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The extended frontal aslant tract (exFAT) is a tractography-based extension of the frontal
aslant tract (FAT) which has been shown to be related with language and working
memory performance in healthy human adults, but whether those functional implications
map to structurally separate regions along its trajectory is still an open question.
We present a tractography-informed Voxel-Based Morphometry procedure capable of
detecting local tract-specific structural differences in white matter regions and apply it
in two maximum variation sampling studies by comparing local differences in diffusion-
derived microstructural parameters and fiber density along the exFAT territory between
top performers and bottom performers in language and working memory tasks. In the
right hemisphere we were able to detect, without prior constraints, a vertical frontal
aslant component approximating the original FAT trajectory whose fiber density was
significantly correlated with language (but not working memory) performance and an
anterior cluster component corresponding to a distinct anterior frontal aslant component
whose fiber density was significantly correlated with working memory (but not language)
performance. The reported sub-division of the exFAT territory describes a set of
frontal connections that are compatible with previously reported results on the Broca’s
territory and frontal cortex hierarchical organization along an anterior-posterior gradient,
suggesting that the exFAT could be part of a common neuroanatomical scaffold where
language and working memory functions are integrated in the healthy human brain.

Keywords: frontal aslant tract, extended frontal aslant tract, FAT, exFAT, voxel-based morphometry, working
memory, language, HCP

INTRODUCTION

The frontal aslant tract (FAT) is a recently discovered left-lateralized bilateral tract described in
virtual dissection studies (Catani et al., 2012) as a connection between Broca’s territory and the
supplementary and pre-supplementary motor areas of the superior frontal gyrus (SFG). The FAT
has also been identified in post-mortem dissection using Klinger’s technique, with a good match
between the dissected tract and tractography reconstructions (Vergani et al., 2014; Bozkurt et al.,
2016), and an homologous tract has been described in monkeys (Thiebaut de Schotten et al., 2012).
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The microstructural properties of the bilateral FAT has been
correlated with visually guided hand movements (Budisavljevic
et al., 2016), and its damage predicted speech fluency alterations
in chronic post-stroke aphasia (Basilakos et al., 2014).
Furthermore, ample evidence from functional connectivity
disruptions induced by intraoperative electrical stimulation
during awake surgery suggests that the left FAT is implicated
in language function, with transient speech arrest (Vassal et al.,
2014; Fujii et al., 2015), alteration of morphological derivation
rules in speech production (Sierpowska et al., 2015), transient
post-operative speech initiation disorders (Kinoshita et al.,
2014) and mutism that persisted 5 days after the operation
but was resolved after 3 months (Kemerdere et al., 2016). An
extensive review of the FAT implication in speech, language
and executive function reports an emerging consensus of a
left FAT specialization for speech actions, and a right FAT
specialization for executive control mediated by inhibitory
control (Dick et al., 2018).

Several diffusion-derived parameters, such as fractional
anisotropy (FA) and other simpler lambda-derived diffusivity
parameters, such as axial diffusivity (AD), radial diffusivity
(RD) and mean diffusivity (MD), have been used to study the
structural properties of the FAT territory: in the seminal article
approaching the tractography study of the FAT (Catani et al.,
2013), FA and RD were used as surrogate measures of white
matter spatial organization, myelination and axonal integrity, and
were found to be correlated with mean length of utterance and
words per minute scores in patients with primary progressive
aphasia (PPA). In a different study, complementary results were
reported showing that the microstructural properties of the
FAT in patients with persistent developmental stuttering, as
measured by lambda diffusivity indices, was related to speech
production. Specifically, a significant group difference in the
average MD of the entire tract was detected (Kronfeld-Duenias
et al., 2016). In this line, another study focused on the FA
values in the FAT in patients with PPA, arguing that the
lambda diffusivity values might introduce systematic biases,
and found significant correlations between longitudinal white
matter changes and FA in the left FAT (Mandelli et al., 2016).
From a development perspective, a study with children between
ages 5 and 8 showed that the microstructural properties of
the FAT, as measured by AD, RD, MD and FA, remained
mostly stable (Broce et al., 2015), although a later study
with a larger sample and more powerful methods showed
that the FAT presents changes in anisotropy measures until
adulthood, and that microstructural properties of the right FAT
are associated with increased reports of attention problems in
children (Garic et al., 2018).

The extended FAT (exFAT) has been proposed as an
extension of the original FAT territory allowing for unrestricted
connectivity between Broca’s territory and the totality of the
SFG regions of interest (ROIs), and its volume has been shown
to correlate both with language function (bilaterally) and with
working memory capacity (in the right hemisphere) (Varriano
et al., 2018). These mixed-function results are consistent with
the current knowledge that working memory function [and
general intelligence, which is closely related (Colom et al.,

2007)] is dependent on frontal lobe structural parameters
as established by evidence from volumetric studies (Haier
et al., 2004), FA studies (Nagy et al., 2004) and tractography
studies (Darki and Klingberg, 2015), and is affected by frontal
lesions (Boisgueheneuc et al., 2006; Szczepanski and Knight,
2014).

Related to the mixed working memory and language
function implication of the right exFAT, it has been reported
that resections of the right prefrontal region in glioma
surgery induced significant chronic spatial working memory
deficits without motor and language alteration (Kinoshita
et al., 2016), and it has been reported that stroke-induced
damage to the right inferior frontal sulcus can result in
long lasting speech comprehension impairments in right-
handed subjects without atypical language lateralization
(Gajardo-Vidal et al., 2018).

Although several influential theoretical models approach
working memory and language as independent systems [e.g., in
the works of Baddeley and Hitch (Baddeley, 2003)] it has been
proposed that working memory and language function could
present overlapping neural correlates (Jacquemot and Scott,
2006) and share a common neural substrate (Acheson et al.,
2011; Emmorey et al., 2017). In young children, it has been
reported that separate but interacting components of working
memory can be distinguished by the roles they play in supporting
language acquisition (Engel de Abreu et al., 2011). From a
neuroanatomical point of view, brain connectivity can be studied
from a number of parameter- and scale-dependant approaches
that offer complementary descriptions (Goulas et al., 2014). In
the frontal lobe, it has been proposed that both Broca’s area
(and its non-language dominant homolog contralateral region)
(Koechlin and Jubault, 2006) and the dorsal region of the
frontal cortex (Badre and D’Esposito, 2009) could be organized
along a rostro-caudal gradient where more anterior regions
are implicated in more abstract/higher order mental functions.
Here, we present a robust tract-specific methodology based
on the voxel-based morphometry (VBM) technique (Ashburner
and Friston, 2000) and use it to investigate the possibility
that the exFAT territory could be part of a neuroanatomical
scaffold that integrates working memory and language function
in the human brain.

