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Abstract

Background: TwoCenturies from today, Karl Friedrich Burdach attributed the nomen-

clature “arcuate fasciculus” to a white matter (WM) pathway connecting the frontal

to the temporal cortices by arching around the Sylvian fissure. Although this label

remained essentially unvaried, the concepts related to it and the characterization

of the structural properties of this bundle evolved along with the methodological

progress of the past years. Concurrently, the functional relevance of the arcuate fas-

ciculus (AF) classically restricted to the linguistic domain has extended to further

cognitive abilities. These features make it a relevant structure to consider in a large

variety of neurosurgical procedures.

Objective: Herein, we build on our previous review uncovering the connectivity pro-

vided by the Superior Longitudinal System, including the AF, and provide a handy

representation of the structural organization of the AF by considering the frequency

of defined reports in the literature. By adopting the same approach, we implement an

account of which functions are mediated by this WM bundle. We highlight how this

information can be transferred to the neurosurgical field by presenting four surgical

cases of glioma resection requiring the evaluation of the relationship between the AF

and the nearby structures, and the safest approaches to adopt.

Conclusions:Our cumulative overview reports the most common wiring patterns and

functional implications to be expected when approaching the study of the AF, while

still considering seldom descriptions as an account of interindividual variability. Given

its extension and the variety of cortical territories it reaches, the AF is a pivotal struc-

ture for different cognitive functions, and thorough understanding of its structural

wiring and the functions it mediates is necessary for preserving the patient’s cognitive

abilities during glioma resection.
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1 INTRODUCTION

Most of the vocabulary that we use to refer to the components of the

nervous systemand the relatedmechanisms comes fromearly anatom-

ical studies performed between the 18th and the 19th Century. Karl

Friedrich Burdach (1776–1847) is among the main contributors to

our established neuroanatomical lexicon (Swanson, 2015). Consider-

ing his studies on the cerebral white matter (WM), his legacy entails

the identification and labeling of the main association bundles of the

human brain (Burdach, 1826). The second volume of “Vom Baue und

Leben des Gehirns,” published in 1822, contains the first mention of

thename “arcuate fasciculus” (AF)—originally “Bogenbündel” (i.e., arcuate

fascicle) (Burdach, 1822). Owing to this description, Burdach’s name

has historically been associated to this WM bundle, to the extent that

the Dejerines referred to it as “faisceau arqué de Burdach” (i.e., arcuate

fascicle of Burdach (Dejerine &Dejerine-Klumpke, 1895, 1901).

Two hundred years went by, and we still use Burdach’s denomina-

tion. What changed is the definition of this WM structure, including

the attributed partonomies, subdivisions, and the respective nomen-

clatures (Mandonnet et al., 2018; Porto de Oliveira et al., 2021;

Vavassori et al., 2021). Indeed, the introduction and fast evolution of

neuroimaging techniques (Leemans, 2019), the revisitation of early

neuroanatomical discoveries (De Benedictis et al., 2014; Hope et al.,

2016; Sarubbo et al., 2016), and the renovation of Klingler’s microdis-

section approach (Agrawal et al., 2011; Klingler, 1935; Martino et al.,

2011) led to the production of increasingly more detailed descrip-

tions of the human WM pathways. In particular, the dissemination

of diffusion magnetic resonance imaging-based tractography (Basser

et al., 2000) enabled the first characterization of the arcuate fascicle

in vivo (Catani et al., 2002), leading off a series of innovative studies

aimed to achieve the most accurate and comprehensive characteri-

zation of the wiring and extension of this bundle. Concurrently with

these efforts, the ensuing functional relevance of the AF has become

steadily more evident: damages of this bundle, both in terms of altered

microstructural features or disconnection, have been implicated in a

broad spectrum of syndromes, spanning from psychiatric symptoms

(Jiang et al., 2017; Psomiades et al., 2016) to neurological diseases

(Nakajima et al., 2018). Moreover, its volume in the right hemisphere

has been indicated as a reliable predictor of aphasia recovery after

stroke (Forkel et al., 2014). The involvement of the AF in such a variety

of syndromes, and therefore of associated cognitive processes, relates

to its large volume and long-range extension. Indeed, the AF trans-

verses three lobes (i.e., the frontal, parietal, and temporal cortices) and

resides in close relationship with the insula, with longitudinal associa-

tive fascicles laterally (Mandonnet et al., 2018) and projection fibers

on themedial side. These characteristics make it a fundamental media-

tor of different cognitive abilities and explain why it must inevitably be

considered inmany diverse surgical procedures.

The continuous methodological evolutions and the interest of the

scientific community in investigating the properties of this specific

WMbundle surely contributed to the achievement of amore complete

depiction of the AF, but they also led to the production of an intri-

cate and non-univocal picture (Becker et al., 2022; Mandonnet et al.,

2018; Porto de Oliveira et al., 2021; Vavassori et al., 2021). Therefore,

an overview of the complex literature about this bundle is essential

to highlight its multiple structural and functional facets that need to

be considered when approaching the study of this bundle, especially

in the surgical practice. By analyzing the controversies regarding the

Superior Longitudinal System’s subdivisions and the respectivenomen-

clatures, our recent literature review (Vavassori et al., 2021) already

exposed the current knowledge about the structural wiring of the AF

intended as a whole ensemble of fibers connecting the frontal and

the temporal lobes of the same hemisphere by passing above the

insula (Mandonnet et al., 2018). The present work builds on this previ-

ous examining the architecture of frontotemporal dorsal associational

connections independently from their partonomy or labeling and inte-

grates it by addressing the functional roles attributed to the AF. We

adopt a cumulative approach to reshape the structural definition of the

bundle and to present the cognitive processes it mediates. This new

perspective provides an easy-to-access general characterization of the

AF, and by supplying supplementary information about the frequency

of certain descriptions accounts for the most common as well as for

the rarest patterns of connectivity/functional responses that should

be considered in the surgical framework when dealing with this fas-

ciculus. Indeed, emerging knowledge in the field of connectomics has

become relevant for surgical approaches to the resection of tumors,

highlighting the importance of the AF preservation while balancing

between the extension of resection and the upkeep of the patient’s

quality of life (Bunevicius et al., 2014; Hervey-Jumper & Berger, 2016;

