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Of all brain connections, the Arcuate Fasciculus is of considerable interdisciplinary
interest, because of its major implication in language processing. The more peculiar is that its
exact course and terminations remain inaccurately defined in the literature. Additionally, its
appellation has been confused with the Superior Longitudinal Fasciculus and the Dorsal
pathway. This morphological inconsistency led to diverging evolutionary accounts, which
becomes visible in the recent renewed interest for the Arcuate Fasciculus across primate
species. Historical knowledge about the Arcuate Fasciculus originated from human blunt
dissections and later from tract tracing studies in the monkey brain. Contemporary diffusion
weighted MRI studies reinvestigate the fasciculus’ morphology but remain heavily bound to
unclear anatomical priors and methodological limitations.

While reviewing the three epistemological steps chronologically, we try to disentangle the
major fibre bundle for language processing and highlight how each conception influenced
current views about the evolution of language.

Abbreviations: AF (Arcuate Fasciculus), SLF (Superior Longitudinal Fasciculus), MdLF (Middle
Longitudinal Fasciculus), dMRI (diffusion magnetic resonance imaging), NHP (Non-human primate)

Highlights:

- We disentangled the AF from the SLF and the dorsal pathway in primates
- Divergent studies on AF travelling and terminations affect language evolution theories
- Evidence for continuity for both inferior frontal and anterior temporal terminations

- Discontinuity in lateralisation may be due to small sample sizes

- Language and the AF may have co-evolved progressively in primate evolution



Introduction

Language is in the heart of what is generally accepted to make us special as a species. The
“How did it evolve?” persists hereby as one of the most debated questions in science. Prominent theories
do not follow an evolutionary and progressive logic but are of saltatory and discrete nature, dividing
into lingual versus non-lingual and using language as an argument to divide human versus animal (eg.
Berwick and Chomsky, 2016; Richerson et al., 2021). Many authors have stated that the difference
between humans and non-human primates (NHP) might lay in a different neural architecture between
primate species (eg. Boe et al., 2017, Friederici, 2017) including one of its key features: its connectivity.

In the human brain, the classic language pathway model describes a fibre pathway —the Arcuate
Fasciculus (AF) - arching around the Sylvian fissure, linking superior temporal language regions
(roughly Wernicke’s area) to ventrolateral frontal regions (roughly Broca’s area). Posterior Broca’s area
is engaged in phonological tasks and anterior Broca’s area is specialised in syntactic and semantic
functions. On the temporal end, superior Wernicke’s area is engaged in phonological - and the posterior
area for semantic tasks (Catani and Thiebaut de Schotten, 2012).
Modern forms of the language pathway model highlight the connexion of the AF with other cortical
areas critical for language processing such as the inferior parietal lobe and the insula (Catani and
Thiebaut de Schotten, 2012). Even if their exact respective role is still unknown, some hypotheses have
been discussed in the literature. For instance, the inferior parietal lobe might be involved in processing
concrete concepts, episodic memory retrieval of words and verbal working memory as well as sensory
and motor integration (Catani and Thiebaut de Schotten, 2012). In addition, as it was already suggested
during the 19~ century, the insula was recently shown to have a crucial role in articulatory planning,
language repetition ability, and phonological recognition (Ardila et al., 2014).

Not surprisingly, it was observed that interrupting lesions of the AF lead to clinical
symptoms. Traditionally, AF lesions are associated with conduction aphasia, characterised by the
inability to repeat words while speaking. However, modern investigations depict very global and
complex roles for every sub-branch of the AF, with its lesions implicated in language disorders like
dyslexia, apraxia, alexia and several types of aphasia (Catani and Thiebaut de Schotten, 2012).

This major language brain fasciculus matures during childhood into a dominant and left-
hemisphere lateralised pathway (Catani et al., 2007; Dubois et al., 2009; Perani et al., 2011). While the
architecture for language brains regions is highly conserved between primate species, main
morphological changes happened in the AF, potentially explaining our uniqueness to process language
(Rilling et al., 2008). Some authors extend this hypothesis to propose that the AF with parts of Broca’s
area represents the biological manifestation of Chomsky’s controversial “Universal Grammar”
(Friederici et al., 2017; Zaccharella and Friederici, 2017).

In other words, the AF is at the heart of the debate about what makes us human.

In this review, we briefly present the historical findings and techniques that advanced
knowledge about primate neuroanatomy and the Arcuate Fasciculus. We also present the different
terminology used in this domain and highlight how conclusions about AF evolution depend on
nomenclature. In a second time, we review studies concerning the continuity or discontinuity between
human and non-human primates. The debate is centred around three main controversies:

1. Inferior Frontal Terminations: An evolutionary continuity between primate species stipulates
its locations in the monkeys’ Broca’s homologue, whereas a discontinuity stipulates its locations rather
in the monkeys’ superior frontal areas but not in Broca’s homologue.

2. Extended temporal lobe terminations: An evolutionary continuity between primate species
stipulates its locations in the monkey’s anterior temporal lobe whereas a discontinuity stipulates more
posterior terminations in the monkeys’ parieto-temporal junction.