Voxel-based morphometry is a powerful and well-established
technique that can be employed to detect local differences
in concentration and density of brain tissue through a
voxel-wise comparison of multiple registered brain images.
VBM has been widely applied to the study of normal
brain development, structural differences between different
populations and morphological alterations in a large number
of clinical conditions. Although VBM studies usually focus on
the analysis of gray matter territories, this technique has also
been successfully applied to the investigation of the white matter
regions (Good et al., 2002; Chaim et al., 2007; Golestani et al.,
2007; Wang et al., 2010) and a wide range of meta-analytic
evidence is available in the literature to this regard (Honea et al.,
2005; Li et al., 2012; Ganzola and Duchesne, 2017; Pezzoli et al.,
2018). In the present study we propose the application of a VBM
pipeline along the exFAT white matter territory to study local
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differences in fiber density and diffusion-derived microstructural
parameters such as FA, AD, RD, and MD among healthy subjects.

Hypotheses
Given the presented knowledge on frontal structures and
aslant connections, we posit that the exFAT territory can be
subdivided into a vertical component corresponding to the
original FAT territory, and therefore having a well-described
language function implication, and a previously unreported
anterior frontal aslant component (the aFAT) connecting the
aforementioned high order regions, which would thus show
working memory performance implications.

Specifically, within the context of a VBM study performed by
comparing local differences in fiber densities along the exFAT
territory, we state the following hypotheses:

(a) Maximum variation sampling by language performance
will yield a significant bilateral FAT component, whose
average fiber density will be significantly correlated with
language performance.

(b) Maximum variation sampling by working memory
performance will yield a significant right aFAT component,
whose average fiber density will be significantly correlated
with working memory performance.

(c) Maximum variation sampling by working memory
performance will not detect any significant component
in the left hemisphere.

MATERIALS AND METHODS

Four groups of 35 healthy subjects each were drawn from the
HCP900 data release (S900) using maximum variation sampling
by selecting 35 bottom performers and 35 top performers in
the HCP language task (Binder et al., 2011), and 35 bottom
performers and 35 top performers in general scores for the 2-
back working memory task of the HCP dataset. Raw scores in the
language task were weighted by task difficulty in order to increase
its discriminative power.

For each subject, a tractography reconstruction of the bilateral
exFAT was performed using MRTrix3 (Tournier et al., 2012)
with iFOD2 (Tournier et al., 2010) following a reported
methodological procedure for exFAT reconstruction (Varriano
et al., 2018). A total of 5 million fibers per tract were fired and
density maps of the exFAT territory were built for each tract.

We built a VBM pipeline using FSL (Jenkinson et al.,
2012) and applied it to the four experimental groups in two
study designs to compare fiber densities along the exFAT
territory with performance scores in top performers vs. bottom
performers as follows.

A common MNI152 template was created for each study
design by iteratively aligning and warping each subject’s white
matter parcelation to the common FSL Standard White Matter
Tissue prior template with a rigid first pass registration and
a non-linear second pass registration. Jacobian determinants
were calculated to account for absolute differences in white
matter volume. Then, using the calculated transformations, each

corresponding exFAT territory density map was warped to the
common template and Jacobian modulation was performed.
A 2 mm Gaussian kernel was applied to the resulting
volumes, which will be referred to as territory-informed regions
for VBM analysis.

For the working memory extreme groups, we created (a) a
correlation design between diffusion-derived parameters along
the bilateral exFAT territory voxels and the scores in the general
2-back task, while controlling for age, total brain volume (O’Brien
et al., 2011) and scores in the control 0-back task, and (b) a
two-sample unpaired t-test design to assess whether diffusion-
derived parameters differences in specific voxels of the exFAT
territory explained the difference of scores in the 2-back task
between high performers and low performers populations, while
modeling the effects of age, total brain volume and baseline
0-back scores as confounds.

For the language extreme groups, we created (a) a correlation
design between diffusion-derived parameters along the bilateral
exFAT territory voxels and the scores in the adjusted language
task, while controlling for handedness, age and total brain
volume, and (b) a two-sample unpaired t-test design to assess
whether diffusion-derived parameters differences in specific
voxels of the exFAT territory explained the difference of scores
in the adjusted language task between high performers and low
performers populations, modeling the effects of handedness, age
and total brain volume as confounds.

Each experimental design was used to execute a non-
parametric permutation inference procedure [the “randomize”
algorithm (Winkler et al., 2014)] along left and right exFAT
territories with 104 permutations. Variables were demeaned,
threshold-free cluster enhancement (TFCE) (Smith and Nichols,
2009) was applied and a variance smoothing parameter of 2 mm
was used. In order to filter artifactual results, and increase the
sensitivity, clusters containing less than 10 voxels were discarded,
if present, following standard practice (Radua et al., 2012; Radua
Joaquim et al., 2014; Patil et al., 2017; Tench et al., 2017).

This general procedure for detection of local differences in
structural parameters was applied to FA, AD, RD, MD and fiber
density images along the exFAT territory.

For the fiber density cases, the resulting significant clusters
were then warped back to each subject’s native space using
inverse transforms and were used as inclusion ROIs to
filter the original exFAT tractography reconstructions.
The selected fibers were then used to construct new
density maps that extend the territory-informed clusters
by taking into account the directional and structural
information present in the white matter, as captured by
the advanced tractography algorithm. These new density
maps will thus be referred to as tractography-informed
regions for VBM analysis. The non-parametric permutation
inference procedure was then repeated for the tractography-
informed exFAT regions to evaluate whether the inclusion
of tractography-derived structural information into the
clusters resulted in an improved detection of distinct frontal
aslant components.

Reported p-values correspond to an adjusted significance level
of α = 0.05 after controlling for the family-wise error rate (FWER)
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FIGURE 1 | Step-by-step graphical representation of the territory-informed and tractography-informed VBM procedures. (1) Original brain parcelations. (2) Extracted
white matter segmentations. (3) Study template. (4) (a) Jacobian images for modulation, (b) Warp maps, (c) Inverse warp maps. (5) Original exFAT tractography. (6)
Original exFAT density maps in native space. (7) Original exFAT density maps in template space, modulated. (8) VBM analysis along the exFAT territory. (9) Significant
cluster for territory-informed VBM shown in red. (10) Tractography-informed exFATs. (11) Tractography-informed density maps in native space. (12)
Tractography-informed density maps in template space, modulated. (13) VBM analysis along the tractography-informed exFAT region. (14) Significant cluster for
tractography-informed VBM shown in red.

(Nichols and Holmes, 2002), providing a conservative correction
of the multiple comparison problem.

A step by step graphical description of the tractography-
informed VBM procedure to investigate local differences in fiber
density along the exFAT territory can be seen in Figure 1.

This study was conducted with the approval of the Bioethics
Committee of the University of Barcelona. Institutional Review
Board (IRB00003099).

RESULTS

AD Study
The AD-based VBM study detected, in the right hemisphere, a
significant cluster located in the posterior region of the exFAT
territory in the language extreme group for both the correlation
test (p = 0.012) and the unpaired t-test (p = 0.015). Results are
shown in Table 1 and Supplementary Figures 1, 2.

RD Study
The RD-based VBM study detected, in the right hemisphere, a
significant cluster located in the posterior region of the exFAT

territory in the language extreme group for both the correlation
test (p = 0.014) and the unpaired t-test (p = 0.016). Results are
shown in Table 2 and Supplementary Figures 3, 4.