Sanai et al., 2011; Zarino et al., 2020; Zigiotto et al., 2020). With

this aim, we append to our literature review a description of surgical

approaches to tumor resection that require the careful consideration

of this bundle extension, its relationships with the nearby anatomi-

cal structures and the related functional implications, and provide a

collection of four different surgical cases to highlight how, in prac-

tice, extensive knowledge of the AF features can be applied in this

field.

2 OLD AND NEW INSIGHTS ABOUT THE AF

From its first accounts. . .

The classification of the association pathways of the human brain

was fostered by the works of pioneering dissectionists who, starting

from the early 19th Century up to the beginning of the 20th Century,

carried out a systematic exploration of the WM structural organiza-

tion (Burdach, 1826; Dejerine&Dejerine-Klumpke, 1895, 1901;Mayo,

1823; Reil, 1809, 1812; Monakow, 1897). In this instance, different

anatomists reported that an orderly ensemble of fibers analogous to

themoremedial cingulumbundle couldbe isolatedon the lateral aspect

of each cerebral hemisphere (Burdach, 1822; Dejerine & Dejerine-

Klumpke, 1895, 1901). This WM pathway was described and finely

illustrated as a connection running between the temporal and the

frontal lobes, passing through the parietal lobe, and arching around
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F IGURE 1 Historical drawings and diagrammatic representations of the arcuate fasciculus (AF) from the original works of (a) Reil (1812), (b)
Dejerine andDejerine-Klumpke (1895), (c)Wernicke (1874), and (d) Geschwind (1970).

the posterior limit of the Sylvian fissure (Dejerine&Dejerine-Klumpke,

1895; Reil, 1812) (Figure 1a,b). Its characteristic arched shape granted

it the name “arcuate fasciculus” (Burdach, 1822). In this same period,

based on the observation of clinical signs related to specific anatom-

ical lesions (Kumar et al., 2011), Carl Wernicke proposed a putative

model for the localization of linguistic abilities in the brain: follow-

ing a previous description of the faculty of speech production being

located in the third frontal convolution of the left hemisphere (i.e.,

pars triangularis (IFGtri) and pars opercularis (IFGop) of the inferior

frontal gyrus (IFG)) (Broca, 1865), he advanced that a second area,

later established to be represented by the superior temporal gyrus

(STG), would support words’ sound memory, and therefore language

comprehension (Wernicke, 1874). This characterization of the distri-

bution of linguistic abilities led Wernicke himself to postulate that a

specific syndrome characterized by spared comprehension with rep-

etition deficits, and defined as conduction aphasia, could arise from a

disconnection between these two cortical regions (Figure 1c). In the

1960s, Geschwind formalized that the anatomical substrate for the

interaction betweenWernicke and Broca’s areas is represented by the

AF (Geschwind, 1965) (Figure 1d).

. . . to its current definition

Nowadays, it would be reductive to define the AF as a connection

runningexclusivelybetween the IFGand theSTGandpurelydevoted to

language comprehension. Especially throughout the last 20 years, the

creation and progressive fine-tuning of innovative techniques for the

in vivo representation of the brain’s WM and the testing of cognitive

functions dramatically enriched the characterization of the AF.

Asmentioned above, an exhaustive account of the current definition

of the AF structural wiring can be found in Vavassori et al. (2021) con-

sidering all the connections running between the frontal and temporal

lobes, independently from the adopted nomenclature. Herein, we set

the debate on the bundle’s partitioning aside and build on these data by

analyzing how frequently defined connections have been attributed to

the AF description across studies. The present approach aims to high-

light the most characterizing patterns of connectivity established by

the AF (i.e., those that are more likely to be found when approaching

the study of this bundle), while still representing those that have been

reported only in few instances. This provides an account of the pos-

sible differences in the AF extension across individuals, an important

variable that should be accounted for especially in the clinical setting

(Forkel et al., 2021). Since very few studies explicitly analyze and report

a specific pattern of connectivity between two precise cortical regions

and the majority of them rather indicate the overall anterior and pos-

terior terminations of the bundle, we assume all the areas listed in

the same description to be mutually interconnected unless differently

specified (Figure 2, see Table 1 for references).

For what concerns the functional counterpart, we adopt the

exact same cumulative approach already illustrated for the structural

description to present the functional literature about the AF. Indeed,

one single bundle is very likely to support multiple cognitive processes

by playing different roles in different networks (Forkel et al., 2021).

Since to date there is no recent review paper that summarizes the

functional literature of the AF, we sampled the experimental works

testing the involvement of this fiber pathway in a defined function,

using both direct techniques (i.e., direct electrical stimulation (DES))

and correlational neuroimaging-behavioral measurements (see Table 2

for references), with the aim to highlight the main different cogni-

tive domains whose integration is mediated by this bundle. For this
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TABLE 1 Patterns of the arcuate fasciculus (AF) structural connectivity as defined in the studies reviewed in Vavassori et al. (2021) and
classified according to the present cumulative approach.

