrect streamlines. Additionally, due to the densely packed nature of white matter, ROI
selection is not flawless and can sometimes lead to encompassing undesired streamlines. Therefore, a
substantial cleaning effort was carried out using “NOT” ROIs to ensure the anatomical plausibility
of the dissections (Figure 3A). The extent of such cleaning is sometimes as high as 50% (left UF), and
the volume metric is more susceptible to this process since most of the cleaned fibres stray from the
main body of the tract (Figure 3B). Moreover, this figure emphasises that the need for pruning in the
left hemisphere was consistently higher than in the right. Out of the S tracts, the FAT turned out to
render the cleanest raw dissection, requiring close to no cleaning and lacking reproducible artefacts.
For the rest of the tracts, on the other hand, Figure 3C shows the voxels that were discarded in at least
10% of the individuals. Insular connections were frequently found in the raw AF dissections, and the

raw IFOF and UF frequently included artefacts from the cingulum bundle.

The study of this cleaning process can better inform the placement of exclusion ROIs in future studies
for the sake of efficiency. For instance, in light of the maps shown in Figure 3C, it seems convenient

to include the temporal ROI used for the IAF as an exclusion region for the aAF. Further, a ROI

24



between hemispheres can automatically discard all streamlines commonly merged with commissural
fibres. Finally, insular connections were often dissected along with the AF, IFOF and UF, motivating

a systematic placement of yet another “NOT” ROL
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Figure 3: Manual cleaning of tractography dissections: quantitative and spatial analysis

Note: Quantitative and spatial analysis of the effect of manual cleaning of individual spherical de-
convolution tractography dissections. A) individual examples of discarded streamlines (black). B)
quantification of the percentage of streamlines (S) and volume (V) removed from the tract dissec-
tions during the cleaning process by exclusion ROIs. C) overlap map of voxels no longer present in
visitation maps (>10% of individuals) after cleaning. The FAT contained no voxels fulfilling this cri-
terion. aAF: anterior segment of the arcuate fasciculus, IAF: long segment of the arcuate fasciculus,
FAT: frontal aslant tract, IFOF: fronto-occipital fascicle, UF: uncinate fasciculus, IFL: inferior longi-

tudinal fasciculus.

With the final dissections, we were able to map the group effects of white matter connectivity of the
language network. Figure 4 displays the effect size of voxels significantly present in the sample dis-
sections according to a permutation-based one-sample t-test (voxel-wise family-wise error corrected).

These maps form a probabilistic atlas of the frontal tracts of the language network and highlight the
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robustness of the core of the tracts and hint at the span of each tract’s terminations, which we later fur-
ther explored. Some asymmetries are clearly visible, with the aAF reaching more inferior areas of the
frontal lobe together with the MFg, and having a larger core in the right hemisphere. The IAF reaches
the inferior and middle gyri of the frontal lobe, and has a branch reaching the precentral gyrus in the
left hemisphere. On the other hand, the FAT and IFOF appear quite symmetric in shape and size of
their core and branches. Finally, the right UF shows a larger core area but lacks the branch reaching
the pars triangularis and stops at a more inferior part of the superior frontal gyrus (SFg) than in the

left hemisphere.

Group Effect (Cohen's d)

Figure 4: Effect size maps of language network tracts

Note: Group effect size maps (Cohen’s d) of significant voxels according to a one-sample t-test (voxel-
wise corrected for family-wise error). Slices are displayed in neurological convention. aAF: anterior
segment of the arcuate fasciculus, IAF: long segment of the arcuate fasciculus, FAT: frontal aslant

tract, IFOF: fronto-occipital fascicle, UF: uncinate fasciculus.

3.2 Interindividual Variability in White Matter Tracts

Interindividual variability was inspected in the tracts as well as their cortical terminations. Although

group effect size maps indirectly measure interindividual variability, it is better elucidated by percent-
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age overlap maps (Figure 5) that show that the FAT is the most spatially variable tract in the group
while exhibiting the least spatial laterality. Such laterality was explored at the macro and microstruc-
tural levels through one-sample t-test analyses (Figure 6A), revealing a high degree of macrostructural
(streamline count and volume) left-sided laterality of the IAF and right-sided laterality of the aAF and
the UF. On the other hand, microstructural metrics such as HMOA, AP and FA are generally left-
lateralised in the frontal language network. No significant sex effect was evident with an ANOVA

analysis.

Histograms of the distribution of the left and right side metrics are provided in Figure 6C, where
factors such as skewness and kurtosis of these metrics can be visualised. A systematic left-sided asym-
metry in AP is clearly visible. Additionally, UF streamline countlaterality can be explained by a higher
proportion of individuals having a low streamline count rather than a shifted distribution, as is the
case with the aAF.

From these histograms, it is not apparent which distributions have more or less variance. A Brown-
Forsythe test indicates that the variability in the streamline count of aAF (F(1,394) = 37.36,p <
.0001) and the volume of the UF (F(1,394) = 30.42,p < .0001) are significantly different in the
left and right hemisphere (Figure 6B): higher variability in the right hemisphere for aAF and the left
hemisphere for UF.