3. Lateralisation: An evolutionary continuity between primate species stipulates the left
lateralisation of the monkeys’ AF whereas a discontinuity stipulates an absence or inverse lateralisation.
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Methodological approaches:

Different methods and techniques advanced the understanding of the Arcuate Fasciculus in human
and non-human primates.

Dissection: The historically first techniques to identify the AF were post-mortem dissections of the
human brain in the 19+ century. This technique includes in particular blunt dissections, in which the
surgeon separates tissue layers by means of an instrument without a cutting edge. This method of
dissection has not changed significantly in centuries, is time consuming and requires considerable skills.
Especially the Klingler technique, by freezing already formalin-fixed brains before dissection, is widely
used today because of the possibility of direct correlation with dMRI techniques (eg. Agrawel et al.,
2011).

Tract tracing: In order to shed light into more detailed AF anatomy, tract tracing is a powerful post-
mortem method. A fibre or axon connects via a synapse with a second axon. Only tract tracing methods
can unveil a monosynaptic connection between cortical area ex-vivo. It consists in injecting tracers,
such as radiating amino acids in the cortex, which follow the trajectory of the fibre and labels its axons
as well as its terminations (“autoradiographic technique”). Histological observations can then locate the
traced axons. This technigque has been used in macaques and facilitated a better understanding of the
AF’s and SLF’s origins, course and terminations (eg. Petrides and Pandya, 1988; Schmahmann and
Pandya 2006).

Diffusion MRI: The only technique available, to study fibre pathways in-vivo and in a large sample
sizes, is diffusion MRI (dMRI). It consists in a form of magnetic resonance imaging (MRI) based on
the measurement of random water molecule motion within a voxel of tissue. The diffusion of water
molecules is constrained by the borders of axon membranes and thus brain connections can be
reconstructed thanks to the direction of the water’s diffusion vector.

Diffusion MRI reconstructs bundles of numerous fibres and does not have the resolution of a single
fibre. Because of such uncertainty, the extracted pathways are referred to as streamlines or tracts rather
than fibres. In addition, dMRI does not unveil monosynaptic connections.

Challenges of dMRI: As in the real brain, virtual dissection of the white matter is possible (Catani et
al., 2005) using several masks for seeding, inclusion, exclusion and for termination of streamlines.
Anatomical priors based on atlases are however indispensable to resolve crossing fibres (Girard et al.
2020), false streamlines (Maier-Heine et al., 2017), and difficulties to tract inside the grey matter
(Reveley et al., 2015), which are limiting this technique. Regarding especially the issue of crossing
fibres, “bottleneck” configurations, where several fasciculi are entangled (eg. the AF and the SLF), are
known to generate false positive streamlines in dMRI (Girard et al., 2020) and morphology can therefore
differ across studies.
Therefore, several methods are proposed in the literature to overcome inherent diffusion MRI problems:
-To increase resolution and sample size of in-vivo studies, some authors also include ex-vivo brains,
which requires no health monitoring and adds the possibility to scan during several hours and increases
spatial resolution (ex. Barrett et al., 2020).
-To overcome the difficulty of tracking into grey matter, some studies focus exclusively on the body of
the tract because of its most reliable aspect for tractography reconstruction (eg. Bryant et al., 2020;
Warrington et al., 2020). Thus, frontal and temporal terminations can’t be directly described, which
makes an overall structural comparison between the monkey and human AF challenging. To solve this
issue, surface-based methods can provide vertex-wise connectivity matrices (St-Onge et al., 2018) from
which the terminations of the AF and the dorsal pathways can be identified. The resulting connectivity
fingerprint techniqgue can be used for interspecies comparisons (Mars, et al., 2021).
In recent years, diffusion MRI has been favoured for comparative approaches across primate
species, in order to investigate the origin of the human language pathways. Therefore, the number of
diffusion MRI studies in nonhuman primates has significantly increased (Milham et al., 2020).




History of terminology and delineation:

The first description of what would be known as the Arcuate Fasciculus (AF) dates back to the
beginning 19~ century by Reil, describing a fibre bundle “... curving around the posterior wall of the
[Sylvian] Fissure in an arc-like fashion ...” from the frontal to the temporal lobes (Reil, 1809, pp. 202-
203). A well-known description by Burdach, who acknowledged this observation by naming it
“Bogenbiindel” (i.e. “Arcuate Fasciculus”) was published some years later (Burdach, 1822, p.371).
Burdach’s appellation persisted until Wernicke’s detailed atlas description, who was the first to refer to
the bundle as the “superior longitudinal bundle”, or “arcuate bundle” (Wernicke, 1887 Tafel XII).

From there on, the terms of either “Superior Longitudinal Fasciculus” (SLF) or “Arcuate Fasciculus”
(AF) are used as synonyms in the literature.

In fact, as detailed dissection descriptions of the human brain were not updated, the aforementioned
historical descriptions were used until the modern time. Clinical investigators like Geschwind (1965)
relied on these historical descriptions of the AF to conceive models of language brain networks and
their involvement in pathologies like conduction aphasia.

AF versus SLF:

Nevertheless, the overlapping labels (SLF versus AF) keep causing confusions until today, given that
the SLF and the AF might actually be distinct from each other in terms of terminations according to
recent advances (see below). Such confusions might be related to the difficulties to determine the exact
origin and termination of fibres, especially with post-mortem dissections.