Frontal termination Temporal terminations Numbermentions References

IFGop ITG 6 Sarubbo et al. (2016)

Martino et al. (2011)

Barrick et al. (2006)

Rojkova et al. (2016)

Glasser and Rilling (2008)

Yagmurlu et al. (2016)

MTG 9 Vassal et al. (2016)

Sarubbo et al. (2016)

Barrick et al. (2006)

Lawes et al. (2008)

Rojkova et al. (2016)

Zemmoura et al. (2014)

Glasser and Rilling (2008)

Fernández-Miranda et al. (2015)

Yagmurlu et al. (2016)

STG 8 Vassal et al. (2016)

Sarubbo et al. (2016)

Barrick et al. (2006)

Rojkova et al. (2016)

Glasser and Rilling (2008)

Thiebaut de Schotten et al. (2012)

Fernández-Miranda et al. (2015)

Yagmurlu et al. (2016)

IFGtri ITG 2 Martino et al. (2011)

Glasser and Rilling (2008)

MTG 5 Vassal et al. (2016)

Martino et al. (2011)

Zemmoura et al. (2014)

Glasser and Rilling (2008)

Yagmurlu et al. (2016)

STG 3 Vassal et al. (2016)

Thiebaut de Schotten et al. (2012)

Yagmurlu et al. (2016)

IFG ITG 2 Martino, Silva-Freitas et al. (2013)

Thiebaut de Schotten et al. (2012)

MTG 5 Catani et al. (2005)

Forkel et al. (2020)

Martino, Silva-Freitas et al. (2013)

Glasser and Rilling (2008)

Yagmurlu et al. (2016)

STG 3 Catani et al. (2005)

Forkel et al. (2020)

Gharabaghi et al. (2009)

(Continues)
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TABLE 1 (Continued)

Frontal termination Temporal terminations Numbermentions References

MFG ITG 6 Sarubbo et al. (2016)

Martino, Silva-Freitas et al. (2013)

Glasser and Rilling (2008)

Thiebaut de Schotten et al. (2012)

Fernández-Miranda et al. (2015)

Yagmurlu et al. (2016)

MTG 7 Vassal et al. (2016)

Sarubbo et al. (2016)

Martino, Silva-Freitas et al. (2013)

Glasser and Rilling (2008)

Thiebaut de Schotten et al. (2012)

Fernández-Miranda et al. (2015)

Yagmurlu et al. (2016)

STG 4 Frey et al. (2008)

Vassal et al. (2016)

Sarubbo et al. (2016)

Gharabaghi et al. (2009)

vPrCG ITG 7 Sarubbo et al. (2016)

Martino et al. (2011)

Martino, Silva-Freitas et al. (2013)

Glasser and Rilling (2008)

Thiebaut de Schotten et al. (2012)

Fernández-Miranda et al. (2015)

Yagmurlu et al. (2016)

MTG 8 Vassal et al. (2016)

Sarubbo et al. (2016)

Martino et al. (2011)

Martino, Silva-Freitas et al. (2013)

Glasser and Rilling (2008)

Thiebaut de Schotten et al. (2012)

Fernández-Miranda et al. (2015)

Yagmurlu et al. (2016)

STG 4 Vassal et al. (2016)

Sarubbo et al. (2016)

Glasser and Rilling (2008)

Yagmurlu et al. (2016)

PrCG ITG 1 Barrick et al. (2006)

MTG 3 Barrick et al. (2006)

Lawes et al. (2008)

Forkel et al. (2020)

STG 2 Barrick et al. (2006)

Forkel et al. (2020)

Abbreviations: IFG, inferior frontal gyrus; IFGop, pars opercularis; IFGtri, pars triangularis;MFG,middle frontal gyrus; PrCG, precentral gyrus; vPrCGventral

precentral gyrus; STG, superior temporal gyrus; MTG, middle temporal gyrus; ITG, inferior temporal gyrus.
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TABLE 2 List of the studies reviewed that outlined the functional involvement of the arcuate fasciculus (AF) in specific functional classes and
the respective domains classified according to the present cumulative approach.

Functional class Domain References Specification Hemisphere

Language Speech production Bates et al. (2003) Verbal fluency deficit LH

Hope et al. (2016) Verbal fluency deficit LH

Ivanova et al. (2016) LH

Marchina et al. (2011) LH

Wang et al. (2013) LH

Speech

comprehension

Geva et al. (2015) LH

Ivanova et al. (2016) LH

Wilson et al. (2011) LH

Pragmatics Chen et al. (2018) Speech tone perception LH

Geva et al. (2015) Rhyme judgment LH

Glasser and Rilling (2008) Prosody processing RH

Phonology Bello et al. (2007) Phonemic paraphasia BI, RH only for

left-handed

Benzagmout et al. (2007) Phonemic paraphasia LH

Chan-Seng et al. (2014) Phonemic paraphasia LH

De Benedictis et al. (2014) Phonemic paraphasia LH

Leclercq et al. (2010) Phonemic paraphasia BI, RH only for

left-handed

Maldonado,Moritz-Gasser, de

Champfleur et al. (2011)

Phonemic paraphasia LH

Maldonado,Moritz-Gasser,

Duffau (2011)

Phonemic paraphasia LH

Sarubbo et al. (2016) Phonemic paraphasia LH

Vassal et al. (2013) Phonemic paraphasia LH

Saygin et al. (2013) Phonological awareness LH

Vandermosten et al. (2012) Phonological awareness LH

Yeatman et al. (2011) Phonological awareness LH

Breier et al. (2008) Repetition deficits LH

Catani et al. (2005) Repetition deficits LH

Ellmore et al. (2009) Repetition deficits LH

Fridriksson et al. (2010) Repetition deficits LH

Geva et al. (2015) Repetition deficits LH

Kümmerer et al. (2013) Repetition deficits LH

Moritz-Gasser andDuffau

(2013)