Inter-individual variability (% overlap) .
Lower variability Higher variability
100", T 50

aAF FAT UF IFOF
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Figure 5: Interindividual variability of white matter tracts

Note: Interindividual variability reflected by a >50% overlap in dissections. Except for the FAT, most
tracts contain a core of near 100% overlap among participants. aAF: anterior segment of the arcu-
ate fasciculus, IAF: long segment of the arcuate fasciculus, FAT: frontal aslant tract, IFOF: fronto-

occipital fascicle, UF: uncinate fasciculus.
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Figure 6: Variability and asymmetry across tracts and metrics

Note: (A) Laterality index for each tract across all metrics. Asterisks indicate Bonferroni-corrected
significance of a one-sample t-test. (B) Standard deviation of each tract and metric. Asterisks indicate
Bonferroni-corrected significance of a Brown-Forsythe test comparing variance across hemispheres.
(C) Smoothed histograms of the proportion of participants for each metric value in left (blue) and
right (red) hemisphere tracts. aAF: anterior segment of the arcuate fasciculus, IAF: long segment of
the arcuate fasciculus, FAT: frontal aslant tract, IFOF: fronto-occipital fascicle, UF: uncinate fascicu-
lus, HMOA: Hindrance Modulated Orientational Anisotropy, AP: anisotropy power, FA: fractional

anisotropy.

3.3 Interindividual Variability in Cortical Terminations

Cortical projections were successfully computed for all tracts and participants, rendering effect size
maps (Cohen’s d) and allowing for the computation of a laterality index with the smoothed and bi-
narised termination points (Figure 7). Additionally, this figure displays the results of a one-sample

t-test on the laterality indexes, Bonferroni corrected to an alpha of 0.01.

Exclusively considering the frontal lobe, we see an almost complete bilateral coverage by the compos-

ite of the 5 tracts. The surface area of frontal termination of the aAF is significantly right-lateralised
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(t(197) = 20.07,p < .001) and more consistently reaches anterior portions of the inferior and
middle frontal gyrus on the right hemisphere, but we see a lower group effect of the terminations in
the precentral gyrus. Similarly, in the case of the long segment, connectivity to the precentral gyrus
(middle portion) is only present in the left hemisphere. The area of coverage and the pattern of ef-
fect size are asymmetric, with the left hemisphere containing more termination points (£(197) =
—26.51,p < .001) and two clusters of high effect size (inferior frontal juncture and anterior IFg).
The remaining dorsal tract, the FAT, had two frontal termination areas, the posterior superior frontal
gyrus or supplementary motor area, and the inferior frontal gyrus, specifically the par opercularis and
triangularis. Although less apparent in the effect size maps, the FAT had a significantly negative lat-
erality index (¢(197) = —15.22,p < .001), meaning the left side more consistently had a wider

termination area than the right at the individual level.

The two dissected ventral tracts, the IFOF and the UF, merge their paths at a bottleneck high-density
area, the external capsule. This boosts the chance of erroneous tracking where a UF streamline may
merge with an IFOF streamline and generate false positives and negatives in the frontal terminations
(Liakos et al., 2021). Hence, the following results are to be interpreted with this in mind. In contrast
to the previous tracts, the IFOF termination area is symmetric (¢(197) = —2.01,p = .046) and
of very high and homogeneous effect size, mainly highlighting the anterior portion of the superior
frontal gyrus, the frontal pole, and the pars orbitalis and triangularis. Asymmetry, in this case, is only
noted in the right-lateralised effect size attributed to these last two termination areas. In comparison, a
shift of effect size towards more orbital areas is appreciated for the UF, while still reaching the anterior
SFg in the left hemisphere. The variability of the laterality index is the highest for this tract, while still
having a significantly positive mean (¢(197) = 3.45,p < .001).

Opverall, the asymmetry of the frontal language network terminations in the healthy brain is highly
notable, with varying effect size patterns and area of coverage. The termination laterality indexes
follow those of volume and streamline count except for the FAT, which was not shown to be left lat-
eralised based on the tract-based measures (Figure 7). Since the whole of the FAT’s volume belongs
in the frontal lobe, this difference was unexpected and prompted the creation of a linear model with
volume laterality as a predictor and whole-brain termination laterality as the outcome. The inter-
cept was significantly negative (indicating leftwards laterality) for all tracts: 2aAF (B = —.11, SE =
.02,t(196) = —4.57,p < .001),1AF (B = —.17, SE = .01,¢(196) = —20.25,p < .001), FAT
(B = —.29,SE = .01,t(196) = —22.13,p < .001), IFOF (B = —.04, SE = .01, ¢(196) =
—5.42,p < .001) and UF (B = —.04,SE = .01,¢(196) = —2.94,p = .004). Similar results
were obtained using streamline count as the predictor in the linear model: aAF (B = —.08, SE =
.03,t(196) = —2.92,p = .004), 1AF (B = —.16,SE = .01,¢(196) = —16.89,p < .001), FAT
(B = —.30,SE = .01,£(196) = —22.93,p < .001), IFOF (B = —.03, SE = .01, ¢(196) =
—3.20,p < .001) and UF (B = —.12, SE = .02,#(196) = —6.86,p < .001). This points to
a systematic larger fanning out of the streamlines near the cortex in the left hemisphere since in the

absence of volume or streamline count laterality, we would still find a larger termination area in the
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left hemisphere for all tracts, but especially the FAT.