The AF delimitations have further been investigated in the 1980s by the use of tract tracing techniques
in an animal model, the rhesus macaque. Two major discoveries were made: First, three relatively
distinct parietal to frontal lobe fibres were observed and labelled as SLF | — 1l - 111, regarding their
dorsal to ventral gradient (Petrides and Pandya 1984, see also Schmahmann and Pandya 2006, Petrides,
2014). Second, the AF was proposed to be distinct from the SLF in terms of terminations, namely the
caudal part of the superior temporal gyrus for the AF and the parietal regions for the SLFs (Petrides and
Pandya, 1988). These two discoveries are still the ground for contemporary debates and investigations.

The SLF is subdivided in three different branches depending on its dorsal to ventral gradient and its
terminations. SLF | is the most dorsal sub-branch linking the superior parietal lobule with the caudal
dorsolateral and dorsomedial frontal cortex. SLF 1l is located more ventrally, linking the caudal part of
the inferior parietal lobule (the angular gyrus in the human brain) with area 45 of the ventrolateral
frontal cortex. SLF Il is coursing as ventral as the AF and linking the rostral part of the inferior parietal
lobule (the supramarginal gyrus in the human brain) with area 6VVR and area 44 (for monkeys see
Petrides, 2014; for Chimpanzee see Hecht et al., 2015).

In some studies, the AF is considered as the “persylvian-SLF” or “SLF IV” (Catani and Thiebaut de
Schotten, 2008; Ocklenburg et al., 2016; Honnedevasthana Arun et al., 2021), or as the temporal part
of the “SLF complex” (eg. Sugrue and Yang, 2019) or “SLF system” (eg. Vavassori et al., 2021).

Dorsal and/ Ventral Pathway:

For methodological reasons, one of the limitations of dMRI is that it can hardly disentangle association
pathways like the AF or the SLF (Girard et al. 2020). Most studies therefore refer to it as “the dorsal
language pathway or stream”. The term “dorsal pathway” is also used as a synonym of any of those
pathways connecting frontal to parieto-temporal regions. Itis opposed to the “ventral language pathway,
running ventrally from the Sylvian fissure and emulating the well-known visual pathway division.
While the ventral pathway was considered differentiated into the inferior fronto-occipital fascicle
(IFOF), the uncinate fascicle (UF) and the temporo-frontal extreme capsule fascicle (ECF), very recent




views consider all these parts as one and the same pathway, passing through the extreme capsule
(Weiller et al., 2021).

Functionally, the dorsal pathway is involved in mapping sound to articulation, while the ventral pathway
is involved in mapping sound to meaning (Hickok and Poeppel, 2004; Saur et al., 2008). However
recent advances are challenging this dichotomic view and are also highlighting the importance of the
dorsal pathway in semantics (Hula et al. 2020).

Anterior/posterior indirect segment and long direct segment:

Using diffusion MRI, Catani and colleagues (2005; 2014) have dealt with the issue of axons that enter
the human AF in the temporal lobe, but terminate in the inferior parietal lobe, without being directed to
the ventrolateral frontal region. They distinguish between a direct and two indirect segments of the AF
(Catani et al., 2005). One of these indirect segments, “the posterior segment” is connecting the lateral
temporal region with the inferior parietal region and could be the equivalent to the posterior segment of
the monkey’s middle longitudinal fasciculus (MdLF), resulting in the AF’s prominent “arch” in the
temporal lobe.

The other indirect branch “the anterior segment” may be homologous of the SLF III (Petrides and
Pandya, 1984 in the monkey and Frey et al. 2008 with dMRI in humans), connecting rostral inferior
parietal regions with the ventrolateral frontal regions. The direct segment would hereby be the AF as
defined by monosynaptic connections, connecting temporal regions with inferior frontal regions (Frey
et al., 2014; Petrides, 2014).

Figure 1: Schematic illustration
Terminology of the Dorsal of the dorsal language pathway
Language Pathway terminology in the human brain.
SLF II: Third branch of the
Superior Longitudinal
Fasciculus, AF: Arcuate
Fasciculus, MdLF: posterior
segment of the Middle
Longitudinal Fasciculus

Indirect
Anterior/su: m

Segment

Indirect

Posterior / MdLF
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Role of terminology

Discrepancies of terminology in the literature might not only be confusing for the field but have also
theoretical implications.

For instance, based on the aforementioned differences in terminology, the “dorsal pathway” consists of
different components (either/or of the SLF I+11+I11, AF, posterior MdLF) (Aboitiz, 2018). However,
these components have different properties, in terms of termination sites and lateralisation. Trying to
compare the dorsal pathway between human and non-human primate could be imprecise and source of
confusion, because as we have reviewed above, the dorsal pathway consists of different tracts that have
different properties.

We might compare things between species that are not equivalent. For example, the SLF, which is
rightward lateralised (Thiebaut de Schotten et al., 2011; Amemiya et al., 2021), has typically less
terminations within the inferior frontal gyrus (IFG) and no anterior temporal terminations
(Budisavljevic et al., 2015). Therefore, the SLF is to a lesser degree implicated in language processing
and its phylogenetic precursors. Moreover, the SLF is proposed to be related to spatial information
processing and to the visual motor domain (Hecht et al., 2017).

