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Abstract The anatomy of the perisylvian component of
the superior longitudinal fasciculus (SLF) has recently
been reviewed by numerous diffusion tensor imaging
tractography (DTI) studies. However, little is known about
the exact cortical terminations of this tract. The aim of the
present work is to isolate the different subcomponents of
this tract with fiber dissection and DTI tractography, and to
identify the exact cortical connections. Twelve postmortem
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human hemispheres (6 right and 6 left) were dissected
using the cortex-sparing fiber dissection. In addition, three
healthy brains were analyzed using DTI-based tractography
software. The different components of the perisylvian SLF
were isolated and the fibers were followed until the cortical
terminations. Three segments of the perisylvian SLF were
identified: (1) anterior segment, connecting the supramar-
ginal gyrus and superior temporal gyrus with the precentral
gyrus, (2) posterior segment, connecting the posterior
portion of the middle temporal gyrus with the angular
gyrus, and (3) long segment of the arcuate fasciculus that
connects the middle and inferior temporal gyri with the
precentral gyrus and posterior portion of the inferior and
middle frontal gyri. In the present study, three different
components of the perisylvian SLF were identified. For the
first time, our dissections revealed that each component
was connected to a specific cortical area within the frontal,
parietal and temporal lobes. By accurately depicting not
only the trajectory but also cortical connections of this
bundle, it is possible to develop new insights into the
putative functional role of this tract.

Keywords Arcuate fasciculus - DTI tractography -
Fiber dissection - Superior longitudinal fasciculus

Abbreviations

AF Arcuate fasciculus

AG Angular gyrus

DTI  Diffusion tensor imaging

IES Intraoperative electrical stimulation
IFG  Inferior frontal gyrus

ITG  Inferior temporal gyrus
MFG Middle frontal gyrus
PCG  Precentral gyrus

SF Sylvian fissure
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SLF  Superior longitudinal fasciculus
SMG  Supramarginal gyrus

SPL  Superior parietal lobe

STG  Superior temporal gyrus

Introduction

The superior longitudinal fasciculus (SLF) was first
described by Reil and Autenrieth at the beginning of the
nineteenth century as a group of fibers located into the
white matter of the temporal, parietal and frontal regions,
and around the Sylvian fissure. Burdach (1819-1826) and
subsequently Dejerine (1895), following this initial iden-
tification of the tract, described in detail this fiber system as
a tract that arches around the Sylvian fissure and connects
the posterior temporal lobe with the frontal lobe. They
named this bundle the Fasciculus Arcuatus and considered
it as part of the SLF, using interchangeably the terms
“superior longitudinal fasciculus” or “fasciculus arcuatus”
in their descriptions.

Magnetic resonance imaging may be sensitized to dif-
fusion of water molecules in the direction of the field
gradient. Diffusion tensor is a mathematic model of dif-
fusion of water molecules in 3D space. The tensor is a
matrix of numbers derived from diffusion measurements in
several different directions, from which one can estimate
the diffusivity in any arbitrary direction or determine the
direction of maximum diffusivity. Within white matter,
diffusion is anisotropic (directionally dependent) as axonal
membranes and myelin sheaths present barriers to the
motion of water molecules in directions not parallel to their
own orientation (Jellison et al. 2004). Based on these
principles, diffusion tensor imaging (DTI) tractography is
able to map white matter fiber direction, providing a unique
opportunity to study white matter architecture in vivo
(Catani et al. 2002, 2003, 2005; Le et al. 2001; Mori and
van Zijl 2002; Hagmann et al. 2003). Recent neuroimaging
studies based on DTI tractography have revealed that the
SLF is a complex brain association fiber system composed
of two parallel pathways connecting temporal, parietal and
frontal regions (Fig. 1) (Catani et al. 2005; Catani and de
Thiebaut 2008; Fernandez-Miranda et al. 2008b; Lawes
et al. 2008; Gharabaghi et al. 2009): (1) a direct pathway
corresponding to the classical AF; (2) an indirect pathway,
running parallel and lateral to the direct pathway, and
consisting of an anterior segment linking the lateral frontal
cortex with the inferior parietal lobe, and a posterior seg-
ment linking the inferior parietal lobe with the temporal
lobe. Isotope studies in non-human primates (Petrides and
Pandya 1984; Schmahmann and Pandya 2006; Schmah-
mann et al. 2007) as well as DTI analyses in humans
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Fig. 1 a DTI tractography reconstruction of the perisylvian compo-
nent of the superior longitudinal fasciculus (SLF). b Schematic
representation of the perisylvian component of the SLF. / anterior
segment of the SLF; 2 posterior segment of the SLF; 3 arcuate
fasciculus. AG angular gyrus; CS central sulcus; PCG precentral
gyrus; MTG middle temporal gyrus; SMG supramarginal gyrus; STG
superior temporal gyrus