Repetition deficits LH

Sierpowska et al. (2017) Nonword repetition

deficits

LH

Janssen et al. (2023) Nonword repetition LH

Saur et al. (2008) Repetition LH

Glasser and Rilling (2008) LH

Mullen et al. (2011) BI, developping

children

Phillips et al. (2011) LH

Sarubbo et al. (2015) LH

Sarubbo et al. (2020) LH

(Continues)
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TABLE 2 (Continued)

Functional class Domain References Specification Hemisphere

Syntax Friederici (2009) LH

Griffiths et al. (2013) LH

Leclercq et al. (2010) BI, RH only for

left-handed

Papoutsi et al. (2011) LH

Wilson et al. (2011) LH

Semantics Leclercq et al. (2010) Semantic paraphasia BI, RH only for

left-handed

Teubner-Rhodes et al. (2016) Vocabulary knowledge LH

Janssen et al. (2023) Verb generation LH

Zigiotto et al. (2022) LH

Glasser and Rilling (2008) LH

Articulatory Leclercq et al. (2010) Speech arrest BI, RH only for

left-handed

Word learning López-Barroso et al. (2013) LH

Naming Bello et al. (2007) Anomia BI, RH only for

left-handed

Duffau et al. (2002) Anomia LH

Sarubbo et al. (2015) Anomia LH

Geva et al. (2015) LH

Hope et al. (2016) LH

Marchina et al. (2011) LH

McDonald et al. (2008) BI

Moritz-Gasser andDuffau

(2013)

LH

Reading Saygin et al. (2013) LH

Yeatman et al. (2011) LH

Yeatman, Dougherty,

Ben-Shachar et al. (2012)

LH

Yeatman, Dougherty, Myall

et al. (2012)

LH

Verbal memory Verbal memory Reijmer et al. (2012) LH

McDonald et al. (2008) BI

Verbal working

memory

Meyer et al. (2014) LH

Verbal short-term

memory

Papagno et al. (2017) Digit span order errors LH

Social cognition Social cognition Chiang et al. (2017) RH

False-belief

understanding

GrosseWiesmann et al. (2017) ToMdevelopment BI, developping

children

Face-based

mentalizing

Yordanova et al. (2017) RH

Cabinio et al. (2015) RH

Herbet et al. (2014) RH

Nakajima et al. (2018) RH

Music perception Tone discrimination Loui et al. (2009) RH

Pitch-related grammar

learning

Loui et al. (2011) RH

(Continues)
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TABLE 2 (Continued)

Functional class Domain References Specification Hemisphere

Rhythmmodulation

detection

Vaquero et al. (2021) LH

Spatial cognition Visuospatial attention He et al. (2007) Spatial neglect RH

Rolland et al. (2018) Spatial neglect RH

Roux et al. (2011) Spatial neglect RH

Umarova et al. (2010) Change detection RH

Spatial perception Sarubbo et al. (2015) RH

Abbreviations: BI, bilateral; LH, left hemisphere; RH, right hemisphere.

purpose, we conducted a literature search in Google Scholar using a

combination of the strings “arcuate fasciculus” and “function”, “cog-

nitive functions”, “behavioral correlates”, “linguistic”, “non-linguistic”,

and again, as the research highlighted more specific domains, “ver-

bal memory”, “social cognition”, “spatial cognition”, “music perception”.

Those works that imply a putative functional role of the bundle as

a consequence of their findings but with no direct testing were not

included.

In line with the renowned notion of the left and right AF contribut-

ing todifferent cognitivedomains (Nakajimaet al., 2019),wewill report

findings according to the hemisphere they are related to. Although

most of the studies considered focused their investigation of AF func-

tionality on a specific hemisphere, there are some works that carried

out their analysis on the whole brain and were therefore able to relate

different functions to this bundle depending on its hemispheric loca-

tion, or, on the contrary, to specify that the same function is mediated

by the AF from both hemispheres. Those studies that found the same

function to be mediated by bilateral AF will be considered as one

evidence for each hemisphere.

The frontal gyri innervated by the AF are the IFG, the precentral

gyrus (PrCG) and the middle frontal gyrus (MFG), reported in decreas-

ing order based on how many times connections to these areas have

been described. When addressing the anterior terminations of the AF

in the PrCG many authors specified that only the most ventral part of

this area is reached by the AF. Similarly, for what concerns the IFG, dif-

ferent works refer to terminations in IFGop, in IFGtri or in the whole

gyrus. On the other hand, the temporal region which has more often

been described to be connected by the AF is themiddle temporal gyrus

(MTG), followed by the inferior (ITG) and the superior (STG) temporal

gyri.

Overall, all the cortical areas reported above seem to be mutually

interconnected, but there is a great variability in how many works

described the existence of defined wiring patterns. The connections

that have more commonly been described as part of the AF run

between the various gyri of the frontal cortex and theMTG:most of the

reviewed studies describe IFGop–MTG connectivity, whereas connec-

tions between this temporal area and the vPrCGand theMFGhave less

frequently been reported. Although connections between IFGop and

the STG seem to represent a typical layout of AF’s wiring in the works

we sampled, less of them report connections linking both the vPrCG

and theMFGto theSTGor to the ITG.On the contrary, less descriptions

of connections from the IFGop to the ITG have been reported com-

pared to connectivity between this gyrus and the STG. Asmentioned in

the previous section, few works among the ones we considered found

anterior terminations of the AF in IFGtri. Still, the reported involve-

ment of this region reflects the proportion of descriptions made for

IFGop, with less mentions of connectivity from IFGtri to MTG, STG,

and ITG, respectively. The same applies to those works that referred

to IFG in its entirety; however, among those that described AF con-

nectivity to the PrCG by considering the whole gyrus, a description of

connections running from this area to the MTG, the STG, or to the ITG

are also reported, in slight countertrend compared to the number of

authors that specified the involvement of the sole ventral part of this

region. The structural connections and the list of studies considered

are reported in Table 1.