Differences in terminology matters, because a same result could have different theoretical implications
depending on its labelling and therefore its functional connotation.

In a similar example in the literature, it was documented that a strengthening of fibres could be observed
during primate evolution, linking the superior temporal lobe (Wernicke’s region in the human) with the
inferior parietal lobe (Geschwind’s region) (Aboitiz and Garcia, 1997; Catani and Bambini, 2014).
Different interpretations can be made depending on terminology. Implications for the AF evolution
would be equivalent if these fibres are a component of the AF or a less related bundle (eg. posterior
segment of the MdLF).

Although the termination sites of each of the tracts are still debated throughout the literature, some
convergences seem to emerge in the terminology:

- the AF is linking the frontal lobe with temporal regions;
- the SLF is linking frontal with parietal regions;
- the posterior segment of the MdLF is linking parietal with temporal regions

Wherefore we used such a terminology in the rest of the present paper.



Figure 2: Schematic illustration of the homologues
main language pathways in monkeys.

A: lllustration of the course and terminations
(arrowheads) of the Arcuate Fasciculus (AF) in
red. Blue circles are indicating the possible
terminations as discussed in the literature.

B: Illustration of the course and terminations
(arrowheads) of the three branches of the Superior
Longitudinal Fasciculus (SLF) after Petrides,
2014. Purple: branch 111, dark blue: branch II,
light blue: branch I.

Note that the AF and the SLF are often named
“dorsal pathway” in the literature.

Arcuate Fasciculus

- .4 - C: Ilustration of the ventral pathway course and
» | - - g terminations (arrowheads) in green.

) “ / # PS: Principalis Sulcus, AS: Arcuate Sulcus, CS:

b ' Central Sulcus, IPS: Inferior Parietal Sulcus, STS:

/ r Superior Temporal Sulcus, Area 45 and 44, parts

of Broca’s area, Area 22 part of Wernicke’s area.

Evolution of AF frontal projections

By definition the AF connects to frontal language areas for distributing linguistic information from the
temporal lobe in the human brain. Influential views in macaques trace terminations into dorsal area 8
integrating head and eye mouvements with sound localisation (Schmahmann and Pandya, 2006,
Thiebaut de Schotten et al., 2012). Other views propose terminations into homologous Broca’s area in
the inferior frontal gyrus (IFG), which functionally links directly to precursors of language processes
(Petrides etal., 2005b; Frey etal., 2014; Petrides et al., 2014). Theoretical accounts about the uniqueness
of human language neuroanatomy rely heavily on the absence of monkey’s AF termination into the
inferior frontal areas (Fitch, 2010, Friederici, 2017; Zaccarella and Friederici 2017). Indeed, the putative
absence of supra-regular grammar in monkeys (but see Jiang, 2018; Malassis et al., 2020) and young
children were explained with an anatomical absence of the AF in the IFG (Friederici et al., 2012, 2016,
2017; Zaccarella and Friederici, 2017).

1) Absence of IFG terminations in monkeys:

a. Tract tracing

In humans the AF terminates in the Inferior Frontal Gyrus referred to as Broca’s area (including area
44 and area 45). Within comparative approaches, the evolutionary question about AF frontal
terminations in nonhuman primates debuted with tract tracing studies in monkeys. In the original
experiment, Petrides and Pandya (1988) localised the frontal terminations not in area 44 but into the
dorsal part of area 8, of area 46 and of area 6. In addition, the tract showed a dorsal travelling course
with a slight bench towards the insula (Petrides and Pandya, 1988). The lack of Broca’s terminations
was confirmed by later studies in the 2000s, leading to the influential atlas of Schmahmann and Pandya
(2006), which constitutes an anatomical reference and source of priors for many studies. This AF
connexion between the Planum Temporale/tpt area (which overlaps with the monkey’s homologue of
Wernicke area) and area 8 elicited theories about the role of the AF in monkeys, which might thus be
coordinating the respective functions of each regions, namely sound localization (Clarke and Thiran,



2004) with the involvement of head and eye movement (Barbas and Mesulam 1981). Following this
view, the AF in monkeys would be an equivalent in the audio-spatial domain to the SLF 11 specialized
in the visual spatial domain. Such low-level processes in monkeys (i.e. sounds spatial localisation)
combined with the lack of Broca's homologue's terminations were seen as an evolutionary gap with the
high-level language functions attributed to the humans’ AF (eg. Petrides and Pandya, 1988;
Schmahmann and Pandya, 2006).

b. Diffusion MRI

However, very recently, Barbeau and colleagues (2020) documented with diffusion MRI a similar tract
in humans connecting area 8 (referred to as middle frontal gyrus in the paper) with area tpt (referred to
as posterior/dorsal temporal regions in the paper). Humans thus seem to share with monkeys this distinct
sub-branch of the AF, which was assumed to be the main AF branch specific to monkeys.