(Makris et al. 2005) had identified two additional non-
perisylvian components of the SLF. These tracts are named
the SLF I and II, and are horizontal fronto-parietal con-
nections that run within the white matter of the parietal and
frontal lobes.

Consequently, DTI methodology applied to the human
brain has been very useful in providing visualization of the
core of pathways that compose the SLF. However, average
anisotropy in voxels does not allow tracking single termi-
nal branches of the white matter bundles, so that their final
cortical destination can only be indirectly inferred from the
location and orientation of the average tract end points
(Catani et al. 2003; Petrides and Pandya 2009). This
probably explains the confusing and contradicting DTI
reports of the cortical connections of the SLF (Catani
and de Thiebaut 2008; Fernandez-Miranda et al. 2008b;
Lawes et al. 2008; Gharabaghi et al. 2009; Makris et al.
2005; Rilling et al. 2008; Bernal and Ardila 2009;
Barrick et al. 2007; Henry et al. 2004; Catani et al. 2005).
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Autoradiography tract tracing is generally considered the
anatomical gold standard to validate DTI findings; how-
ever, these studies are of course impossible in humans
(Schmahmann et al. 2007, 2004; Giolli et al. 2001).
Alternatively, the technique of fiber dissection in post-
mortem human brains, first described by Klingler (1935);
Ludwig and Klingler (1956); Klingler and Gloor (1960),
and based on freezing of the brains during the fixation
process—with spreading of this freezing along the white
matter fibers—can provide isolation and tracking of ter-
minal fiber bundles in postmortem human brain. However,
classical fiber dissection requires removal of the cortex and
overlying white matter in order to reveal the deeper tracts
(Peuskens et al. 2004; Klingler 1935; Klingler and Gloor
1960; Choi et al. 2006; Sincoff et al. 2004; Ture et al. 1997,
1999, 2000; Lawes et al. 2008; Glasser and Rilling 2008;
Fernandez-Miranda et al. 2008a, b; Ludwig and Klingler
1956). Our group initially performed classical fiber dis-
section, but then we realized that the extensive removal of
surrounding brain tissue precludes the orientation of tracts
in relation to cortical landmarks which hampers analysis of
cortical terminations. Therefore, we developed a modifi-
cation of the classical fiber dissection methodology in
which removal of brain tissue was kept to a minimum to
preserve the cortex and relationships within the brain until
the end of dissection. Consequently, the trajectory and the
orientation of white matter tracts can now be identified
reliably and reproducibly. We postulate this dissection
technique as “cortex-sparing fiber dissection” referring to
the fact that the cortex is preserved until the end of the
dissection (Martino et al. 2010a, b, 2011).

Numerous publications have previously demonstrated that
the in vivo reconstructions of DTT tractography are very close
to the postmortem findings derived from fiber dissections
(Catani et al. 2002; Catani and de Thiebaut 2008; Fernandez-
Miranda et al. 2008a, b; Kier et al. 2004a, b; Thiebaut de
Schotten et al. 2011). Our group recently isolated the three
components of the perisylvian SLF using fiber dissection and
DTI tractography (Martino et al. 2011). In the present work,
both techniques were used to identify the exact cortical
connections of this tract, i.e., the cortical areas where the
axons of the three subcomponents of this tract terminate. The
accurate depicting of the connectional architecture of this
important bundle is essential to understand the functional role
of these connections within the language network.