As we described in the historical section, the AF has been implied

in linguistic functions since its first characterizations (Broca, 1865;

Geschwind, 1965; Wernicke, 1874). This initial assumption based on

anatomo-clinical correlation studies was validated with the advent of

functional MRI, intraoperative mapping with DES, and correlational

studies of tractography-derived bundles’ parameters with behavioral

testing. Indeed, 41 out of the 59 studies we hereby reviewed support

the involvement of direct dorsal frontotemporal connections in the lin-

guistic domain. The congregate analysis of these works enlightens the

complexity of language as a multifaceted ability, composed of several

components whose coordinated interplay gives rise to more general

abilities. Given this complexity and the magnitude of the number of

works specifically investigating the role of the AF in language, findings

regarding this function and nonlinguistic cognitive domainswill be pre-

sented separately (Figure 3 for linguistic abilities and Figure 4 for the

other domains, for references see Table 2).

Different works among the ones we surveyed generally stated

a relationship between structural features of the left AF, such as

the degree of tract lesioning or the decrease of its microstructural

diffusivity in pathology, and a general impairment of speech pro-

duction and comprehension. Still, most of them focused on specific

aspects of language, expressed both in terms of a defined cogni-

tive impairment associated with a lesion or in terms of associations

between structural/functional and behavioral evidence in healthy par-

ticipants. These instances can be summarized considering four out of
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F IGURE 2 Representation of the
frontotemporal connectivity provided by the
arcuate fasciculus (AF) according to the
literature reviewed in Vavassori et al. (2021). In
line with the present cumulative perspective,
the width of each link is proportional to the
number of studies referring to the AF and
mentioning a certain pattern of inter-gyral
connectivity. IFG, inferior frontal gyrus; IFGop,
pars opercularis; IFGtri, pars triangularis; ITG,
inferior temporal gyrus; MFG, middle frontal
gyrus; MTG, middle temporal gyrus; PrCG,
precentral gyrus; STG, superior temporal
gyrus; vPrCG ventral precentral gyrus.

the five domains of language (i.e., pragmatics, phonology, syntax, and

semantics). Although only few of the works reviewed reported the

involvement of the bilateral AF in functions related to the pragmatics

domain—the left hemisphere bundle was related to rhyme judgment

and speech tone perception, and the right onewas proposed to support

prosody processing—most of them stressed an association between

this WM pathway in the left hemisphere and phonological functions.

Among these, studies using DES mapping described phonemic para-

phasia in correspondence of AF stimulation; studies conducted both

on healthy participants and with intraoperative stimulation in patients

reported an association with repetition abilities, whereas studies con-

ducted on a normative population stressed the role of the AF in

phonological awareness, a predictor of reading skills. Moreover, the

left AF is reported to play a role in the syntactic domain and in

semantic aspects of language. In particular, one of the studies con-

sidered reported an association between the bundle’s microstructural

tractography-derived measures and vocabulary knowledge, whereas

another investigation with DES mapping observed semantic parapha-

sia following AF stimulation.

Up to now, we discussed the involvement of the AF in linguistic

domains-related functionsmainly in the left hemisphere.Nevertheless,

we also identified some reports of linguistic functions being mediated

by the right AF (see Figure 3). The evident imbalance between the

number of descriptions of an association between left and right AF

and language is in line with the notorious strong left-lateralization of

this function in the normative population (Frost, 1999;Malik-Moraleda

et al., 2022; Wang et al., 2019). Moreover, it is worth considering that

all the reports herein reviewed that attribute linguistic abilities to the

right AF are studies relating a bilateral activation for that function.

If we regard these works more carefully, it can be inferred that the

relationship of the right AF with phonemic paraphasia, general syntac-

tic abilities, and semantic paraphasia is found in left-handed patients

for which language is more likely to be lateralized in the right hemi-

sphere compared to the general population (Szaflarski et al., 2002). The

only non-neurosurgical description of a correlation between this bun-

dle’s tractography-derived measurements in the right hemisphere and

phonological abilities was conducted on a cohort of developing chil-

dren, for whom the fine wiring of linguistic functional networks might

still be in progress (Holland et al., 2007).

In the collection of studies we reviewed, there are some other lin-

guistic abilities that, although not being domain-specific but rather

arising from the interplay of multiple macrodomains, have been found

to be modulated by the AF, namely, word learning and the develop-

ment of reading abilities. Finally, a very complex ability that relies on
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F IGURE 3 Schematic cumulative representation of the number of studies that described the role of the arcuate fasciculus (AF) in mediating
linguistic abilities. All the revised works have been classified depending on the general ability, linguistic domain, or specific language-related skills
that they tackle (see text for amore detailed description). Each solid-colored square represents one account for the defined category; shaded
squares have been added below each of these broad categories in the case of studies specifying a precise subcategory (being it a particular deficit
related to AF damage or a defined ability correlating with its features).