The difficulty to describe frontal terminations of the AF is well known in human data, due to dMRI
methodological issues. A similar case is observed in human infants where the AF is not completely
mature (i.e. myelinated) until the age of seven (Perani et al., 2011). Some authors propose the
physiological existence of frontal terminations into Broca’s area, even though these are not completely
visible on diffusion images (Dubois et al., 2006; 2009). Other authors argue against the sheer existence
of these terminations, relying on behavioural observations that children won’t accomplished higher
order grammar until the exact age of seven, when the AF fully matures, implying a functionally
responsibility of the AF in syntax processes (Perani et al., 2011; Friederici; 2017).

2) Towards a continuity of frontal termination between primates:

a. Tract Tracing

An alternative description of the AF trajectory in macaques reported terminations in Broca’s homologue
(Petrides, 2014). Interestingly, such findings contradict the previous initial works of the team (Petrides
and Pandya, 1988). In fact, during the first studies in the 1980s, no cytoarchitectural equivalence was
known for homologous Broca’s area in the macaque brain. The author explains that no terminations to
ventrolateral frontal areas (ie. Broca’s homologue) were found, because the initial injection site was not
placed ventrally enough within the temporal lobe.

This level of knowledge increased in the 1990s and 2000s with the documentation of cytoarchitectural
and electrophysiological homologies of area 44 and area 45 (Broca’s homologue) in and around the
most ventral part of the inferior arcuate sulcus (Petrides and Pandya, 2002; Petrides et al. 2005a; b).
When tackling specifically the connectivity of Area 44 and 45 in retrograde and anterograde tract tracing
studies, Petrides (2014) was able to show three distinct branches of the AF. While all branches travel
more ventrally benched around the insula than in the 1988 study, the first branch terminates in the same
areas of dorsal 8 and 6 like in the 1988 study (Petrides and Pandya, 1988; Petrides, 2014). The second
branch terminates in area 44 and the third in area 45 (Petrides and Pandya, 2009; Frey et al. 2014).

Additionally, functionally, neurons in the ventro-lateral-prefrontal cortex neurons of macaques respond
to vocalization sounds (Romanski and Goldman-Rakic, 2002).

These Broca’s terminations have major alternative theoretical implication and speak clearly for
a conserved machinery in primate evolution, close to Geschwind’s theory (1965) in humans, connecting
superior-ventral temporal language region (roughly Wernicke’s area) with ventrolateral frontal region
(roughly Broca’s area). Challenging older descriptions (ie. Schmahmann and Pandya 2006; Petrides
and Pandya, 1988).



b. Diffusion MRI

Rilling and colleagues (Rilling et al. 2008; 2012) compared the AF across primate species, using
a multi-fibre Diffusion Tensor model. Anterior terminations were found in the frontal operculum,
insular cortex, dorsal frontal lobe and ventral lateral frontal lobe (Area 44 and area 45).
Very recent studies reproduced these findings. In ex-vivo but not in lesser resolution in-vivo macaque
brains Barrett et al. (2020) described an AF running from the temporo-parietal junction into the inferior
frontal areas towards Broca’s homologue. Even though not discussed, Balezeau et al. (2020) found
projections into the inferior frontal areas in in-vivo macaques.
In addition, (Barrett et al., 2020) results also highlighted that the human brain exhibits a greater
proportion of frontal lobe connections compared to other primates when normalized to total brain
matter.
Further (Rocchi et al., 2021) confirmed these findings at the functional level, with functional MRI and
electric brain stimulations in two macaqgues and human patients. Both species showed evoked potentials
in Broca’s area (referred to as ventro-lateral-premotor cortex) when stimulating the auditory cortex.

These diffusion MRI results concerning frontal terminations resemble the AF description of Petrides,
2014. and are implying an evolutionary continuity of the AF development, while contrasting others (eg.
Schmahmann and Pandya 2006; Friederici, 2017).

Evolution of AF temporal projections

By definition, the AF “arches” around the Sylvian fissure. In humans, the AF exceeds the tpt/Planum
Temporale area into the ventral temporal lobe. Its projection to ventral temporal areas is therefore
crucial in the NHP to investigate potential evolutionary continuities with humans.

Because the AF’s temporal terminations is discussed (Schmahmann and Pandya, 2006; Rilling et al.,
2008; 2011; Eichert et al., 2019, Barrett et al., 2020), Rilling (2008) hypothesised that the emergence
of a dorsal pathway projection to the anterior temporal lobe in humans only, might have contributed to
transfer lexical-semantic information and some elements of syntax into the dorsal pathway. Whether
the monkey’s homologue is rather involved in spatial processing of sounds (Rilling et al., 2008; Aboitiz,
2018).

Very recent discoveries are contrasting this view by highlighting anterior temporal termination in
monkeys (Balezeau et al., 2020). The authors speculate that this auditory pathway is moreover involved
in sound and vocal patterning in the time domain (Wilson et al., 2015; Balezeau et al., 2020; Zhang and
Ghazanfar, 2020).

Note that the debated question about AF temporal terminations in monkeys is mainly based on diffusion
MRI studies.