Materials and methods

Cortex-sparing fiber dissection

Twelve human cerebral hemispheres (6 right side and 6 left
side) were removed from bodies embalmed with 10%

formalin solution for at least 40 days. The mean age of the
subjects from whom brains were obtained was 69 years
(range 60-75 years). The piamater, arachnoid membrane
and vascular structures were carefully removed and the
hemispheres were frozen at —15°C for 15 days. The water
crystallization induced by the freezing process disrupts the
structure of the gray matter (with high water content),
enabling the peeling off the cortex from the brain surface.
The freezing process also spreads along the white matter
fibers, facilitating the dissection of the fiber tracts.

Before the dissection started, a detailed study of the
surface anatomy of the sulci and gyri was made. The
specimens were dissected in a stepwise manner, from lat-
eral to medial. With classical fiber dissection, the demon-
stration of one fiber system results in the destruction of
other fiber systems (Klingler 1935; Ludwig and Klingler
1956; Klingler and Gloor 1960; Ture et al. 2000). The
removal of overlying brain structures, however, prohibits
the correlation of white matter tracts with cortical termi-
nations. In the present study, overlying brain structures
were preserved along the dissection to analyze the ana-
tomical cortical connectivity of the SLF. The dissection
methodology presented in this study has been previously
described by our group (Martino et al. 2010a, b, 2011).

The first step is to remove the cortex within the depth of
the sulci only, with preservation of the cortex of the con-
vexity surface of the gyri (Fig. 2). This is a crucial step in
the dissection, as it provides space to dissect the white
matter but at the same time preserves the cortical ana-
tomical landmarks until the end of the dissection. Then, the
stem of superior, middle and inferior temporal gyri were
cut in a plane perpendicular to the convexity surface of the
hemisphere, and the anatomic planes of cleavage between
the fibers were opened enabling the following of the fibers
of the SLF (Figs. 2, 3, 4). Care was taken to avoid tran-
secting axons, by utilizing blunt rather than sharp dissec-
tion, thus minimizing the risk of spurious tracts. With
careful dissection, it was possible to completely isolate the
fibers of the SLF from the other bundle and to follow the
fibers of the tract until they enter the gray matter at the
cortex (Figs. 3, 4). The Atlas of the Cerebral Sulci of Ono
et al. (1990) was used to validate the specific cortical
connections identified.

The dissections were performed under loupes magnifi-
cation (3.2x), enabling the isolation of fibers up to 2 mm
in diameter. Consequently, it was not possible to follow
smaller branches of the SLF. Handmade wooden spatulas
were used in the initial steps of the dissection to remove the
brain cortex within the depth of the sulci. Once the fibers of
the SLF were identified, the remaining dissection was
performed using curving metallic dissectors with various
tip sizes. Sequential digital pictures were taken during the
dissection.
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Fig. 2 Stepwise fiber dissection of the anterior segment of the
perisylvian component of the superior longitudinal fasciculus (SLF)
in a left hemisphere. a Lateral surface of the hemisphere following the
removal of the pia mater, arachnoid membranes and the cortex within
the depth of the sulci. The cortex of the convexity surface of the gyri
was not removed in order to preserve the anatomical landmarks until
the end of the dissection. The superior temporal gyrus and the
supramarginal gyrus are marked in red; the middle temporal gyrus
and the angular gyrus are marked in blue. Red spheres mark the
central sulcus, yellow spheres mark the intraparietal sulcus, orange
spheres mark the intermediate sulcus of Jensen and green spheres
mark the Heschl’s gyrus. The white arrow defines the boundary
between the superior temporal gyrus and the supramarginal gyrus at

Diffusion tensor imaging tractography analysis

Three healthy volunteers of 23, 30 and 31 years old were
studied with brain MRI performed on a whole-body 3.0-T
scanner (Achieva 3.0T; Philips Healthcare, Best, The
Netherlands) with an eight-channel head coil. DTI was
performed using a single-shot multislice spin echo—echo
planar sequence with the following attributes: diffusion
sensitization, 1,300 s/mm? TR, 9,577 ms; TE, 77 ms;
voxel size 2 mm; no gap between slices; matrix,
224 x 224. Sixty-four diffusion gradient directions were
obtained. The DTI data sets and anatomic MRI scans were
analyzed with Fiber Trak software for diffusion tensor
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the angle between the terminal ascending ramus of the sylvian fissure
and the posterior ramus of the sylvian fissure. The dissection started at
the posterior portion of the superior temporal gyrus, just behind the
Heschl’s gyrus. At this level, the fibers of the anterior segment of the
SLF were easily separated from the auditory radiations that originate
at the primary auditory area in the Heschl’s gyrus. This tract is
caudally connected to the supramarginal gyrus and the posterior
portion of the superior temporal gyrus. b, ¢ and d Stepwise dissection
of the tract, separating it from the surrounding fiber tracts. The fibers
of this bundle have a superior and posterior orientation, then they
curve around the caudal end of the Sylvian fissure to take an anterior
orientation, and run within the white matter of the parietal and frontal
operculum and terminate at the precentral gyrus

analysis and fiber tracking from MR Workspace (Philips
Healthcare).