Group Effect Size (Cohen's d)

UF

IFOF

FAT

IAF

aAF

Laterality index of frontal termination area

Figure 7: Topography and laterality of the frontal terminations of the language network

Note: Termination maps in the cortical surface reflect group eftect size (Cohen’s d), with hemispheric
asymmetries in both the variability patterns and the extent of cortical area that tracts reach. Violin
plots showcase the laterality index computed with the area of coverage of a tract in each frontal lobe
individual. Asterisks indicate one-sample t-test significance (Bonferroni corrected). aAF: anterior seg-
ment of the arcuate fasciculus, IAF: long segment of the arcuate fasciculus, FAT: frontal aslant tract,

IFOF: fronto-occipital fascicle, UF: uncinate fasciculus.

Termination Component Analysis

The termination distribution pattern of these tracts elucidates a significant variability as well as pos-
sible components, as discussed for the IAF. We applied an independent component analysis (ICA)
to tease these terminations apart and describe such components. In order to whiten the data for a
more accurate ICA, a PCA was performed on the binary maps of each individual’s terminations. We
can interpret the real data as composed of a linear combination of the extracted components in both

types of analyses.

The first five principal components shown in Figure 8 explained up to 22% of the variance in the data
(aAF: left 18.1%, right 14.2%; 1AF: left 14.8%, right 13.7%; FAT: left 22.4%, right 22.1%; IFOF: left
16.1%, right 17.5%; UF: left 20.6%, right 20.4%). Most of the tracts show asymmetries in their princi-
pal components. In the case of the aAF, the left side shows more homogeneous and clustered patterns
of termination than the right. Similarly, the left IAF is somewhat more organised and shows a poste-

rior to anterior directionality whereas a mixed or inferior-superior directionality is more pronounced

30



in the right hemisphere. Since the FAT is an intra-lobular tract, its principal components must be
interpreted slightly differently, knowing that a termination point in the IFg always corresponds with
another in the SFg, and these pairwise patterns are more likely to be the ones explained. A similarity
between the two hemispheres is the correspondence of posterior and anterior sections of the two ter-
mination areas, showing that although the path is not a straight line, the degree to which fibres cross
in this direction is small. Additionally, similar bilateral patterns may appear, as is the case of the left
C4and right C2 of the IFOF terminations. They both highlight the terminations to Broca’s area, but
the ordering is different, highlighting what we could already see in Figure 7 regarding the effect size
asymmetry in this area. Finally, the UF components highlight clusters including the orbitofrontal

cortex, [Fg and SFg.
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Figure 8: Patterns of frontal terminations: Principal Component Analysis (PCA)

Note: First S principal components of the frontal terminations are depicted in rows and variance ex-
plained with the first 100 components is depicted at the top. aAF: anterior segment of the arcuate fas-
ciculus, IAF: long segment of the arcuate fasciculus, FAT: frontal aslant tract, IFOF: fronto-occipital

fascicle, UF: uncinate fasciculus.

In summary, right-hemisphere patterns appear to be generally less organised and hence more hetero-
geneous. The order of the principal components highlights the main sources of variability in the

cortex and these are sometimes different across hemispheres.

Using the first 50 principal components, we derived S independent components and plotted the com-
bined transformation weights onto the surface (Figure 9). The extent to which a pattern or compo-
nent is present in an individual’s terminations is reflected in their component score (violin plots in
Figure 9). Such score is obtained by multiplying the weight of each vertex by the corresponding value
for a given participant. Hence, high negative scores reflect the importance of the component but in

its inverted form. Scores around the origin indicate that the pattern is not expressed in a participant.
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In the case of ICA, components are not ordered, but kurtosis —a measure of non-gaussianity— can
be used to rank the components in terms of statistical independence (Figure 9). Independent com-
ponents of the aAF are noisy but mainly highlight the independence of motor and inferior frontal
terminationsin the left hemisphere, which is not so defined in the right. More asymmetries are present
in the IAF terminations, where patterns of left posterior-anterior and slight right inferior-superior di-
rectionality of change that were already visible with the PCA, survive the independence test of ICA.
Additionally, the fourth component seems to segment Broca’s area into its components of Broad-
man’s area 44 and 45. After the ICA weights are added to the previous principal component maps,
FAT is more clearly sectioned, pointing to a potential opportunity for segmentation based on ter-
mination areas. The relationship between its inferior and superior termination is also asymmetric,
with examples as the fourth component (C4) that segments the inferior projections into the precen-
tral gyrus and IFg, while the corresponding separation of the superior terminations is not mirrored

across hemispheres.

Participant’s terminations
x

Transform Weights

Weights indicate the contribution of a
particular data point to a component

Negative scores indicate

,,.4%,\__ the presence of the
T inverted

Score
pattern of weights

-

DaE
e
O

& | | -
G ﬁ‘\g

%«"@@’K\\.