MD Study
The MD-based VBM study detected, in the right hemisphere,
a significant cluster located in the posterior region of the
exFAT territory in the language extreme group for both
the correlation test (p = 0.013) and the unpaired t-test
(p = 0.015). Results are shown in Table 3 and Supplementary
Figures 5, 6.

FA Study
The FA-based VBM study detected, in the right hemisphere, a
significant cluster located in the posterior region of the exFAT
territory in the language extreme group for both the correlation
test (p = 0.015) and the unpaired t-test (p = 0.016). In addition,
a significant cluster located in the anterior region of the right
exFAT territory was detected in the working memory extreme
group for the correlation test (p = 0.041). Results are shown in
Table 4 and Supplementary Figures 7–9.
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TABLE 1 | AD VBM results for maximum variation sampling groups.

AD VBM Cluster size Mean adj p-val (SD) Min robust adj p-val X pMin Y pMin Z pMin

Language right Correlations 256 0.012(0.013) 0.0016 26 63 46

t-Tests 219 0.015(0.014) 0.0025 26 63 46

Language left Correlations – – – – – –

t-Tests – – – – – –

Working memory right Correlations – – – – – –

t-Tests – – – – – –

Working memory left Correlations – – – – – –

t-Tests – – – – – –

Cluster size in voxels. Mean adj p-val (SD) indicates FWE-corrected p-values and standard deviation. Min robust adj p-val indicates the robust minimum FWE-corrected
p-value (approximately 2nd percentile). (X pMin, Y pMin, Z pMin) indicate the coordinates of the voxel with the smallest FWE-corrected p-value in MNI152 space.

TABLE 2 | RD VBM results for maximum variation sampling groups.

RD VBM Cluster size Mean adj p-val (SD) Min robust adj p-val X pMin Y pMin Z pMin

Language right Correlations 141 0.014(0.0138) 0.0017 27 63 47

t-Tests 128 0.016(0.0149) 0.0026 27 63 48

Language left Correlations – – – – – –

t-Tests – – – – – –

Working memory right Correlations – – – – – –

t-Tests – – – – – –

Working memory left Correlations – – – – – –

t-Tests – – – – – –

Cluster size in voxels. Mean adj p-val (SD) indicates FWE-corrected p-values and standard deviation. Min robust adj p-val indicates the robust minimum FWE-corrected
p-value (approximately 2nd percentile). (X pMin, Y pMin, Z pMin) indicate the coordinates of the voxel with the smallest FWE-corrected p-value in MNI152 space.

TABLE 3 | MD VBM results for maximum variation sampling groups.

MD VBM Cluster size Mean adj p-val (SD) Min robust adj p-val X pMin Y pMin Z pMin

Language right Correlations 216 0.013(0.0134) 0.0015 27 62 47

t-Tests 186 0.015(0.0149) 0.0022 27 62 47

Language left Correlations – – – – – –

t-Tests – – – – – –

Working memory right Correlations – – – – – –

t-Tests – – – – – –

Working memory left Correlations – – – – – –

t-Tests – – – – – –

Cluster size in voxels. Mean adj p-val (SD) indicates FWE-corrected p-values and standard deviation. Min robust adj p-val indicates the robust minimum FWE-corrected
p-value (approximately 2nd percentile). (X pMin, Y pMin, Z pMin) indicate the coordinates of the voxel with the smallest FWE-corrected p-value in MNI152 space.

TABLE 4 | FA VBM results for maximum variation sampling groups.

FA VBM Cluster size Mean adj p-val (SD) Min robust adj p-val X pMin Y pMin Z pMin

Language right Correlations 263 0.015(0.0157) 0.0016 26 63 46

t-Tests 196 0.016(0.0148) 0.0022 26 63 46

Language left Correlations – – – – – –

t-Tests – – – – – –

Working memory right Correlations 11 0.041(0.0053) 0.0329 29 81 36

t-Tests – – – – – –

Working memory left Correlations – – – – – –

t-Tests – – – – – –

Cluster size in voxels. Mean adj p-val (SD) indicates FWE-corrected p-values and standard deviation. Min robust adj p-val indicates the robust minimum FWE-corrected
p-value (approximately 2nd percentile). (X pMin, Y pMin, Z pMin) indicate the coordinates of the voxel with the smallest FWE-corrected p-value in MNI152 space.
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TABLE 5 | Territory-informed VBM results for maximum variation sampling groups.

Territory-informed VBM Cluster size Mean adj p-val (SD) Min robust adj p-val X pMin Y pMin Z pMin

Language right Correlations 30 0.032(0.0074) 0.02 26 65 46

t-Tests 14 0.042(0.00584) 0.033 25 65 46

Language left Correlations – – – – – –

t-Tests – – – – – –

Working memory right Correlations 50 0.026(0.0124) 0.009 28 82 37

t-Tests 44 0.024(0.0106) 0.0087 28 82 37

Working memory left Correlations – – – – – –

t-Tests – – – – – –

Cluster size in voxels. Mean adj p-val (SD) indicates FWE-corrected p-values and standard deviation. Min robust adj p-val indicates the robust minimum FWE-corrected
p-value (approximately 2nd percentile). (X pMin, Y pMin, Z pMin) indicate the coordinates of the voxel with the smallest FWE-corrected p-value in MNI152 space.

TABLE 6 | Tractography-informed VBM results for maximum variation sampling groups.

Tractography-informed VBM Cluster size Mean adj p-val (SD) Min robust adj p-val X pMin Y pMin Z pMin

Language right Correlations 407 0.009(0.0126) 0.001 25 65 45

t-Tests 366 0.01(0.0134) 0.001 25 65 46

Language left Correlations – – – – – –

t-Tests – – – – – –

Working memory right Correlations 334 0.007(0.0096) 0.001 26 82 36

t-Tests 338 0.007(0.0097) 0.001 27 82 36

Working memory left Correlations – – – – – –

t-Tests – – – – – –

Cluster size in voxels. Mean adj p-val (SD) indicates FWE-corrected p-values and standard deviation. Min robust adj p-val indicates the robust minimum FWE-corrected
p-value (approximately 2nd percentile). (X pMin, Y pMin, Z pMin) indicate the coordinates of the voxel with the smallest FWE-corrected p-value in MNI152 space.

Fiber Density Study
Both the territory-informed and the tractography-informed
procedures yielded distinct significant clusters that were
separated antero-posteriorly along the right exFAT territory. No
significant clusters were found for the left exFAT territory in
any study design.

The territory-informed clustering procedure detected, in the
right hemisphere, a significant cluster located in the posterior
region of the exFAT territory in the language extreme group
for both the correlation test (p = 0.032) and the unpaired t-test
(p = 0.042), and a significant cluster located in the anterior
region of the exFAT territory in the working memory extreme
group for both correlation test (p = 0.026) and the unpaired
t-test (p = 0.024). Results for the territory-informed clustering
procedure are shown in Table 5.