1) Absence of anterior temporal terminations in monkeys:

a. Diffusion MRI

In their pioneering work, Rilling and colleagues (Rilling et al. 2008; 2012) described major
changes during primate evolution with an increased temporal lobe projection in the human brain and
related this finding to language evolution. The resulting pathway of highest probability travelled deep
to the insula, in the surroundings of the extreme capsule and with weaker pathways running both dorsal
and lateral to the insula. Additionally, to the frontal terminations into Broca’s area (as stated above),
cortical terminations were found in the anterior inferior parietal cortex and in the temporal lobe, in the
very caudal end of area 22 (also referred to as tpt or planum temporale and part of Wernicke’s area).

Concerning species differences, Rilling et al. (2008) suggested that the human AF is unique in
projecting to the anterior temporal cortex. The authors hypothesised the temporal extension of the AF
in recent Homo sapiens evolution, invading new temporal territories, including the MTG. This finding



has become the basis of a number of models of human language processing (eg. Catani & Bambini,
2014; Friederici, 2017).

At the same time Van Essen and Dieker (2007) also proposed a theory of primate brain
evolution, describing a cortical expansion across primates for key regions of interest. Based on an early
attempt of computational methods for comparative research, Van Essen and colleagues describe that, if
the macaque brain was inflated to the size of a human brain, areas like the inferior parietal lobule, the
middle temporal cortex and the lateral frontal cortex had to be expanded disproportionally in size to
match the actual human brain organisation. The authors concluded that these areas must have expended
during human evolution.

The cortical expansion theory therefore suggests that AF’s temporal terminations have simply
expanded together with the cortical area expansion, but didn’t invade new territories per se.

A series of studies from the Rogier Mars lab tackled this question whether the human AF’s temporal
tail was due to cortical expansion only, or to new temporal territories invasion, by examining the
evolution of temporal association fibres across primate species (Eichert et al., 2019; Eichert et al., 2020;
Roumagzeilles et al., 2020; Bryant et al.; 2020; Warrington et al, 2020). Studies of this lab are sharing
the Schmahmann and Pandya (2006) atlas for anatomical priors and focussing exclusively on the body
of the tract (Bryant et al., 2020; Warrington et al., 2020).

Using representations based on connectivity fingerprints built from tractography and surface alignment
techniques using myelin maps, Eichert et al. (2019; 2020) moreover highlight that several human
temporal tract expansions can be explained by cortical expansion alone. In contrast, this was not the
case for the AF expansion. The authors therefore conclude that the AF underwent additional changes in
its course by invading new middle temporal areas. Thus, the authors propose that the temporal lobe and
especially the middle temporal gyrus (MTG) expanded significantly in the great ape lineage. Next, in
the evolution of the human lineage, the AF invaded new territories of the temporal cortex, which made
cognitive computational advances possible (Roumazeilles et al., 2020).

Confirming these findings, Barrett et al. (2020) found no anterior temporal terminations in macaque ex-
vivo data to connect with frontal areas as in humans. They state that the AF shows the most striking
differences of association tracts between humans and monkeys with monkeys only sharing a small
subcomponent of the AF with humans.

2) Towards a continuity of anterior temporal terminations in primates:

a. Tracttracing

Sparse but influential neuronal tracer studies combined with functional stimulation have established the
notion of a dual stream in auditory processing, emulating the well-known visual pathway division into
ventral and dorsal pathways (Romanski et al., 1999a; b; Kaas and Hackett, 1999).

Indeed, Romanski et al., 1999 combined anterograde tract tracing with microelectrode stimulation in
the auditory belt. This way, the authors showed functional evidence for directional connectivity between
auditory areas in the middle temporal lobe and Broca’s area (Romanski et al., 1999 a; b ; Kaas and
Hackett, 1999). Similar structural and functional organization was also described in humans and the
notion of a ventral and dorsal pathway was quickly taken up to describe models of human language
processing (Hickok and Poeppel, 2004; Saur et al., 2008).

b. Diffusion MRI

In one of the field’s first studies, using diffusion spectrum imaging with four ex-vivo macaques,
Schmahmann and Pandya (2007) were able to reproduce their atlas findings initially conducted with
tract tracing (Schmahmann and Pandya, 2006). Differently than in the atlas, the AF travelled more
ventrally into the temporal lobe.



In addition, the debated question about NHP AF projections into the anterior temporal lobe took
very recently a new turn. Balezeau et al., 2020 compared three human subjects to three chimpanzee and
three macaque subjects in in-vivo diffusion MRI. In macaques, tract seeding originated from
functionally defined auditory cortex areas, which sits in the anterior temporal lobe. The authors
demonstrated that AF projections were found in the grey matter of distinct auditory cortex areas more
anterior in the temporal lobe as stated before (Rilling et al., 2008, 2011; Schmahmann and Pandya 2006,
2007; Eichert et al., 2019; Barrett et al., 2020) and despite the absence of a middle temporal gyrus
(MTG) in the monkey. Balezeau et al. (2020) highlight further that the ventral pathway was more
prominent in comparison to the dorsal-AF pathway.

In addition, Rocchi et al. (2021) confirmed the finding of an anterior temporal AF termination on a
functional level, by functional MRI and electric brain stimulations in two macaques and human patients.
The effective connectivity between Broca’s area (referred to as ventro-lateral-premotor cortex) and the
anterior temporal lobe was equal for the ventral and the dorsal pathway (in contrast to structural findings
in Rilling et al., 2008; 2011; Friederici; 2017; Balezeau et al., 2020 and functional findings in Wilson
etal., 2017).