& -

%@@%&%

il

ﬁ"f@@%&

D6 ea e
60 59 62
b
e

%é@ﬂﬂ@'&@

—
5001

6 @%@-

2001

‘Combined Transform Weights

Figure 9: Patterns of frontal terminations: Independent component analysis (ICA)

Note: Independent component analysis (ICA) was performed on whitened data consisting of the
first 50 principal components of binary termination maps. Combined transformation weights (PCA
ICA) show the contrasting areas that contribute to a component. Violin plots indicate the distri-
bution of component scores across participants. The score is the result of multiplying the data and
weighting, elucidating how present a given pattern is in an individual. Participants close to the vertical
line of the violin plot (zero) exhibit little of that component, while those at the left (negative scores)
exhibit the inverted pattern to the one shown. ICA component weights are ordered by kurtosis, a
measure of non-gaussianity that indicates higher statistical independence. aAF: anterior segment of
the arcuate fasciculus, IAF: long segment of the arcuate fasciculus, FAT: frontal aslant tract, IFOF:

fronto-occipital fascicle, UF: uncinate fasciculus.

We then fed the component scores into UMAP to explore if a nonlinear representation of these in
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an embedding space was able to cluster participants in terms of their full language network frontal
termination components. No evident clustering was found in 2 nor 3 dimensions after parameter

tuning.

3.4 Anatomical Relation to Behavioural Factor Scores

Efforts to relate anatomical features to the available behavioural scores were deemed non-significant
after applying Bonferroni correction to the linear mixed effects models and the correlations to the

independent components.

3.5 Validation of Megalrack

When performing Megalrack dissections, 800 tractograms were overlaid (200 participants, 2 modal-
ities and 2 hemispheres). This greatly helped identify and quickly clear out major artefacts but also
made the more fine-grained cleaning of the dissections more difficult, which is especially important
in SD reconstructions since they are more prone to false positive streamlines. This level of detailed
cleaning refers to being able to remove streamlines crossing sulci, looping back along the tract, or
taking sharp angles still within the tracts trajectory. Hence, individual dissections are bound to be
imperfect, but consistently so, meaning that what is discarded for one participant is discarded for all,
including both reconstruction types and hemispheres. Additionally, dissections can be carried out in
a matter of days instead of months. MegalIrack has previously undergone in-house validation with a

small dataset, but was lacking a large-scale external validation.

We successfully retrieved all tracts in SD tractograms but found some to be missing when dissecting
the DTT reconstructions (aAF: 1 left, 1 right; IAF: 1 left, 17 right; FAT: 16 left, 13 right; UF: 1 left).
The difficulty to retrieve tracts such as the right IAF in DTT has been previously documented (S. J.
Forkel, Thiebaut de Schotten, Dell’Acqua, et al., 2014).

In order to validate the use of MegaTrack against manual dissections in a large dataset we computed
spatial similarity coefficients (Figure 10) as well as correlations of micro and macrostructural metrics
(Table 1). While a Dice coefficient of 1 would indicate total overlap, we obtain coefficients around
the 0.8 mark, indicating high spatial agreement between dissection methods. Additionally, we see a
slight trend of right hemisphere tracts exhibiting higher spatial overlap than their counterpart (Figure
10). In terms of metric correlation, Megalrack dissections exhibit a similar distribution of values,

especially consistent for the volume metric (Table 1).
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Figure 10: MegaIrack validation: spatial similarity between manual and MegalIrack SD dissections

Note: Dice coefficient of similarity of the visitation maps of Megalrack and manual dissections of SD
tractograms. There is overall agreement, especially for right hemisphere tracts. aAF: anterior segment
of the arcuate fasciculus, IAF: long segment of the arcuate fasciculus, FAT: frontal aslant tract, IFOF:

fronto-occipital fascicle, UF: uncinate fasciculus.

Table 1: Spearman correlation between metrics obtained from MegaTrack and manual SD dissections

Tract Hemisphere Metric p P
Arcuate Fasciculus Anterior Segment (aAF) Left Streamline count  0.90 < .001
Volume 0.90 <.001
HMOA 0.81 <.001
AP 0.78 <.001
FA 0.86 <.001
Right Streamline count  0.70 < .001
Volume 0.76 <.001
HMOA 0.75 <.001
AP 0.80 <.001
FA 0.86 <.001
Arcuate Fasciculus Long Segment (1AF) Left Streamline count  0.64 < .001
Volume 0.71 <.001
HMOA 0.62 <.001
AP 0.78 <.001
FA 0.82 <.001
Right Streamline count  0.66 < .001
Volume 0.81 <.001
HMOA 0.81 <.001
AP 0.81 <.001
FA 0.84 <.001
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Tract Hemisphere Metric p Y
Frontal Aslant Tract (FAT) Left Streamline count  0.92 < .001
Volume 091 <.001
HMOA 0.67 <.001
AP 0.82 <.001
FA 0.87 <.001
Right Streamline count  0.91 < .001
Volume 0.85 <.001
HMOA 0.68 < .001
AP 0.83 <.001
FA 0.89 <.001
Inferior Fronto-Occipital Fasciculus (IFOF) Left Streamline count  0.83 < .001
Volume 0.89 <.001
HMOA 0.70 <.001
AP 0.78 <.001
FA 0.86 <.001
Right Streamline count  0.71 < .001
Volume 0.82 <.001
HMOA 0.73 <.001
AP 0.75 <.001
FA 0.84 <.001
Uncinate Fasciculus (UF) Left Streamline count  0.96 < .001
Volume 0.98 <.001
HMOA 0.84 <.001
AP 0.82 <.001
FA 0.91 <.001
Right Streamline count  0.91 < .001
Volume 0.92 <.001
HMOA 0.86 <.001
AP 0.81 <.001
FA 091 <.001

Note: SD: Spherical Deconvolution, HMOA: Hindrance Modulated Orientational Anisotropy, AP:

anisotropy power, FA: fractional anisotropy.