F IGURE 4 Schematic cumulative representation of the number of studies that described the role of the arcuate fasciculus (AF) in mediating
nonlinguistic abilities. Each solid-colored square represents one account for the defined category; shaded squares have been added below each of
these broad categories in the case of studies specifying a precise subcategory (being it a particular deficit related to AF damage or a defined ability
correlating with its features).
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different linguistic domains, that is, naming, has beendefined to be sup-

ported by the AF mainly in the left hemisphere: indeed, few studies

report anomia after AF stimulation during DES subcortical mapping.

Although it is evident that the left AFmainlymediates linguistic abil-

ities, our review revealed an involvement of this bundle also in verbal

memory. However, out of this sample, onework focuses its definition of

verbal memory onworkingmemory, whereas one other study specifies

that the left AF might be involved in verbal short-term memory since

its direct stimulation during surgery causes item errors during a digit

span task. Another cognitive function that has been attributed to the

AF is social cognition, with a role in false-belief understanding in devel-

oping children (bilateral AF) and in face-based mentalizing (right AF).

According to the reviewwe carried out, there are twoother nonlinguis-

tic cognitive functions that have been attributed to the right AF: music

perception (tone discrimination and grammar learning in the domain

of pitch as well as rhythm modulation detection) and spatial cognition

(spatial perception and visuospatial attention). The full lists of studies,

separated according to specific functions, are reported in Table 2.

3 AF TOPOGRAPHICAL ANATOMY AND
SURGICAL IMPLICATIONS

Our literature review upholds the intricacy of the AF structural wiring

as the foundation of a likewise considerable functional potential-

ity. Despite WM pathways have themselves limited structural plastic

potential once connections are established, the extension of this

bundle constitutes the anatomical substrate of a possibly enormous

postlesional functional reorganization (De Benedictis & Duffau, 2011;

Duffau, 2009, 2014, 2018). Being it a mediator of the communica-

tion between frontal and temporal lobes by crossing the parietal one,

thorough knowledge of this bundle is mandatory to plan and perform

safe surgeries involving all these regions, to avoid severe postsurgi-

cal sequelae. Indeed, a recent work contains considerable reports of

transient or permanent language deficits (in 11.7%–54.5% and 1.7%–

18.2% of cases, respectively) for tumors’ resections involving these

cortices (Fang et al., 2021). In particular, the worst language prognosis

was reported for lesions locatedaround thepostcentral (PoCG) and the

supramarginal (SMG) gyri, that correspond, in fact, to the segment of

the AF course with the highest fiber density, and therefore the lowest

compensating capacity in respect to its anterior and posterior portions

(Fang et al., 2021; Herbet et al., 2016; Plaza et al., 2009; van Geemen

et al., 2014). Moreover, and as previously mentioned, disconnection of

the right AF has been related to impairment in face-based mentalizing

(Herbet et al., 2014; Yordanova et al., 2017).

Consequently, a careful and patient-tailored surgical planning for

the preservation of eloquent subcortical structures, including the AF,

is of foremost importance. This last section reports four different sur-

gical cases of glioma resection involving the AF territories. Each of

them addresses not only how the functional information collected dur-

ing the procedure drives the definition of the resection boundaries but

also how knowledge about the AF possible extension and functional

implications drives surgical planning. This envisages (i) an accurate pre-

operative neuropsychological assessment for the selection of themost

adequate tasks to be administered during systematic cortical and sub-

cortical electrical mapping in awake conditions based on the location

of the lesion (Bu et al., 2021; Martino, Gomez et al., 2013; Peraud

et al., 2004; Rolland et al., 2018; Sarubbo et al., 2020); (ii) the evalua-

tion of which WM pathways will possibly be impacted by the specific

procedure, coupled with a tractographic 3D reconstruction of theWM

bundles of interest.

For what concerns intraoperative neuropsychological assessment,

the denomination task is normally used for procedures concerning the

AF territories within the left language-dominant hemisphere to test

the emergence of phonemic paraphasia or pure anomiawithDES. Elec-

trostimulation of the right AF can evoke transientmentalizing troubles

or spatial neglect: The Reading the Mind in the Eyes (Baron-Cohen

et al., 2001; Herbet et al., 2014; Sarubbo et al., 2020; Vigneau et al.,

2006; Yordanova et al., 2017) and the line bisection tasks (Bartolomeo

et al., 2007; He et al., 2007; Rolland et al., 2018; Roux et al., 2011;

Sarubbo et al., 2015, 2020; Thiebaut de Schotten, 2005) are the pref-

erential neuropsychological evaluation tools adopted in this case. In

general, intraoperative cognitive testing gives real-time feedback to

the operator about the functional relevance of a given structure and,

therefore, represents apreciousdirectiveonwhether it is safe to resect

it.

As briefly mentioned above, different surgical procedures require

to carefully consider the patient’s AF wiring and the related func-

tional networks. For instance, when approaching a tumor located in

the frontal lobe, namely, under the IFG, the MFG, and the dorsolateral

prefrontal cortex, it should be considered that the AF courses hori-

zontally at this level, and that its fibers are strongly intertwined with

the deep layer of the inferior fronto-occipital fasciculus (IFOF), which

locally follows a vertical temporo-frontal orientation. In this case, the

fibers of the AF that extend to the IFG represent the deep and pos-

terior functional boundary. At this level, AF terminations overlap with

the most ventral segment of the superior longitudinal fasciculus (SLF

III) and with the superficial layer of the IFOF (De Benedictis et al.,

2012; Duffau, 2018; Dziedzic et al., 2022). Figure 5 illustrates the

case of a 42-year-old man, who underwent resection of a high-grade

glioma locatedwithin the left dominant fronto-insular region. Although

cortical DES in awake condition allowed to identify one site eliciting

speech arrest when stimulated, subcortical mapping during resection

revealed eloquent functional sites evoking anomia, semantic parapha-

sia, and perseveration during denomination task, in correspondence to

the IFOF’s frontal projections.