These aforementioned findings depict an evolutionary continuity between primate species regarding
anterior temporal terminations and an earlier phylogenetic origin of the functional importance of the
AF.

Additionally, the specific human large arching into the most inferior anterior temporal lobe, is
questioned by Petrides (2014). In fact, as demonstrated in the monkey brain, monosynaptic AF
connections originate around area tpt/Planum Temporale. Fibres arching more ventrally in the temporal
lobe (ie. temporo-parietal fibres like the posterior middle longitudinal fasciculus (MdLF)) are
independent and build synapses with the AF (Seltzer & Pandya, 1984; Distler et al., 1993; Petrides
2014). This morphology may be similar in the human brain, with the human AF also originating in area
tpt/Planum Temporale if defined monosynaptically. However, with diffusion MRI, one is unable to
distinguish a monosynaptical AF originating in area tpt/Planum Temporale or a polysynaptical AF
entanglement with the posterior MdLF. In other words, in this view, the AF is losing its predominant
“arch” (which corresponds to the posterior indirect segment (Catani et al., 2005)), due to
methodological issues.

Lateralisation
1. Inter-hemispheric asymmetries of the language brain:

Starting from early human development, inter-hemispheric cerebral asymmetry was documented for
most language-related regions at both structural and functional level, language tasks eliciting more
activation in the left than in the right hemisphere (eg. Dehaene-Lambertz et al., 2002). Structural cortical
markers of such brain lateralisation for language were proposed such as the leftward surface
lateralisation of the Planum Temporale, of Broca’s area or of the Insula (eg. Geschwind and Levitsky,
1968; Keller et al., 2011).

However, some of these structural markers such as the Planum Temporale were also found to be
leftward lateralised not only in apes (eg. Hopkins et al., 2015) but also in an Old World monkey, the
baboon, in both adults and newborns (Marie et al., 2018; Becker et al., 2021a; 2021b).

In order to complete investigations about the evolution of the human language-ready brain, recent
interest has increased about the lateralisation of the language-related connectivity, and of the AF
particularly.

In humans, white matter volume of the SLF Il and SLF 11 is larger in the right hemisphere (eg. Thiebaut
de Schotten et al., 2011; Amemiya et al., 2021), which is a phylogenetically shared feature with
chimpanzees (Hecht and colleagues, 2015). In contrast, the human AF was shown larger in the left
hemisphere for a number of macroscopic and microscopic measurements like the number of streamline,
volume of the tract, fibre density and mean fractional anisotropy in adults and infants (Nucifora et al.,



2005, Powell et al., 2006; Catani et al., 2007; Dubois et al., 2009; Thiebaut de Schotten et al., 2011;
Takaya et al., 2015).

Therefore, the structural AF asymmetry, and specifically its temporal terminations, is indeed discussed
as a marker for the functional lateralisation of the language network (eg., Powell et al., 2006; Takaya et
al., 2015; but see also eg. Vernooiij et al., 2007). Moreover, this latter hypothesis was further supported
by resting state MRI data showing functional lateralisation of the language network (Zhu et al., 2014).
(But see also a recent report: Verhelst et al., 2021 demonstrated that the AF is left lateralised, regardless
of left or rightwards language lateralisation.)

Because of the human’s prominent AF lateralisation, theoretical accounts on language evolution rely
heavily on the absence of monkey’s AF asymmetry to explain the uniqueness of human language
neuroanatomy (eg. Friederici, 2017; Zaccarella and Friederici 2017).

2. Absence of AF lateralisation in monkeys:

Initially, Rilling et al. (2008) did not find any AF asymmetry in three macaque and four
chimpanzee subjects. A follow-up study in chimpanzees including a higher number of subjects (Rilling
et al., 2012), showed a left lateralised AF for the 26 subjects. Nevertheless, Rilling et al. 2012 noticed
some differences with humans: the strongest connections to Broca’s area are found via the dorsal
pathway in humans versus via the ventral pathway in chimpanzees, suggesting the AF/dorsal pathway
particularly was significantly modified across human evolution. The effect was even stronger in the left
hemisphere, indicating that the AF left lateralisation is stronger in humans than in chimpanzees. In
contrast, the ventral pathway was not found lateralised in either humans or chimpanzees. This reversed
pattern of dorsal- and ventral pathway connectivity strength between humans and NHP was influentially
associated with human-specific language development.

10 years after Rilling’s et al. (2008) classical study, recent diffusion MRI investigations retrieve
the interest for quantifying AF lateralisation. Eichert et al. (2019) studied AF terminations in four ex-
vivo macaque images with high resolution and one in-vivo macaque image, comparing the dorsal and
the ventral language pathway to human data. The name AF was hereby used as a synonym for the dorsal
language pathway, hence comprising several other major tracts (eg. The SLF branches), like in Rilling
et al. (2008; 2012). Confirming Rilling et al. 2008 for monkeys, no left asymmetry was found for the
AF/dorsal pathway. In addition, a strong left lateralisation was however reported in the ventral pathway,
which was found slightly right lateralised in humans (Eichert et al. 2019).