3.6 Methodological Variability in Tracts and Terminations

The use of MegaTrack allowed for the comparison of results stemming from tracts dissected simul-
taneously for both hemispheres and two reconstruction methods, hindering the possibility of rater
bias while standardising the process. Comparing the laterality indexes of the SD Megaltack dissec-

tions with those of the manual dissections we can see if some laterality was introduced by the person
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performing manual cleaning of each individual brain and hemisphere. After fitting a linear model
with Megalrack dissections as the predictor and the manual dissections as an outcome, we obtain a
significant effect of the intercept for several tracts in terms of streamline count (aAF: B = .12, SE =
02,t(196) = 7.56,p < .001; UF: B = .10, SE = .01,¢(196) = 7.95,p < .001) and volume
(aAF: B = .07,SE = .01,t(196) = 4.97,p < .001; FAT: B = .03,SE = .01,t(196) =
3.55,p < .001; UF: B = .08, SE = .01,#(196) = 11.67,p < .001). This means that with no
laterality in Megalrack dissections we would still record positive (right-sided) laterality in these tracts.
Naturally, the scale of the intercepts should be noted together with the values of mean laterality to

assess their proportional relevance.

Additionally, we established that the type of reconstruction will largely affect the dissection results
because of the ability to resolve crossing fibres (streamline false negatives and positives). We measured
the similarity of the visitation maps using the Dice coeflicient of similarity (Figure 11). Our results in-
dicate that the ventral tracts, IFOF and UF, are consistently similar between reconstruction methods,

while the dorsal tracts show a wide variability.
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Figure 11: Spatial similarity between DTT and SD dissections performed simultaneously using Mega-
Track

Note: Dice coefhicient of similarity of the visitation maps of Megalrack dissections of DTT and SD
performed simultaneously for each tract. The ventral IFOF and UF show more consistency and
agreeance between reconstruction methods while the dorsal tracts exhibit a wide range of variabil-
ity of the dissection result depending on the reconstruction method. DTT: diffusion tensor imaging,
SD: spherical deconvolution, aAF: anterior segment of the arcuate fasciculus, IAF: long segment of
the arcuate fasciculus, FAT: frontal aslant tract, IFOF: fronto-occipital fascicle, UF: uncinate fascicu-

lus.
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To infer the effect of the choice of reconstruction method in measuring asymmetries, we plotted the
laterality indexes of micro and macrostructural metrics for each of these methods when using Mega-
Track to dissect them at the same time for both reconstruction types and hemispheres (Figure 12).
Using DTI, the laterality of the IAF becomes enhanced while it decreases for aAF. The FAT now also
exhibits right sided laterality.
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Figure 12: Differences in laterality indexes in dissections of DTT and SD reconstructions

Note: Laterality indexes for micro and macrostructural metrics in MegalIrack dissections of DTI
and SD tractography performed simultaneously for both modes of reconstruction as well as both
hemispheres. Asterisks represent statistical significance of a one-sample t-test after Bonferroni cor-
rection. DTT: diffusion tensor imaging, SD: spherical deconvolution, aAF: anterior segment of the
arcuate fasciculus, IAF: long segment of the arcuate fasciculus, FAT: frontal aslant tract, IFOF: fronto-
occipital fascicle, UF: uncinate fasciculus, HMOA: Hindrance Modulated Orientational Anisotropy,

AP: anisotropy power, FA: fractional anisotropy.

When comparing the termination areas and patterns of effect size in DTT and SD (Figure 13), aAF
terminations are highly variable in SD but show a strong interindividual agreement in DTTin the pre-
central gyrus. For IAF in DTI we see a similar pattern with tracts preferentially terminating within
the posterior frontal lobe while the SD maps show more variable and forward-reaching dissections
toward the pars tringularis, opercularis and orbitalis. In the case of the FAT, only the area of termina-
tion in the SFg is different, with a pattern that favours the more ventral portion of the SFgin DTTin
contrast to a coverage of the whole gyrus in SD. Both the IFOF and UF show a more consistent ter-
mination in Broca’s area (BA 44 and 45) in the DTT maps, while SD more often describes streamlines
reaching the SFg in the IFOF.
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Figure 13: Effect size of cortical terminations in DTT and SD dissections performed with Megalrack

Note: Eftect size (Cohen’s d) of cortical terminations of DTT and SD dissections performed simul-
taneously for both reconstruction types and hemispheres to avoid rater bias. aAF: anterior segment
of the arcuate fasciculus, IAF: long segment of the arcuate fasciculus, FAT: frontal aslant tract, IFOF:

fronto-occipital fascicle, UF: uncinate fasciculus.