When dealing with insular tumors, many studies support the safety

and reliability of the transopercular approach, although it requires

passing through IFGtri and IFGop (classically known as Broca’s area).

For this type of procedure, the AF constitutes the deep, superior, and

posterior functional limit of resection (Dziedzic et al., 2022).

At the level of the temporo-parieto-occipital junction, the AF

participates in a complex system of connections involving many elo-

quent pathways, and it is therefore relevant in the case of lesions

involving the inferior parietal lobule. Indeed, at this level, the AF

forms a compact vertical stem that runs deep and parallel to the
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F IGURE 5 Surgical case concerning a 42-year-old manwho underwent resection of a high-grade glioma located within the left dominant
fronto-insular region. (a) Preoperativemagnetic resonance imaging (MRI) (from top to bottom: axial, coronal, and 3D-sagittal sequences) combined
with tractographic reconstruction of the left arcuate fasciculus (AF) (red) and inferior fronto-occipital fasciculus (IFOF) (green). (b) Intraoperative
picture showing the tumor’s resection performedwith “asleep-awake-asleep” technique. Tag 0 refers to speech arrest site at the cortical level,
while stimulation in correspondence of tag 41, representing IFOF’s frontal projections elicited anomia, semantic paraphasia, and perseveration
during denomination task. (c) Dissection of the perisylvian region with Klingler technique. The specimen has been oriented according to the
surgical perspective. The green circle corresponds to the site of direct electrical stimulation (DES) stimulation along the course of the frontal
projections of the IFOF (green arrow). (d) PostoperativeMRI showing the resection on the axial, coronal, and sagittal plane from top to bottom.

temporoparietal component of the SLF, crossing even deeper tracts

characterized by a horizontal anterior-to-posterior course, namely, the

middle and inferior longitudinal fasciculi (MdLF and ILF), the IFOF, and

the optic radiation (Martino et al., 2011; Sarubbo et al., 2016). Here,

the AF is located at the anterolateral wall of the cavity (De Benedictis

et al., 2014). Figure6 reports the caseof a69-year-oldman,whounder-

went resection of a high-grade glioma located within the left dominant

frontoparietal region. Functional responses were found at the cortical

level when stimulating the PrCG, eliciting facial and arm contractions,

the ventral premotor cortex (VPMC), eliciting speech arrest, the IFGtri,

eliciting anomia, and the posterior third of the STG, eliciting phone-

mic paraphasia.No functional responseswere foundduring stimulation

of the superior parietal lobule. On the other hand, subcortical map-

ping in correspondence of the AF was related to phonemic paraphasia.

Figure 7 shows the case of a 41-year-old man, who underwent resec-

tion of a high-grade glioma located within the superior parietal lobule

of the left dominant hemisphere. DES allowed to identify eloquent cor-

tical sites, including the PoCG, eliciting right facial paresthesia when

stimulated, and the SMG, related to speech arrest and anomia dur-

ing picture naming task. No functional response was found for neither

motor nor visuospatial tasks in the left parietal lobule. During tumor

resection, subcortical mapping evoked semantic paraphasia along the

dorsal component of the IFOF and verbal apraxia during the denom-

ination task in correspondence of the temporoparietal component of

the SLF and the AF.

The AF also represents an important functional limit when per-

forming a temporal lobectomy for tumor removal or epilepsy surgery,

especially in the dominant hemisphere. In these cases, the AF tempo-

ral terminations constitute the subcortical posterolateral boundary of

resection (Duffau et al., 2008).When approaching the ventral left tem-

poral region, corresponding to the visual word form area, DESmapping

is recommended to differentiate the course of the AF from the one

of the ILF: Stimulation of the left AF at this level would induce pure

anomia by interfering with the integration of visual information into

the language network (Duffau et al., 2008; Mandonnet et al., 2017;

Sarubbo et al., 2020). At this level, also the course of the IFOF should

be considered. Figure 8 illustrates the case of a 47-year-old woman

who underwent resection of a high-grade glioma located within the

posterior third of the MTG of the left dominant hemisphere. DES in

awake condition allowed to identify the ventral motor strip of the face,
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F IGURE 6 Surgical case concerning a 69-year-old manwho underwent resection of a high-grade glioma located within the left dominant
frontoparietal region. (a) Preoperative magnetic resonance imaging (MRI) (from top to bottom: axial, coronal, and 3D-sagittal sequences)
combinedwith tractographic reconstruction of the left arcuate fasciculus (AF) (red), the inferior fronto-occipital fasciculus (IFOF) (green) and the
corticospinal tract (CST) (blue). (b) Intraoperative picture showing the cortical mapping performed in awake condition with direct electrical
stimulation (DES). Functional responses were found at the level of the precentral gyrus (PrCG), eliciting facial, and arm contractions (tag 1 and 2);
of the ventral premotor cortex (VPMC), eliciting speech arrest (tag 0); of the pars triangularis (IFGtri), eliciting anomia (tag 3); of the posterior third
of the superior temporal gyrus (STG), eliciting phonemic paraphasia (tag 4). (c) Intraoperative picture showing the results of subcortical mapping.
Phonemic paraphasia was elicited at the level of the AF (tag 44). (d) Anatomical specimen of a left hemisphere oriented according to the surgical
perspective and showing the AF course corresponding to the stimulation site (yellow circle and arrow) (e) PostoperativeMRI (from top to bottom:
axial, coronal, and sagittal sequences) combinedwith tractographic reconstruction of the left AF (red), the IFOF (green), and the CST (blue). The
yellow circle corresponds to the site of elicitation of phonemic paraphasia (tag 44), matching with the AF course.

and cortical stimulation of the VPMC elicited speech arrest. No func-

tional response was found at denomination, reading comprehension

andmotor tasks during stimulation of themiddle and posterior parts of

the temporal region. Subcorticalmapping allowed to identify the resec-

tion boundaries represented by the anteroinferior portion of the AF,

that once stimulated led to phonemic paraphasia during denomination

task, and the IFOF, whose stimulation led to semantic paraphasia.