The tractography-informed clustering procedure detected, in
the right hemisphere, significant clusters located in the posterior
region of the exFAT territory in the language extreme group
for both the correlation test (p = 0.009) and the unpaired t-test
(p = 0.01), and significant clusters located in the anterior region
of the exFAT territory in the working memory extreme group
for both correlation test (p = 0.007) and the unpaired t-test
(p = 0.007). Results for the tractography-informed clustering
procedure can be seen in Table 6.

Compared to the territory-informed clusters, the
tractography-informed clusters showed a very high coordinate
proximity for the peak significance voxel, larger cluster sizes,

and extended the results along the aslant trajectory of the exFAT
fibers, delineating a vertical component approximating the
original FAT trajectory and a previously unreported anterior
frontal aslant trajectory.

A graphical representation for illustrative purposes of the
significant clusters detected by the VBM procedures with regards
to language and working memory performance can be seen in
both Figure 2 (axial slices) and Figure 3 (sagittal slices).

A single subject representation of the functionally distinct
right exFAT components as detected by the tractography-
informed VBM procedure can be seen in Figure 4.

DISCUSSION

The Need of Tract-Specific Procedures
Inferences based on lambda parameters alone must be done
with caution, as evidence suggests that these parameters properly
explain WM pathology only in presence of simple fiber
architecture, or in very homogeneous fiber systems (De Santis
et al., 2014), while in more complex situations, such as with the
presence of crossing fibers, it is not easy to separate variations
in lambda parameters attributable to pathology, crossing fibers
and partial volume effects caused by residual misalignment. For
this reason, a strong motivation behind this work was to develop
methods capable of leveraging tract-specific information present
in high quality datasets to help overcome this limitation.
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FIGURE 2 | Axial cuts depicting the right exFAT territory in green. Territory-informed aFAT component shown in hot colormap, tractography-informed aFAT
component shown in cool colormap. Territory-informed FAT component shown in cool colormap, tractography-informed FAT component shown in hot colormap.
A set of labels and arrows point to specific examples where the aFAT and FAT components can be clearly identified.

Hypotheses Validation
Hypothesis 1 was partially validated by detecting a right
hemisphere FAT component in the maximum variation
sampling by language performance group whose average
fiber density was significantly correlated with language
performance, but failing to detect a significant left hemisphere
FAT component.

Hypothesis 2 was validated by detecting a right hemisphere
aFAT component in the maximum variation sampling
by working memory performance group, whose average
fiber density was significantly correlated with working
memory performance.

Hypothesis 3 was validated by detecting only a right
hemisphere aFAT component in the maximum variation
sampling by working memory performance group, and failing to
detect any left-hemisphere component.

Diffusion-Derived Microstructural
Parameter Analyses
The results here presented add to the well-established evidence
of the implication of the FAT in language function, as detected
by the VBM analyses performed both on diffusion parameters

(AD, RD, MD, and FA) and on fiber density (both territory-
informed and tractography-informed). In the case of the
studies based on diffusion parameters, only the FA analysis
was capable of detecting an anterior exFAT component, while
the analysis of the lambda diffusivity parameters (AD, RD,
and MD) did not show any significant result related to
working memory performance. This anterior cluster detected
in the FA analysis was quite small compared with every other
reported cluster.

Fiber Density-Based Analyses
The territory-informed VBM analysis in the fiber density
study was capable of detecting a larger anterior exFAT
component compared to the FA study, and crucially, the
tractography-informed procedure showed the presence of
a cluster with ∼6x the number of voxels of the territory-
informed results (and ∼30x the number of voxels of the
aforementioned FA result). The presented results show that
both diffusion parameter-based and fiber density-based
studies were able to detect significant clusters with similar
spatial coordinates, pointing to the presence of a common
structural difference, and in addition to this, the results
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FIGURE 3 | Sagittal cuts depicting the right exFAT territory in green. Territory-informed aFAT component shown in hot colormap, tractography-informed aFAT
component shown in cool colormap Territory-informed FAT component shown in cool colormap, tractography-informed FAT component shown in hot colormap.
A set of labels and arrows point to specific examples where the aFAT and FAT components can be clearly identified.

FIGURE 4 | Lateral view (pictures 1 and 2 in the upper row) and frontal view
(pictures 3 and 4 in the lower row) of a single subject representation of distinct
right extended frontal aslant components as captured by the
tractography-based VBM procedure. The significant clusters are shown in
blue. Posterior vertical exFAT fibers, shown in purple, correspond exclusively
to the language exFAT component. Anterior exFAT fibers (aFAT), shown in
green, correspond exclusively to the working memory exFAT component.

related to the anterior exFAT component indicate that the
methodology here presented can be used to successfully exploit
the anatomical information present in the advanced tractography
reconstructions and thus detect differences in situations where

they are not apparent by using more traditional measurement of
diffusion parameters.

Inter-Hemispheric Differences in White
Matter Microstructure
Contrary to what was expected as per Hypothesis 1, the
presented methodology failed to detect a significant language-
related FAT component in the left exFAT territory. Although the
human brain is a roughly bilaterally symmetrical structure, it
is known to present a number of structural inter-hemispherical
asymmetries underlying its functional lateralization. Such
differences have been reported in language-related cortical
areas in a multi-modal parcelation study (Glasser et al., 2016),
is present in a number of well-studied tracts (Thiebaut de
Schotten et al., 2011), and has been specifically reported
in language-related pathways (Powell et al., 2006). Thus, it
is conceivable that while parameters such as tract volume,
which could behave similarly in the bilateral frontal aslant
connections, inter-hemispheric differences in white matter
microstructure could explain this asymmetry in the presented
results. Other complementary studies should be performed to
better characterize the structural implications of the left exFAT
territory in brain functions.

A Common Neural Substrate for
Language and Working Memory
It has been posited that language and working memory
function could share a common neural substrate where
Broca’s area (Koechlin and Jubault, 2006) and the dorsal
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region of the frontal cortex (Badre and D’Esposito, 2009)
exhibit an anteroposterior gradient where more anterior
regions are responsible for more abstract processing.
Furthermore, this property has been proposed to be a
general characteristic of the frontal cortex (Fuster, 1989).
Given the strategic placement of the exFAT territory in the
frontal lobe, the presented results support the interpretation
that, in the right hemisphere, distinct exFAT components
exist along said anteroposterior gradient, with a posterior
component mediating language performance (the FAT) and
an anterior component mediating more abstract working
memory capacity (the aFAT). This evidence suggests that the
exFAT could function as a common neural interface where
language and working memory function are integrated in the
healthy human brain.

VBM Modulation and Fiber Density
We decided to apply Jacobian modulation as part of
our VBM pipeline for analyzing differences along the
exFAT white matter territory under the interpretation that
fiber density is an indirect measure of the “quantity” of
connectivity between regions which should be preserved
under spatial transformations. Thus regions that are
contracted during transformation should be interpreted
as fibers being more densely packed in a smaller volume,
while the opposite should be true for small regions being
expanded. Interpreting unmodulated images would lead to
incorrectly detecting differences in cases where the same
“quantity” of connectivity (i.e., fiber count) is present within
differently-sized volumes.