We applied a knowledge-based multiple region-of-
interest approach (ROI) in which the tracking algorithm
was initiated from user-defined seed regions. Axonal pro-
jections were traced both in anterograde and retrograde
directions according to the direction of the principal
eigenvector in each voxel of the region of interest.
Tracking terminated when the fractional anisotropy value
was lower than 0.18. The cortical connections of the tracts
were inferred from the location and orientation of the
average tract end points (Catani et al. 2003; Petrides and
Pandya 2009).



Brain Struct Funct (2013) 218:105-121

109

Fig. 3 a Fiber dissection of the anterior portion of the superior
longitudinal fasciculus (SLF) (/) and arcuate fasciculus (AF) (2) in a
right hemisphere. Blue spheres mark the sylvian fissure, red spheres
mark the superior portion of the central sulcus, green spheres mark
the inferior portion of the central sulcus, and yellow spheres mark the
pars opercular of the inferior fontal gyrus. The frontal and parietal
operculum with the anterior portion of the SLF was tilted inferiorly,
while the fibers of the arcuate fasciculus were located superiorly. The
precentral gyrus is divided into two; the anterior portion of the SLF is
connected to the ventral portion of the precentral gyrus, while the AF
is connected to the dorsal portion. b Detailed view of the termination

Statistical analysis

Frequency distributions and summary statistics were calcu-
lated for all variables; values are expressed as mean and range.
A Kolmogorov—Smirnov test was used to study the distribu-
tion of each variable and P-P and Q—Q charts were used to
confirm it. The majority did not follow a normal distribution,
and non-parametric tests were used for comparisons.
A Mann—Whitney U test was used to determine the relation-
ship between the independent variable (right vs. left hemi-
spheres) and quantitative variables (two distances measured at
the AF). A Fisher's exact test was used to determine the
relationship between the independent variable (right vs. left
hemispheres) and qualitative variables (identification of each
subcomponent of the tract). A significance level of 5%

—d

of the anterior portion of the SLF at the precentral gyrus (marked by
the horizontal red arrow), and the termination of the AF at the pars
opercularis of the inferior frontal gyrus (marked by the vertical red
arrow and the yellow spheres). ¢ DTI tractography reconstruction of
the anterior segment of the SLF (/) and the AF (3). d Detailed view of
the termination of the anterior portion of the SLF at the precentral
gyrus, and the termination of the AF at the precentral gyrus and
posterior portion of the middle frontal gyrus. IFG inferior frontal
gyrus; MFG middle frontal gyrus; PCG precentral gyrus; POp pars
opercularis of the inferior frontal gyrus; POr pars orbicularis of the
inferior frontal gyrus; PT pars triangularis of the inferior frontal gyrus

(p < 0.05) was accepted in all cases. SPSS software version
18.0 (SPSS, UK) was used for the statistical analysis.

Results

A detailed analysis of the surface anatomy of each hemi-
sphere was performed, and variations in the gyral and
sulcal pattern were noted. The present dissection and DTI
tractography analysis revealed that the perisylvian SLF can
be clearly divided into three different components: two
superficial short tracts and one long deep tract or AF. The
cortical connections of the three segments of the SLF and
the distances measured at the AF in each hemisphere are
listed in Tables 1 and 2.
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Fig. 4 a Fiber dissection of the posterior segment of the perisylvian
superior longitudinal fasciculus (SLF) (red arrow) in a left hemi-
sphere. This tract is composed of a well-defined group of vertically
oriented fibers that run laterally to the arcuate fasciculus (AF) and
connect the posterior portion of the middle temporal gyrus with the