4 Discussion

This study represents a multi-level effort to map and describe the variability and extent of the termi-
nations of the language network in the frontal lobe. Our results showed that i) the language network
is highly variable and asymmetric, favouring both the right and left hemisphere in different instances,
ii) there are cortical reach asymmetries beyond volumetric and metric-wise asymmetries, iii) an indi-
vidual’s frontal terminations can be partially described in terms of independent components, and
iv) the choice of reconstruction method drastically alters detected asymmetries and termination pat-
terns even when dissected simultaneously with the same constrictions. We subsequently discuss these

results in detail.

Our first result indicates that interindividual variability governs spatial and microstructural aspects of
language anatomy. We started exploring interindividual variability and laterality of the tracts, which
showed an overall leftward asymmetry for the IAF, FAT and IFOF, and rightward asymmetry for the
aAF and UF. These results largely confirm previous studies (Thiebaut de Schotten et al., 2011). Sev-
eral exceptions were presented, however. While the direction of laterality for aAF (rightward asym-

metry) and IAF (leftward asymmetry) aligned, the index of laterality for streamline count and volume
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was approximately double in our aAF but a quarter in our IAF. Additionally, Thiebaut de Schot-
ten and colleagues observed right-sided laterality in the IFOF for streamline count, which is at odds
with our results, while we observed left-sided FA laterality for the IFOF that was not significant in
their sample. Lastly, we obtained high right-sided laterality for the uncinate fasciculus for streamline
count and volume - neither of which was shown in the previous study. This difference in UF laterality
findings is a common observation and has hindered a definite description of its laterality so far (Ock-
lenburg et al., 2016). Overall, our study relied on a large sample of nearly 200 volunteers, while most
previous work was conducted on smaller samples (e.g. Catani Thiebaut de Schotten (2008), n=12;
Thiebaut de Schotten et al. (2011), n=40). In addition, most previous work focussed on measures of
volume, FA, and streamline count (Catani and Thiebaut de Schotten, 2008; Thiebaut de Schotten et
al., 2011), while we included further indices (e.g. HMOA and AP). For the interindividual variability
explored through percentage overlap maps, our dissections rendered larger overlap areas for aAF, IAF,
and IFOF but similar ones for UF (Thiebaut de Schotten et al., 2012). These spatial differences were
expected, since Thiebaut de Schotten et al. employed a DTT reconstruction method, which is less able
to resolve crossing fibres and typically visualises the core of a tract rather than its full extent as with
Spherical Deconvolution. This fundamental difference might also account for some laterality differ-
ences, given that the predominance of the aAF is mainly reflected in more frontal reaching fibres that
are commonly not observed with DTI, leading to a lower laterality index in DTI. Additionally, it is
common with DTT to have difficulty dissecting the right IAF, which can be completely absent in some
participants (Catani et al., 2007; S. J. Forkel, Thiebaut de Schotten, Dell’Acqua, et al., 2014). While
asimilar grading of the right arcuate fasciculus can be observed using the SD algorithms, the extreme
cases of no right arcuate fasciculus are rare, naturally leading to a lower left volume and streamline
count laterality indexes. Using the Megalrack software, we corroborated this issue of missing tracts
and verified that computing laterality indexes with DTT reconstruction (Figure 12) rendered values
closer to the ones reported by Thiebaut de Schotten et al. (Thiebaut de Schotten et al., 2012). Using
MegaTrack, we did, however, observe missing left FAT dissections in DTT in 9% of the participants.
This observation contributed to a stronger right-sided streamline and volume laterality thatis at odds
with the established literature (Catani et al., 2013). Overall, these methodological considerations con-

tribute to the observed anatomical differences.

Further, the impact of methodological variability on tractography reconstruction and dissection was
analysed by Schilling etal. (Schillingetal., 2021) who gathered dissections performed on the same pre-
processed data from 42 independent teams around the globe. Their analysis showed that variability
across dissection protocols is greater than all other sources of variability in the dissections, including
interindividual variability. This study also showed the relevance of anatomically informed methods to
avoid artefactual reconstructions. As such, this study calls for the implementation of good practices
that we tried to prioritise in our study, including offering transparency in the choice of ROIs and
dissection protocol (see Figures 2 and 3) and exploring quantifying intra-protocol variability (per-

formed by comparing variability in MegaIrack vs. manual). In particular, our novel approach to
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measuring this methodological variability made it possible to not only estimate differences between
and within reconstruction methods (complementary to the study by Schilling et al. (2021)), but also
differences in laterality results when the dissection was blind to such laterality effects. Fitting a linear
model with MegaTrack as an unbiased predictor of the laterality index of manual dissections, we ob-
tain a significantly positive intercept for some of the tracts, meaning that in the absence of laterality in
the Megalrack dissections, we would still find right laterality in the manual dissections. This points
to a potential rater bias but could also be explained by a higher density of obscured artefacts in the
left hemisphere that were better cleaned in the one-by-one cleaning process. The size of this effect,
though, is relatively small —with mean laterality indexes as high as 0.4 and high variability, a potential

“bias” of around 0.1 might not be a concern.