Choice of Kernel Size
The usage of larger kernel sizes increases tolerance against fine
misregistration errors and improves sensitivity at the expense
of degraded specificity. In the white matter territory, it has
been noted that smoothing can increase the uncertainty of
the position of peak voxels, leading to artifactual bridging of
independent regions (Reimold et al., 2006). In this study we
wanted be sensitive to potentially small but distinct regions
of local difference by leveraging the high-quality data of
the HCP sample. To this end, we opted for a conservative
kernel size of 2 mm. We reason that in a 3D white matter
structure residual misregistration is a more forgiving problem
compared to the gray matter situation, where regions are often
completely disjoint among subjects upon registration due to
common anatomical variations and other inter-subject structural
differences of a highly convoluted 2D cortical sheet folded
in 3D space, and thus, in the present situation, the usage
of kernel sizes commonly employed for VBM studies of gray
matter territories (8–16 mm) would further blur the images
and increase the likelihood of detecting spatially displaced and
wrongfully merged results.

Limitations and Future Work
It must be noted that the Binder language task was designed
to elicit strong activation of the temporal lobe for pre-surgical
assessment of epilepsy patients, and subjects present a strong

ceiling effect in its scores. Thus, using a more discriminative
language task could result in an increased statistical power in
the detection of differences attributable to language capacity
performance differences among high performers.

In the context of a maximum variation sampling study,
results must be interpreted with care: given that we are
detecting differences between two extremes of the sample,
we cannot directly infer the existence of an anatomical
ground truth consisting of an independent anterior frontal
aslant tract in the general population, but we can support
the hypothesis that the exFAT territory structure varies
differentially along its anteroposterior axis according to separate
cognitive abilities. Further studies should be performed
in order to elucidate whether the aFAT component is
better described as a separate white matter tract, or as a
functionally and anatomically distinct subregion of a wider
exFAT territory.

Given that inter-hemispherical differences in white matter
microstructure could render local differences in fiber density
a poor parameter for probing the left exFAT territory, further
studies with alternative techniques should be conducted to
determine whether a contralateral homolog of the right aFAT can
be detected, as well as to determine its potential implication in
different cognitive functions.

CONCLUSION

We performed tractography-informed VBM analyses on fiber
density along the bilateral exFAT territory in two maximum
variation sampling studies by comparing top performers and
bottom performers in language and working memory tasks
selected from the HCP sample. This study was able to recover,
without prior constraints, an approximation of the original right
FAT related to language performance. Additionally, we detected
the presence of a distinct cluster related to working memory
performance corresponding to a novel right anterior frontal
aslant component (the aFAT).

The reported results point to the right exFAT territory as
a candidate structural scaffold where language function and
working memory interface via a common neural circuit. This
finding is compatible with previously reported data on the
hierarchical structural organization of both Broca’s region and
the frontal cortex along an anteroposterior axis, and opens
the door to better informed surgical approaches to the frontal
lobe. Additionally, the presented results can contribute to
improve theoretical models by providing a structural basis
accounting for an integrative view of language and working
memory function in the human brain, leading to better clinical
understanding of language and working memory alterations in
the human brain.

DATA AVAILABILITY STATEMENT

The datasets generated for this study are available on request to
the corresponding author.

Frontiers in Neuroanatomy | www.frontiersin.org 9 April 2020 | Volume 14 | Article 21

https://www.frontiersin.org/journals/neuroanatomy
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroanatomy#articles


fnana-14-00021 April 19, 2020 Time: 12:18 # 10

Varriano et al. Distinct exFAT Components

ETHICS STATEMENT

The studies involving human participants were reviewed
and approved by Bioethics Committee of the University of
Barcelona [Institutional Review Board (IRB00003099)]. The
patients/participants provided their written informed consent to
participate in this study.

AUTHOR CONTRIBUTIONS

FV and SP-D discussed and conceived the idea,
designed and implemented the necessary software
for the study, verified the results and contributed
equally to the writing of the final manuscript. AP-G

supervised the work and contributed to the revision
of the manuscript.

ACKNOWLEDGMENTS

We are grateful to the WU-Minn Consortium for the open release
of the Human Connectome Project dataset, without which this
project would not have been possible.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnana.
2020.00021/full#supplementary-material

REFERENCES
Acheson, D. J., Hamidi, M., Binder, J. R., and Postle, B. R. (2011). A common neural

substrate for language production and verbal working memory. J. Cogn. Psychol.
23, 1358–1367. doi: 10.1162/jocn.2010.21519.A

Ashburner, J., and Friston, K. J. (2000). ). Voxel-based morphometry - The
methods. NeuroImage 11, 805–821. doi: 10.1006/nimg.2000.0582

Baddeley, A. (2003). Working memory and language: an overview. J. Commun.
Disord. 36, 189–208. doi: 10.1016/S0021-9924(03)00019-4

Badre, D., and D’Esposito, M. (2009). Is the rostro-caudal axis of the
frontal lobe hierarchical? Nat. Rev. Neurosci. 10, 659–669. doi: 10.1038/nrn
2667

Basilakos, A., Fillmore, P. T., Rorden, C., Guo, D., Bonilha, L., and Fridriksson,
J. (2014). Regional white matter damage predicts speech fluency in chronic
post-stroke aphasia. Front. Hum. Neurosci. 8:845. doi: 10.3389/fnhum.2014.
00845

Binder, J. R., Gross, W. L., Allendorfer, J. B., Bonilha, L., Chapin, J., Edwards,
J. C., et al. (2011). Mapping anterior temporal lobe language areas with fMRI:
a multicenter normative study. NeuroImage 54, 1465–1475. doi: 10.1016/j.
neuroimage.2010.09.048

Boisgueheneuc, F. Du, Levy, R., Volle, E., Seassau, M., Duffau, H., Kinkingnehun,
S., et al. (2006). Functions of the left superior frontal gyrus in humans: a lesion
study. Brain 129, 3315–3328. doi: 10.1093/brain/awl244

Bozkurt, B., Yagmurlu, K., Middlebrooks, E. H., Karadag, A., Ovalioglu, T. C.,
Jagadeesan, B., et al. (2016). Microsurgical and tractographic anatomy of the
supplementary motor area complex in humans. World Neurosurg. 95, 99–107.
doi: 10.1016/j.wneu.2016.07.072

Broce, I., Bernal, B., Altman, N., Tremblay, P., and Dick, A. S. (2015). Fiber tracking
of the frontal aslant tract and subcomponents of the arcuate fasciculus in 5-8-
year-olds: relation to speech and language function. Brain Lang. 149, 66–76.
doi: 10.1016/j.bandl.2015.06.006

Budisavljevic, S., Dell’Acqua, F., Djordjilovic, V., Miotto, D., Motta, R., and
Castiello, U. (2016). The role of the frontal aslant tract and premotor
connections in visually guided hand movements. NeuroImage146 419–428. doi:
10.1016/j.neuroimage.2016.10.051