Anterior segment of the perisylvian component
of the SLF

This connection was identified in 11 out of the 12 hemi-
spheres (91.7%) dissected. The dissection started at the
posterior portion of the superior temporal gyrus, just behind
the Heschl’s gyrus. At this level, the fibers of the SLF were
easily separated from the auditory radiations that originated
at the primary auditory area in the Heschl’s gyrus (Rhoton
2002). The fibers of this portion of the SLF had a superior
and posterior orientation; then they curved around the
caudal end of the Sylvian fissure to take an anterior orien-
tation and ran within the white matter of the parietal and
frontal operculum lateral to the AF. Finally, they terminated
at the posterior portion of the frontal operculum (Figs. 2, 3).
Regarding the posterior cortical termination of this bundle,
in nine hemispheres (82%) it was connected to the supra-
marginal gyrus and the posterior portion of the superior
temporal gyrus. In one hemisphere, it was also connected to
the angular gyrus. At the level of the frontal operculum, in
eight hemispheres (73%), the fibers of this bundle were
connected to the ventral portion of the precentral gyrus
(Figs. 3, 8). In three hemispheres, the bundle was connected
to the frontal operculum but, due to the strong intersection
with other fibers, it was not possible to follow the exact
frontal cortical termination of the tract.

This connection was identified in all the hemispheres
studied with DTI tractography. Regarding the posterior
cortical termination of this bundle, in all the hemispheres it
was connected to the supramarginal gyrus. In three hemi-
spheres (50%), it was also connected to the posterior portion
of the superior temporal gyrus. In two hemispheres (33%), it
was also connected to the angular gyrus. At the level of the
frontal operculum, in all the hemispheres the tract was
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angular gyrus. Small pieces of black paper were placed between the
posterior portion of the SLF and the AF. b Detailed view of the
terminal fibers of the posterior portion of the SLF (arrow) connected
to the AG. AG angular gyrus; CS central sulcus; F fontal lobe; MTG
middle temporal gyrus; P superior parietal lobe; T temporal lobe

connected to the ventral portion of the precentral gyrus
(Figs. 3, 8). Intwo hemispheres (33%), it was also connected
to the posterior portion of the inferior frontal gyrus.

Posterior segment of the perisylvian component
of the SLF

This connection was identified in 8 out of 12 hemispheres
(67%) dissected. The dissection started at the posterior
portion of the middle temporal gyrus. The dissection
revealed a well-defined group of vertically oriented fibers
that ran lateral to the AF and terminated at the inferior
parietal lobe (Figs. 4, 8). Regarding the inferior cortical
termination of this bundle, in all the hemispheres this tract
was connected to the posterior portion of the middle tem-
poral gyrus. Superiorly, it was connected to the angular
gyrus in seven hemispheres (88%), and in one hemisphere
was also connected to the supramarginal gyrus and inferior
portion of the superior parietal lobe.

This connection was identified in five out of six hemi-
spheres (83%) studied with DTI tractography (Fig. 5).
Regarding the inferior cortical termination, in four hemi-
spheres (80%) it was connected to the posterior portion of
the middle temporal gyrus, in two hemispheres (40%) to
the inferior temporal gyrus and in one hemisphere (20%) to
the superior temporal gyrus. Superiorly, this bundle was
connected to the angular gyrus in four out of five hemi-
spheres (80%), and in three hemispheres (60%) was con-
nected to the supramarginal gyrus (Fig. 8).

Long segment of the perisylvian SLF

This connection was identified in all the hemispheres dis-
sected. This long segment corresponds to the classical AF
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Table 2 Cortical connections of the three segments of the perisylvian SLF obtained by diffusion tensor imaging (DTI) tractography