This is the first study to externally validate and compare MegalIrack to manual dissections in a large
dataset. A few learning points we observed in the process are the following: The density of the gener-
ated mega-tract forces the cleaning to be focused more on the overall shape than the individual stream-
lines. This is reflected in the correlations with manual metrics, where volume is more consistently
correlated than streamline count. The latter has often been criticised as a metric given the disconnec-
tion to the true anatomy (Jones, 2003). Overall, Megalrack rendered dissections highly similar to
the manual dissections in volume and space, rendering it a time-efficient alternative for large datasets
and studies with an interest in white matter segmentation. More care might be required for the study
of the terminations since fine-grain cleaning allows for the detection of spurious streamlines crossing
over sulci or with an anatomically implausible trajectory within the normal bound of the tract. This
is harder to achieve with Megalrack when dissecting a large bilateral and bimodal mega-tract and this

was reflected in slightly more variable termination maps (Figures 7 and 13).

When focussing on the tract terminations, we face the problem of higher noise because of a lower
diffusion signal near the cortex, and the added layers of abstraction and processing needed to trans-
late streamline information to the cortex. With these caveats in mind, we still find differences in the
laterality of terminations and tracts, especially puzzling for the FAT, an intralobular tract with no sig-
nificant volume or streamline count laterality but high left-sided laterality of the terminations. This
prompted further whole-brain regression analyses of volume and termination laterality. A significant
negative intercept for all tracts pointed to systematic hemispheric differences in the fanning of tracts
near the cortex, rendering a larger surface of termination in the left hemisphere even in the absence
of volume laterality. In sum, our analysis was able to characterise asymmetries in whole-brain cortical
reach favouring the left hemisphere beyond those detectable by volumetric differences, which was

most notable for the FAT but significant for the whole set of 5 language tracts.

More asymmetries were highlighted by the group eftect size maps of the tract terminations in terms
of the area of coverage and the patterns of effect size. Generally, terminations to the precentral gyrus
were more prominent in the left hemisphere and the aAF was the only tract without an area of high

effect size in the frontal lobe, indicating higher variability of termination areas. When comparing
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DTT and SD terminations from MegaTrack dissections, this was no longer the case in DTT, and a
clear pattern of more forward-reaching tracts in SD was present. Conversely, DTT dissections more
consistently terminated in the same areas, often involving the precentral gyrus in arcuate fasciculus
dissections, and more strongly highlighting the pars orbitalis and triangularis (part of Broca’s area)
in IFOF and UF terminations. Overall, DTT tracts tend to stop at shorter distances and have more
consistent terminations, which can be linked back to the methodological bias to primarily reconstruct

the core of the tract with lower variability (Rojkova et al., 2016).

In manual SD dissections of the UF, we noted SFg terminations in the left hemisphere. These have
been discarded by some post-mortem studies (Liakos et al., 2021), while several imaging studies in-
clude them. Weiller et al. (Weiller et al., 2021) argued for the existence of a continuous ventral tract
composed of the UF and IFOF. Given the location of the UF in an area especially prone to imaging
artefacts, the merging of UF and IFOF streamlines in the frontal lobe after the bottleneck passageway
in the extreme capsule might represent a methodological limitation. However, we wondered about
the source of the laterality of this effect. Since such an eftect was reproduced in the MegaTrack dissec-
tions, which are blinded to the hemispheric side, ensuring left and right are cleaned in the same way, it
seems we captured a systematic effectin the data rather than one stemming from inconsistencies in the
manual cleaning. Future work should review the literature and use a multimethodological approach,
combining anatomical, functional and lesion approaches, to define the UF anatomy in relation to the

SFg.

We applied principal component analysis (PCA) and independent component analysis (ICA) to gain
a deeper understanding of the patterns that constitute the frontal terminations. Here, more asymme-
tries were uncovered, referring to the directionality of the pattern as well as the ordering of similar
components in each hemisphere. A notable result was that the FAT components were cleaner and
organised in such a way that prompts a possible alternative to prior attempts of FAT segmentation
(Varriano et al., 2020), in this case, based on the independent components of cortical projections.
Future work might investigate the FAT in terms of its stratification across the frontal lobe and the

possible functional roles of its branches.

To explore the importance of the components and anatomical measures of the frontal white matter
in explaining language function, we associated them to behavioural measures. Our results indicated
that the termination patterns and white matter metrics were not directly related to the summative
linguistic factor scores. One possible explanation might be that both the component scores and the
factor scores are highly processed variables, far removed from the raw data, making it difficult to es-
tablish a linear relationship over all the layers of abstraction. Therefore, using raw behavioural scores

may offer additional nuances in the future.