Catani, M., Dell’Acqua, F., Vergani, F., Malik, F., Hodge, H., Roy, P., et al. (2012).
Short frontal lobe connections of the human brain. Cortex 48, 273–291. doi:
10.1016/j.cortex.2011.12.001

Catani, M., Mesulam, M. M., Jakobsen, E., Malik, F., Martersteck, A., Wieneke,
C., et al. (2013). A novel frontal pathway underlies verbal fluency in primary
progressive aphasia. Brain 136, 2619–2628. doi: 10.1093/brain/awt163

Chaim, T. M., Duran, F. L. S., Uchida, R. R., Périco, C. A. M., de Castro,
C. C., and Busatto, G. F. (2007). Volumetric reduction of the corpus callosum
in Alzheimer’s disease in vivo as assessed with voxel-based morphometry.
Psychiatry Res.Neuroimaging 154, 59–68. doi: 10.1016/j.pscychresns.2006.04.
003

Colom, R., Jung, R., and Haier, R. (2007). General intelligence and memory span:
evidence for a common neuroanatomic framework. Cogn. Neuropsychol. 24,
867–878. doi: 10.1080/02643290701781557

Darki, F., and Klingberg, T. (2015). The role of fronto-parietal and fronto-striatal
networks in the development of working memory: a longitudinal study. Cereb.
Cortex 25, 1587–1595. doi: 10.1093/cercor/bht352

De Santis, S., Drakesmith, M., Bells, S., Assaf, Y., and Jones, D. K. (2014). Why
diffusion tensor MRI does well only some of the time: variance and covariance
of white matter tissue microstructure attributes in the living human brain.
NeuroImage 89, 35–44. doi: 10.1016/j.neuroimage.2013.12.003

Dick, A. S., Garic, D., Graziano, P., and Tremblay, P. (2018). The frontal aslant
tract (FAT) and its role in speech, language and executive function. Cortex 111,
148–163. doi: 10.1016/j.cortex.2018.10.015

Emmorey, K., Giezen, M. R., Petrich, J. A. F., Spurgeon, E., and O’Grady Farnady,
L. (2017). The relation between working memory and language comprehension
in signers and speakers. Acta Psychol. 177, 69–77. doi: 10.1016/j.actpsy.2017.04.
014

Engel de Abreu, P. M. J., Gathercole, S. E., and Martin, R. (2011). Disentangling
the relationship between working memory and language: the roles of short-
term storage and cognitive control. Learn. Individ. Differ. 21, 569–574. doi:
10.1016/j.lindif.2011.06.002

Fujii, M., Maesawa, S., Motomura, K., Futamura, M., Hayashi, Y., Koba, I.,
et al. (2015). Intraoperative subcortical mapping of a language-associated deep
frontal tract connecting the superior frontal gyrus to Broca’s area in the
dominant hemisphere of patients with glioma. J. Neurosurg. 122, 1390–1396.
doi: 10.3171/2014.10.JNS14945

Fuster, J. M. (1989). The Prefrontal Cortex, 2nd Edn. New York, NY: Raven.
Gajardo-Vidal, A., Lorca-Puls, D. L., Hope, T. M. H., Parker Jones, O., Seghier,

M. L., Prejawa, S., et al. (2018). How right hemisphere damage after stroke
can impair speech comprehension. Brain 141, 3389–3404. doi: 10.1093/brain/
awy270

Ganzola, R., and Duchesne, S. (2017). Voxel-based morphometry meta-analysis of
gray and white matter finds significant areas of differences in bipolar patients
from healthy controls. Bipolar Disord. 19, 74–83. doi: 10.1111/bdi.12488

Garic, D., Broce, I., Graziano, P., Mattfeld, A., and Dick, A. S. (2018). Laterality
of the frontal aslant tract (FAT) explains externalizing behaviors through its
association with executive function. Dev. Sci. 141, 3389–3404. doi: 10.1111/desc.
12744

Glasser, M. F., Coalson, T. S., Robinson, E. C., Hacker, C. D., Harwell, J., Yacoub,
E., et al. (2016). A multi-modal parcellation of human cerebral cortex. Nature
536, 171–178. doi: 10.1038/nature18933

Golestani, N., Molko, N., Dehaene, S., LeBihan, D., and Pallier, C. (2007). Brain
structure predicts the learning of foreign speech sounds. Cereb. Cortex 17,
575–582. doi: 10.1093/cercor/bhk001

Good, C. D., Scahill, R. I, Fox, N. C., Ashburner, J., Friston, K. J., Chan, D.,
et al. (2002). Automatic differentiation of anatomical patterns in the human

Frontiers in Neuroanatomy | www.frontiersin.org 10 April 2020 | Volume 14 | Article 21

https://www.frontiersin.org/articles/10.3389/fnana.2020.00021/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnana.2020.00021/full#supplementary-material
https://doi.org/10.1162/jocn.2010.21519.A
https://doi.org/10.1006/nimg.2000.0582
https://doi.org/10.1016/S0021-9924(03)00019-4
https://doi.org/10.1038/nrn2667
https://doi.org/10.1038/nrn2667
https://doi.org/10.3389/fnhum.2014.00845
https://doi.org/10.3389/fnhum.2014.00845
https://doi.org/10.1016/j.neuroimage.2010.09.048
https://doi.org/10.1016/j.neuroimage.2010.09.048
https://doi.org/10.1093/brain/awl244
https://doi.org/10.1016/j.wneu.2016.07.072
https://doi.org/10.1016/j.bandl.2015.06.006
https://doi.org/10.1016/j.neuroimage.2016.10.051
https://doi.org/10.1016/j.neuroimage.2016.10.051
https://doi.org/10.1016/j.cortex.2011.12.001
https://doi.org/10.1016/j.cortex.2011.12.001
https://doi.org/10.1093/brain/awt163
https://doi.org/10.1016/j.pscychresns.2006.04.003
https://doi.org/10.1016/j.pscychresns.2006.04.003
https://doi.org/10.1080/02643290701781557
https://doi.org/10.1093/cercor/bht352
https://doi.org/10.1016/j.neuroimage.2013.12.003
https://doi.org/10.1016/j.cortex.2018.10.015
https://doi.org/10.1016/j.actpsy.2017.04.014
https://doi.org/10.1016/j.actpsy.2017.04.014
https://doi.org/10.1016/j.lindif.2011.06.002
https://doi.org/10.1016/j.lindif.2011.06.002
https://doi.org/10.3171/2014.10.JNS14945
https://doi.org/10.1093/brain/awy270
https://doi.org/10.1093/brain/awy270
https://doi.org/10.1111/bdi.12488
https://doi.org/10.1111/desc.12744
https://doi.org/10.1111/desc.12744
https://doi.org/10.1038/nature18933
https://doi.org/10.1093/cercor/bhk001
https://www.frontiersin.org/journals/neuroanatomy
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroanatomy#articles


fnana-14-00021 April 19, 2020 Time: 12:18 # 11

Varriano et al. Distinct exFAT Components

brain: validation with studies of degenerative dementias. NeuroImage 17, 29–46.
doi: 10.1006/nimg.2002.1202