No Side Anterior segment Posterior segment Arcuate fasciculus
Posterior Anterior Inferior Superior Posterior Anterior D1 (mm) D2 (mm)
connection connection connection connection connection connection
1 R SMG, STG PCG (VENT), MTG (POST), AG ITG (POST), PCG (VENT), 12 23
(POST), AG IFG (POST) ITG (POST) MTG (POST) MEFG (POST)
2 L SMG, STG PCG (VENT) ITG (POST) AG ITG (POST), PCG (VENT), 11 18
(POST) MTG (POST)  IFG (POST)
3 R SMG PCG (VENT) MTG (POST) AG, SMG NO NO
L SMG PCG (VENT) NO NO MTG (MID) PCG (VENT) 18 29
5 R SMG, STG PCG (VENT) MTG (POST) SMG, AG MTG (POST) IFG (POST) 13 26
(POST), AG
6 L SMG PCG (VENT), MTG (POST), SMG MTG (POST) PCG (VENT), 12 17
IFG (POST) STG (POST) IFG (POST)
Total SMG 100% PCG 100% MTG 80% AG 80% MTG 100% PCG 80% Mean Mean
STG 50% IFG 33% ITG 40% SMG 60% ITG 40% IFG 60% 13 mm 23 mm
(11-18 mm)  (17-29 mm)
AG 33% STG 20% MFG 20%

D1: antero-posterior distance between the most anterior point where the Heschl’s gyrus intersects the inferior limiting sulcus of the insula and the posterior
edge of the arcuate fasciculus (AF). D2: antero-posterior distance between the most posterior point where the Heschl’s gyrus intersects the inferior limiting

sulcus of the insula and the posterior edge of the AF

AG angular gyrus, ANT anterior, /FG inferior frontal gyrus, /TG inferior temporal gyrus, MFG middle frontal gyrus, MID middle, MTG middle temporal
gyrus, NO the tract was not identified in this hemisphere, PCG precentral gyrus, POST posterior, SMG supramarginal gyrus, STG superior temporal gyrus,

VENT ventral

Fig. 5 DTI tractography reconstruction of the anterior segment of the
SLF () and the posterior segment of the SLF (2). The anterior
segment of the SLF is connected to the precentral gyrus and
supramarginal gyrus. The posterior segment of the SLF is connected
to the middle temporal gyrus and angular gyrus. AG angular gyrus;
PCG precentral gyrus; SF sylvian fissure; SMG supramarginal gyrus;
STG superior temporal gyrus

that is a long white matter tract deeply located to the pa-
rieto-frontal and temporo-parietal segments of the SLF
(Figs. 6, 7). After lifting these two superficial connections,
the lateral surface of the AF was completely exposed. At
this point, it is important to remark that the dissection
technique used here enabled us to isolate this deeper bundle
without destroying the superficial components of the
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fascicle (Fig. 6). In the next step of the dissection, the deep
surface of the bundle was carefully separated from the
deeper structures. This dissection started by opening the
stem of the inferior temporal gyrus. Then, the deep surface
of the bundle was carefully separated from the deeper
structures. A clear plane of cleavage was identified
between the fibers of the AF that had a superior—inferior
orientation at the temporal lobe and the fibers of the sagittal
stratum (i.e., densely packed fibers located at the lateral
surface of the atrium and composed of the optic radiations,
inferior fronto-occipital fasciculus and tapetum) with an
anterior—posterior orientation. This plane was carefully
dissected, following the direction of the fibers that curved
around the caudal limit of the insula to take a horizontal
direction and anterior orientation and then ran within the
white matter of the parietal and frontal operculum lateral to
the cortico-spinal tract that had a vertical direction (Fig. 7).
Finally they terminated at the posterior portion of the
frontal operculum.

Regarding the posterior cortical termination of this
bundle, in all the hemispheres this tract was connected to
the inferior temporal gyrus, and in ten hemispheres (83%)
to the middle temporal gyrus (Figs. 6, 8). At the level of
the frontal operculum, in nine hemispheres (75%) it was
connected to the ventral portion of the precentral gyrus
(Figs. 6, 7, 8). In nine hemispheres (75%), it was connected
to the posterior portion of the inferior frontal gyrus. In
seven hemispheres (58%), it was connected to the middle
frontal gyrus (Fig. 3). In three hemispheres, the bundle was



Brain Struct Funct (2013) 218:105-121

113

Fig. 6 Fiber dissection and DTI tractography reconstruction of the
long segment of the superior longitudinal fasciculus (SLF) or arcuate
fasciculus (AF) (3). a The superior temporal gyrus and the
supramarginal gyrus are marked in red; the middle temporal gyrus
and the angular gyrus are marked in blue. Red spheres mark the
central sulcus, yellow spheres mark the intraparietal sulcus, orange
spheres mark the intermediate sulcus of Jensen and green spheres
mark the Heschl’s gyrus. The posterior portion of the SLF was titled
to expose the fibers of the AF. As evidenced in the picture, we were
able to isolate this deeper bundle without destroying the superficial

connected to the frontal operculum, but due to the strong
intersection with other fibers it was not possible to follow
the exact frontal cortical termination of the tract.