Similarly, Balezeau et al. (2020) reported no lateralisation for the dorsal pathway in monkeys but also
no lateralisation for the chimpanzee subjects.

This latter finding was confirmed on a functional level by Rocchi et al. (2021) for human and macaque
subjects. Despite only treating two macaque subjects, differences in lateralisation were highlighted with
human subjects being leftwards lateralised and monkeys showing no lateralisation. In addition, the
dorsal- and the ventral pathway were found equally connecting inferior frontal with anterior temporal
regions across primate species (contrary to Rilling et al., 2008, 2012). The authors conclude that
therefore only the left AF lateralisation is the crux of the human-specific distinction (Eichert et al.,
2019; Balezeau et al., 2020; Rocchi et al., 2021).

However, an absence of AF lateralisation, could be due to a small sample size and
inhomogeneous groups in regard to handedness. It is common in neuroscience to use not more than two
macaque individuals in a given study, which makes interpretation of a populational level lateralisation
impossible. In addition, lateralisation of homologous perisylvian language areas were found present in
several ape species (ie. Hopkins et al., 2015). However, these asymmetries were not detected in
macaques (Lyn et al., 2011), which are commonly representing the family of Old World monkeys. In
contrast, recent studies demonstrated that another Old World monkey, the baboon, possess homologous
asymmetries (Marie et al., 2018; Becker et al., 2021a, Becker et al., 2021c). It remains unclear why
cerebral asymmetries are commonly detected in baboons but not in macaques.


https://www.frontiersin.org/articles/10.3389/fnana.2015.00119/full#B8
https://www.frontiersin.org/articles/10.3389/fnana.2015.00119/full#B59

Conclusion

The apparent literature about the evolution of the AF is rapidly gaining in interest in very recent years
and is used as bases for theories about language evolution. A consensus is hindered by the confusion of
appellations and exact anatomical courses, which are resulting in diverging definitions of what exactly
the AF is. This is also of importance since advances in humans and NHP are mutually beneficial.

Indeed, the appellation “Arcuate Fasciculus” comprises different terminations or courses, depending on
the author’s definition and the studied primate species. Generally, the notion “dorsal pathway” is used
more broadly, but uncertainty persists about its exact fibre composition, which depends again on the
definition of the author.

Historically, the knowledge about the AF’s terminations depend strongly on invasive tract tracing
studies in the monkey brain. Findings about different frontal termination in the macaque brain than in
the human brain led to theories about the specific frontal development of the AF in the human species
related to language process. However, new knowledge about human-like frontal termination in monkeys
contrasts this view.

Similar applies to the temporal terminations. Initially found to be significantly less pronounced in the
chimpanzee and the macaque brain, the AF is now supposed to arch into the anterior temporal lobe and
the auditory cortex, very similar to the human AF. These advances are challenging the view of the
human species’ evolutionary exclusiveness.

Regarding evolution in particular, recent discussions concern:

(1) The strong development of the dorsal pathway in relation to the ventral pathway for the human
species, which got recently contrasted by results of an equal effective connectivity.

(2) The absence of AF lateralisation in monkeys, while its left lateralisation is to date debated in

chimpanzees. However low sample sizes and an absent control for handedness are challenging accounts
for lateralisation.

Overall, the extent and strength of language related tracts might have expanded during hominin
evolution, also resulting in more pronounced lateralisation in the human species, probably related to
cognitive functions implicated in language related processes.

In conclusion, recent works in humans and NHP therefore suggest that AF courses and
terminations are more similar between species than described before. The remarkable human ability of
language might therefore have evolved progressively in primate evolution, exactly as its underlying
anatomic implementation in the brain. Or to put it in the words of Charles Darwin: "Nevertheless the
difference in mind between man and the higher animals, great as it is, certainly is one of degree and
not of kind." (page 105: Darwin, Charles 1896)



Tract tracer studies Diffusion MRI

Absent Present Absent Present
IFG Schmahmann and Petrides and Pandya | Eichertetal., 2019 ; 2020 | Rilling et al., 2008
terminations Pandya 2006 2009 Bryant et al., 2020 Barrett et al., 2020
(monkey) Thiebaut de Schotten et Frey etal., 2014 Roumazeillez et al., 2020 Balezeau et al.,
al., 2012 Petrides et al., 2014 2020
Petrides and Pandya
1988
Anterior Schmahmann and Petrides et al., 2014 Eichertetal., 2019 ; 2020 Balezeau et al.,
temporal lobe Pandya 2006 Barrett et al., 2020 2020
terminations Roumazeillez et al., 2020
(monkey) Rilling et al., 2008 ; 2012
Lateralisation / / Balezeau et al., 2020 Rilling et al., 2008 ;
(chimpanzee) 2012
Lateralisation / / Rilling et al., 2008 ; 2012 /
(monkey) Eichertetal., 2019

Balezeau et al., 2020
Rocchi et al., 2021

Table 1.: Summary of the main work analysed in the present review, in regard to the contrasting
descriptions of the Arcuate Fasciculus (AF) in tract tracer and diffusion MRI studies. Four features are
highlighted as absent or present: Frontal terminations into the IFG, expanded terminations into the
anterior temporal lobe, lateralisation in chimpanzee brains and lateralisation in monkey brains.
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