Finally, the AF is strictly related to the ventricular system. Indeed,

the superior part of the AF runs lateral to the superior two thirds

of the frontal horn and to the body of the lateral ventricle; its cen-

tral segment runs lateral to the anterior two thirds of the atrium,

whereas its inferior portion runs from the level of the posterior insu-

lar point (i.e., the junction between the inferior and the superior insular

sulci) to the anterior tip of the temporal horn (Güngör et al., 2017).

The understanding of these anatomical relationships is crucial to per-

form safe accesses to ventricular tumors, in particular when adopting

an anterior frontal transcortical, posterior transcortical, or posterior

transtemporal approach (De Benedictis et al., 2022).
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F IGURE 7 Surgical case concerning a 41-year-old manwho underwent resection of a high-grade glioma located within the superior parietal
lobule of the left dominant hemisphere. (a) Preoperativemagnetic resonance imaging (MRI) (from top to bottom: axial, coronal, and 3D-sagittal
sequences) combinedwith tractographic reconstruction of the left arcuate fasciculus (AF) (red), the inferior fronto-occipital fasciculus (IFOF)
(green), and the temporoparietal component of the superior longitudinal fasciculus (SLF) (yellow). (b) Intraoperative picture showing the tumor’s
resection performed according to the “asleep-awake-asleep” protocol. Direct electrical stimulation (DES) allowed to identify eloquent cortical
sites including: the postcentral gyrus (PoCG), eliciting right facial paresthesia when stimulated (tag 0); the supramarginal gyrus (SMG), eliciting
speech arrest (tag 1) and anomia (tag 2 and 3) during naming tasks. (c) During tumor resection, subcortical mapping allowed to evoke semantic
paraphasia at the level of the dorsal part of the IFOF (tag 41) and verbal apraxia during the denomination task, along the temporoparietal
component of the SLF and the AF (tag 42). (d) Dissection of the perisylvian region with Klingler technique. The specimen has been oriented
according to the surgical perspective. The colored tags correspond to the IFOF (green circle and arrow) and the temporoparietal SLF/AF (yellow
circle, red, and yellow arrows). PostoperativeMRI shows complete tumor resection.

4 CONCLUSIONS

The name “arcuate fasciculus” encloses two Centuries of neuroanatom-

ical discoveries and evolutions. Since its first mention in Karl Friedrich

Burdach’s work (Burdach, 1822), this nomenclature became a pillar for

the definition of the human brain’sWM, and the associated knowledge

increased concurrently with the methodological advancements of the

past years. The investigations conducted on the AF concurred that this

bundle is a crucial structural pathway for the integration of cognitive

functions. Its shape, the large territories it connects, and the critical

course it follows—interfacing with eloquent portions of the Superior

and Inferior Longitudinal Systems as well as with projection fibers—

make it one of themost critical associationWMstructures that require

monitoring during surgical procedures. On the functional counterpart,

manyworks demonstrate that theAF is critical for cognitive processing

beyond language on both left and right sides. Indeed, this property can

only be featured by a long-range associative bundle connecting multi-

modal and highly distributed cortical areas, and therefore subserving

the integration of different networks.

Given these premises, extensive knowledge about the AF struc-

tural extension, its relationship with other nearby WM structures,

and the consequent implication in cognitive processes is essential
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F IGURE 8 Surgical case concerning a 47-year-old womanwho underwent resection of a high-grade glioma located within the posterior third
of themiddle temporal gyrus (MTG) of the left dominant hemisphere. (a) Preoperativemagnetic resonance imaging (MRI) (from top to bottom:
axial, coronal, and 3D-sagittal sequences) combinedwith tractographic reconstruction of the left arcuate fasciculus (AF) (blue) and inferior
fronto-occipital fasciculus (IFOF) (green). (b) Intraoperative picture showing the tumor’s resection performedwith “asleep-awake-asleep”
technique. Direct electrical stimulation (DES) in awake condition allowed to identify eloquent cortical sites, including the ventral premotor cortex
(VPMC), eliciting speech arrest (tag 0), and the ventral motor strip of the face (tag 1). During tumor’s resection, the subcortical mapping allowed to
identify the resection boundaries. These were established by eliciting phonemic paraphasia during the denomination task at the level of the
anteroinferior portion of the AF (tag 42) and sematic paraphasia at the level of the IFOF (tag 43). (c) Dissection of the perisylvian region with
Klingler technique. The specimen has been oriented according to the surgical perspective. The blue line corresponds to the AF stem and the
light-blue and green circles and arrows to the site where the IFOF and the AFwere stimulated, respectively. (d) PostoperativeMRI showed the
complete tumor resection on the axial, coronal, and sagittal planes from top to bottom.

to plan safe surgical approaches, and to consider all the variables

that could affect the patient’s outcome. We therefore summarized

and reported multimodal evidence accounting for the current def-

inition of the overall wiring and the functional relevance of the

AF. The additional description of surgical cases of tumor resection

considers how this knowledge can be translated into the surgical prac-

tice and describes practical tools and technical nuances for planning

and performing safe resections with direct mapping of this critical

structure.
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