Overall, our study focused not only on the degree of interindividual variability and hemispheric asym-
metry butalso on the specific patterns of this variability, especially regarding the topography of frontal

terminations. We sought to determine whether typical termination patterns exist that could charac-
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terise an individual’s unique neural profile. While we identified certain patterns, they account for only
asmall percentage of the observed variability and do not classify individuals into distinct phenotypes.
The complexity and extent of variability in tract terminations were too great to be neatly categorised,
even using advanced dimensionality reduction techniques such as UMAP. This finding underscores
the challenge of capturing the full scope of anatomical diversity in the brain, highlighting the need for
more nuanced approaches in neuroanatomical research. Efforts should be undertaken in the future
to map these patterns as a valuable baseline for studying termination disruptions in language-related
disorders as well as offer a new perspective for the study of the historical evolution of anatomical

connections in the frontal lobe (Barrett et al., 2020; Thiebaut de Schotten et al., 2012).

4,1 Future Directions

We took a novel approach to investigate the anatomical foundation of the language network within

the frontal lobe. Based on our results several future directions emerged.

A key aspect of the relevance of these results lies in their integration and comparison with the pre-
ceding body of literature looking at the tractography of these language tracts and zooming into their
projections. To this end, we initiated a systematic review. An abstract and full-text screening of an
initial set of 1254 articles resulted in a shortlist of 197 articles that will soon undergo data extrac-
tion based on shown or reported tractography terminations of the language tracts terminating in the
frontal lobe. This work will address several questions raised by this current work, such as the FAT

segregation or the UF’s SFg projections.

Future research could combine macrostructural anatomy, such as tractography termination areas,
with microstructural measures of the cortex, such as cytoarchitecture or receptoarchitecture. Inter-
national initiatives are currently mapping the latter in 3D atlases (github-pages.ucl.ac.uk/NextBrain,
Casamitjana etal., 2024; ebrains.eu/tools/siibra-explorer, Dickscheid etal., 2024; Amuntsetal., 2024)
and uncovering differences in interindividual variability in BA 44 and 45 that may affect functions
beyond language (Amunts et al., 1999; Binkofski et al., 2000). Pairing these scales of variability might

add explanatory power to functional and behavioural aspects of language.

At the macro scale, connectional anatomy and function can be jointly explored by projecting func-
tional MRI (fMRI) data to white matter using methods such as the Functionnectome (Nozais et al.,
2021; Nozais et al., 2023). Hence, fMRI tasks in the Language in Interaction (Lil) dataset could be
analysed in the traditional way to obtain areas of cortical activation (fMRI) as well as determine the
tracts involved in these tasks (functionnectome). Results from the present study can be related to
those stemming from both these analyses to see if anatomical laterality corresponds with functional
laterality of the tracts and cortical termination areas. This is of particular interest since clinical stud-
ies indicated that structural and functional variability play a pivotal role in language recovery after
stroke (S. J. Forkel, Thiebaut de Schotten, Kawadler, et al., 2014; Saur et al., 2006). However, un-

til now, there was no dataset available to systematically relate structure and function with linguistic
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measures in a large enough sample. Going forward, we aim to use the available data from Lil to shed

light on the relation between structure and function in the framework of language.

A natural continuation to our study would involve exploring the independent components of the
tracts considering both their termination areas. We saw how ICA applied on the FAT rendered com-
ponents more focused on paired terminations across main areas (SFg and IFg) given that it was an
intralobular frontal tract. Such components pointed to a potential new way of segmenting the FAT

that might also surface for other tracts if ICA is fed both their areas of termination.

Lastly, the frontal lobe is an area of significant evolutionary change that has experienced expansion
and multi-level changes through the phylogenetic tree (Sherwood and Smaers, 2013; Smaers et al.,
2010; Smaers et al., 2011). This, coupled with the addition of an extra temporal gyrus associated
with language, prompt further consideration of comparative anatomical studies into the language

network termination patterns across species.

4,2 Limitations

In this study, several limitations should be acknowledged that may affect the interpretation and gen-
eralisation of our findings. First, while tractography provides valuable insights into neural pathways,
not all reproducible features are necessarily anatomically accurate (Zhang et al., 2022). Artefacts such
as looping that prompt the exclusion of some streamlines can affect values like streamline count. Ad-
ditionally, using factor scores for behavioural measures can introduce ceiling effects and reduce detail,
limiting the granularity and sensitivity of these assessments. Regarding the component analysis, there
is no standard guideline to assess the number of components that should be extracted, leading to a
chance of choosing a suboptimal set. Finally, the reliance on binarised individual maps meant that
we lost information about the density and distribution of streamlines and their terminations, which
could have provided more nuanced insights into structural connectivity. These limitations suggest
caution in interpreting the results and highlight areas for methodological improvements in future

research.

S Conclusion

Our study on connectional anatomy highlights the need for a reconceptualisation of language models,
looking beyond the classical language areas and granting due importance to the full extent of the
frontal terminations of the language network. Such endeavour is crucial to understand the network’s
integration with other cognitive functions. Although language is generally considered left-lateralised,
anatomy nudges us to look further and consider the role of the right hemisphere. Asymmetries are
prominent and vary across different levels of abstraction —from micro and macrostructural metrics
to their area of cortical reach and pattern of termination. Such measurements are highly susceptible
to methodological choices, hence it is essential to continue the pursuit of more accurate and reliable

anatomical knowledge to inform our neurolinguistic and clinical models.
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