Goulas, A., Uylings, H. B. M., and Stiers, P. (2014). Mapping the hierarchical layout
of the structural network of the macaque prefrontal cortex. Cereb. Cortex 24,
1178–1194. doi: 10.1093/cercor/bhs399

Haier, R. J., Jung, R. E., Yeo, R. A., Head, K., and Alkire, M. T. (2004). Structural
brain variation and general intelligence. NeuroImage 23, 425–433. doi: 10.1016/
j.neuroimage.2004.04.025

Honea, R., Crow, T. J., Passingham, D., and Mackay, C. E. (2005). Regional deficits
in brain volume in schizophrenia: a meta-analysis of voxel-based morphometry
studies. Am. J. Psychiatry 162, 2233–2245. doi: 10.1176/appi.ajp.162.
12.2233

Jacquemot, C., and Scott, S. K. (2006). What is the relationship between
phonological short-term memory and speech processing? Trends Cogn. Sci. 10,
480–486. doi: 10.1016/j.tics.2006.09.002

Jenkinson, M., Beckmann, C. F., Behrens, T. E. J., Woolrich, M. W., and Smith,
S. M. (2012). Fsl. NeuroImage 62, 782–790. doi: 10.1016/j.neuroimage.2011.09.
015

Kemerdere, R., de Champfleur, N. M., Deverdun, J., Cochereau, J., Moritz-Gasser,
S., Herbet, G., et al. (2016). Role of the left frontal aslant tract in stuttering:
a brain stimulation and tractographic study. J. Neurol. 263, 157–167. doi: 10.
1007/s00415-015-7949-3

Kinoshita, M., de Champfleur, N. M., Deverdun, J., Moritz-Gasser, S., Herbet, G.,
and Duffau, H. (2014). Role of fronto-striatal tract and frontal aslant tract in
movement and speech: an axonal mapping study. Brain Struct. Funct. 220,
3399–3412. doi: 10.1007/s00429-014-0863-0

Kinoshita, M., Nakajima, R., Shinohara, H., Miyashita, K., Tanaka, S., Okita, H.,
et al. (2016). Chronic spatial working memory deficit associated with the
superior longitudinal fasciculus: a study using voxel-based lesion-symptom
mapping and intraoperative direct stimulation in right prefrontal glioma
surgery. J. Neurosurg. 125, 1024–1032. doi: 10.3171/2015.10.JNS1591

Koechlin, E., and Jubault, T. (2006). Broca’s area and the hierarchical organization
of human behavior. Neuron 50, 963–974. doi: 10.1016/j.neuron.2006.05.017

Kronfeld-Duenias, V., Amir, O., Ezrati-Vinacour, R., Civier, O., and Ben-Shachar,
M. (2016). The frontal aslant tract underlies speech fluency in persistent
developmental stuttering. Brain Struct. Funct. 221, 365–381. doi: 10.1007/
s00429-014-0912-8

Li, J. P., Pan, P. L., Huang, R., and Shang, H. F. (2012). A meta-analysis of voxel-
based morphometry studies of white matter volume alterations in Alzheimer’s
disease. Neurosci. Biobehav. Rev. 36, 757–763. doi: 10.1016/j.neubiorev.2011.12.
001

Mandelli, M. L., Vilaplana, E., Brown, J. A., Hubbard, H. I, Binney, R. J., Attygalle,
S., et al. (2016). Healthy brain connectivity predicts atrophy progression in
non-fluent variant of primary progressive aphasia. Brain 139, 2778–2791. doi:
10.1093/brain/aww195

Nagy, Z., Westerberg, H., and Klingberg, T. (2004). Maturation of white matter
is associated with the development of cognitive functions during childhood.
J. Cogn. Neurosci. 16, 1227–1233. doi: 10.1162/0898929041920441

Nichols, T. E., and Holmes, A. P. (2002). Non-parametric permutation tests for
functional neuroimaging: a primer with examples. Hum. Brain Mapp. 15, 1–25.
doi: 10.1002/hbm.1058

O’Brien, L. M., Ziegler, D. A., Deutsch, C. K., Frazier, J. A., Herbert, M. R.,
and Locascio, J. J. (2011). Statistical adjustments for brain size in volumetric
neuroimaging studies: some practical implications in methods. Psychiatry Res.
Neuroimaging 193, 113–122. doi: 10.1016/j.pscychresns.2011.01.007

Patil, I., Calò, M., Fornasier, F., Young, L., and Silani, G. (2017). Neuroanatomical
correlates of forgiving unintentional harms. Sci. Rep. 7:45967. doi: 10.1038/
srep45967

Pezzoli, S., Emsell, L., Yip, S. W., Dima, D., Giannakopoulos, P., Zarei, M., et al.
(2018). Meta-analysis of regional white matter volume in bipolar disorder with
replication in an independent sample using coordinates, T-maps, and individual
MRI data. Neurosci. Biobehav. Rev. 84, 162–170. doi: 10.1016/j.neubiorev.2017.
11.005

Powell, H. W. R., Parker, G. J. M., Alexander, D. C., Symms, M. R., Boulby,
P. A., and Wheeler-Kingshott, C. A. M. (2006). Hemispheric asymmetries in
language-related pathways: a combined functional MRI and tractography study.
NeuroImage 32, 388–399. doi: 10.1016/j.neuroimage.2006.03.011

Radua, J., Mataix-Cols, D., Phillips, M. L., El-Hage, W., Kronhaus, D. M., Cardoner,
N., et al. (2012). A new meta-analytic method for neuroimaging studies that

combines reported peak coordinates and statistical parametric maps. Eur.
Psychiatry 27, 605–611. doi: 10.1016/j.eurpsy.2011.04.001

Radua Joaquim, G. M., van den Heuvel, O. A., Thiebaut de Schotten, M., Stein,
D. J., Canales-Rodríguez, E. J., and Mataix-Cols, D. (2014). Multimodal voxel-
based meta-analysis of white matter abnormalities in obsessive-compulsive
disorder. Neuropsychopharmacology 39, 1547–1557. doi: 10.1038/npp.2014.5

Reimold, M., Slifstein, M., Heinz, A., Mueller-Schauenburg, W., and Bares, R.
(2006). Effect of spatial smoothing on t-maps: arguments for going back from
t-maps to masked contrast images. J. Cereb. Blood Flow Metab. 26, 751–759.
doi: 10.1038/sj.jcbfm.9600231

Sierpowska, J., Gabarrós, A., Fernandez-Coello, A., Camins, À, Castañer, S.,
Juncadella, M., et al. (2015). Morphological derivation overflow as a result of
disruption of the left frontal aslant white matter tract. Brain Lang. 142, 54–64.
doi: 10.1016/j.bandl.2015.01.005

Smith, S. M., and Nichols, T. E. (2009). Threshold-free cluster enhancement:
addressing problems of smoothing, threshold dependence and localisation in
cluster inference. NeuroImage 44, 83–98. doi: 10.1016/j.neuroimage.2008.03.
061

Szczepanski, S. M., and Knight, R. T. (2014). Insights into human behavior from
lesions to the prefrontal cortex. Neuron 83, 1002–1018. doi: 10.1016/j.neuron.
2014.08.011

Tench, C. R., Tanasescu, R., Constantinescu, C. S., Auer, D. P., and Cottam, W. J.
(2017). Coordinate based random effect size meta-analysis of neuroimaging
studies. NeuroImage 153, 293–306. doi: 10.1016/j.neuroimage.2017.
04.002

Thiebaut de Schotten, M., Dell’Acqua, F., Valabregue, R., and Catani, M. (2012).
Monkey to human comparative anatomy of the frontal lobe association tracts.
Cortex 48, 82–96. doi: 10.1016/j.cortex.2011.10.001

Thiebaut de Schotten, M., Ffytche, D. H., Bizzi, A., Dell’Acqua, F., Allin,
M., Walshe, M., et al. (2011). Atlasing location, asymmetry and inter-
subject variability of white matter tracts in the human brain with MR
diffusion tractography. NeuroImage 54, 49–59. doi: 10.1016/j.neuroimage.2010.
07.055

Tournier, J. D., Calamante, F., and Connelly, A. (2010). Improved probabilistic
streamlines tractography by 2nd order integration over fibre orientation
distributions. Proc. Int. Soc. Magn. Reson. Med. (ISMRM) 18:1670.

Tournier, J. D., Calamante, F., and Connelly, A. (2012). MRtrix: diffusion
tractography in crossing fiber regions. Int. J. Imaging Syst. Technol. 22, 53–66.
doi: 10.1002/ima.22005

Varriano, F., Pascual-Diaz, S., and Prats-Galino, A. (2018). When the FAT goes
wide: right extended frontal aslant tract volume predicts performance on
working memory tasks in healthy humans. PLoS One 13:e0200786. doi: 10.1371/
journal.pone.0200786

Vassal, F., Boutet, C., Lemaire, J.-J., and Nuti, C. (2014). New insights into the
functional significance of the frontal aslant tract-An anatomo-functional study
using intraoperative electrical stimulations combined with diffusion tensor
imaging-based fiber tracking. Br. J. Neurosurg. 28, 685–687. doi: 10.3109/
02688697.2014.889810

Vergani, F., Lacerda, L., Martino, J., Attems, J., Morris, C., Mitchell, P., et al.
(2014). White matter connections of the supplementary motor area in humans.
J. Neurol.Neurosurg. Psychiatry 85, 1377–1385. doi: 10.1136/jnnp-2013-
307492

Wang, Z., Guo, X., Qi, Z., Yao, L., and Li, K. (2010). Whole-brain voxel-based
morphometry of white matter in mild cognitive impairment. Eur. J. Radiol. 75,
129–133. doi: 10.1016/j.ejrad.2009.04.041

Winkler, A. M., Ridgway, G. R., Webster, M. A., Smith, S. M., and Nichols, T. E.
(2014). Permutation inference for the general linear model. NeuroImage 92,
381–397. doi: 10.1016/j.neuroimage.2014.01.060

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Varriano, Pascual-Diaz and Prats-Galino. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Neuroanatomy | www.frontiersin.org 11 April 2020 | Volume 14 | Article 21

https://doi.org/10.1006/nimg.2002.1202
https://doi.org/10.1093/cercor/bhs399
https://doi.org/10.1016/j.neuroimage.2004.04.025
https://doi.org/10.1016/j.neuroimage.2004.04.025
https://doi.org/10.1176/appi.ajp.162.12.2233
https://doi.org/10.1176/appi.ajp.162.12.2233
https://doi.org/10.1016/j.tics.2006.09.002
https://doi.org/10.1016/j.neuroimage.2011.09.015
https://doi.org/10.1016/j.neuroimage.2011.09.015
https://doi.org/10.1007/s00415-015-7949-3
https://doi.org/10.1007/s00415-015-7949-3
https://doi.org/10.1007/s00429-014-0863-0
https://doi.org/10.3171/2015.10.JNS1591
https://doi.org/10.1016/j.neuron.2006.05.017
https://doi.org/10.1007/s00429-014-0912-8
https://doi.org/10.1007/s00429-014-0912-8
https://doi.org/10.1016/j.neubiorev.2011.12.001
https://doi.org/10.1016/j.neubiorev.2011.12.001
https://doi.org/10.1093/brain/aww195
https://doi.org/10.1093/brain/aww195
https://doi.org/10.1162/0898929041920441
https://doi.org/10.1002/hbm.1058
https://doi.org/10.1016/j.pscychresns.2011.01.007
https://doi.org/10.1038/srep45967
https://doi.org/10.1038/srep45967
https://doi.org/10.1016/j.neubiorev.2017.11.005
https://doi.org/10.1016/j.neubiorev.2017.11.005
https://doi.org/10.1016/j.neuroimage.2006.03.011
https://doi.org/10.1016/j.eurpsy.2011.04.001
https://doi.org/10.1038/npp.2014.5
https://doi.org/10.1038/sj.jcbfm.9600231
https://doi.org/10.1016/j.bandl.2015.01.005
https://doi.org/10.1016/j.neuroimage.2008.03.061
https://doi.org/10.1016/j.neuroimage.2008.03.061
https://doi.org/10.1016/j.neuron.2014.08.011
https://doi.org/10.1016/j.neuron.2014.08.011
https://doi.org/10.1016/j.neuroimage.2017.04.002
https://doi.org/10.1016/j.neuroimage.2017.04.002
https://doi.org/10.1016/j.cortex.2011.10.001
https://doi.org/10.1016/j.neuroimage.2010.07.055
https://doi.org/10.1016/j.neuroimage.2010.07.055
https://doi.org/10.1002/ima.22005
https://doi.org/10.1371/journal.pone.0200786
https://doi.org/10.1371/journal.pone.0200786
https://doi.org/10.3109/02688697.2014.889810
https://doi.org/10.3109/02688697.2014.889810
https://doi.org/10.1136/jnnp-2013-307492
https://doi.org/10.1136/jnnp-2013-307492
https://doi.org/10.1016/j.ejrad.2009.04.041
https://doi.org/10.1016/j.neuroimage.2014.01.060
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neuroanatomy
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroanatomy#articles

	Distinct Components in the Right Extended Frontal Aslant Tract Mediate Language and Working Memory Performance: A Tractography-Informed VBM Study
	Introduction
	Hypotheses

	Materials and Methods
	Results
	AD Study
	RD Study
	MD Study
	FA Study
	Fiber Density Study

	Discussion
	The Need of Tract-Specific Procedures
	Hypotheses Validation
	Diffusion-Derived Microstructural Parameter Analyses
	Fiber Density-Based Analyses
	Inter-Hemispheric Differences in White Matter Microstructure
	A Common Neural Substrate for Language and Working Memory
	VBM Modulation and Fiber Density
	Choice of Kernel Size
	Limitations and Future Work

	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Acknowledgments
	Supplementary Material
	References