This connection was identified in five out of six hemi-
spheres (83%) studied with DTI tractography. Regarding
the posterior cortical termination, in all the hemispheres it
was connected to the middle temporal gyrus, and in two
hemispheres (40%) also to the inferior temporal gyrus. At
the level of the frontal operculum, in four hemispheres
(80%) it was connected to the ventral portion of the pre-
central gyrus (Figs. 6, 8), in three hemispheres (60%) to the
posterior portion of the inferior frontal gyrus (Fig. 3), and
in one hemisphere (20%) to the posterior portion of the
middle frontal gyrus.

It is important that connections of the AF to the superior
temporal gyrus were not identified either in fiber dissection
or in DTI tractography. As previously explained, the fibers

components of the fascicle. b Small pieces of red paper were placed
between the AF and the fibers of the sagittal stratum (i.e., densely
packed fibers located at the lateral surface of the atrium and composed
of the optic radiations, IFOF and tapetum). It is evidenced that the AF
is posteriorly connected to the inferior temporal gyrus (marked
with white spheres) and to the middle portion of the middle temporal
gyrus (marked in blue). ¢ DTI tractography reconstruction of the AF.
(1) anterior segment of the SLF; (2) posterior segment of the SLF;
(3) arcuate fasciculus

from the superior temporal gyrus converged into the
anterior portion of the SLF.

Two distances were measured at the AF (Fig. 7;
Tables 1, 2). The two distances were measured in a line
that passed through the inferior limiting sulcus of the
insula. The first measurement is the distance between the
most anterior point where the Heschl’s gyrus intersects
the inferior limiting sulcus of the insula and the posterior
edge of the AF (fiber dissection: average 19 mm, range
12-25 mm; DTI tractography: average 13 mm, range
11-18 mm). The second measurement is the antero-pos-
terior distance between the most posterior point where the
Heschl’s gyrus intersects the inferior limiting sulcus of the
insula (this anatomic point corresponds to the most caudal
point of the insula, at the junction of the inferior and
superior limiting sulcus) and the posterior edge of the AF
(fiber dissection: average 30 mm, range 22-40 mm; DTI
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Fig. 7 Fiber dissection and DTI tractography reconstruction of the
long segment of the superior longitudinal fasciculus (SLF) or arcuate
fasciculus (AF). a and b Two distances were measured in a line that
passes through the inferior limiting sulcus of the insula: distance-a is
the antero-posterior distance between the most posterior point where
the Heschl’s gyrus (marked with a vertical red arrow) intersects the
inferior limiting sulcus (this anatomic point corresponds to the most
caudal point of the insula, at the junction of the inferior and superior
limiting sulcus of the insula) and the posterior edge of the AF.

tractography: average 23 mm, range 17-29 mm). The two
distances were compared between the right and left sides,
and the differences observed were not statistically signifi-
cant (p > 0.05). The projection of the caudal end of the AF
in the convexity surface of the hemisphere is located at the
posterior portion of the angular gyrus.

The identification of each tract and the cortical termi-
nations were compared between the right and left sides;
any of the differences observed were statistically signifi-
cant (p > 0.05).

Discussion

The present work investigated the anatomical connectivity
of the perisylvian component of the SLF by means of fiber
dissection and DTI tractography. Comparable to previous
DTI studies (Fernandez-Miranda et al. 2008b; Gharabaghi
et al. 2009; Catani et al. 2005), we found three different
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Distance-b is the antero-posterior distance between the most anterior
point where the Heschl’s gyrus intersects the inferior limiting sulcus
and the posterior edge of the AF. ¢ Detailed view of the terminal
fibers of the AF (arrow) connecting to the precentral gyrus. d The
fibers of the AF curve around the caudal limit of the insula to take a
horizontal direction and anterior orientation, then run within the white
matter of the parietal and frontal operculum lateral to the cortico-
spinal tract that has a vertical direction (marked with a horizontal red
arrow). The precentral gyrus is marked with red spheres

components of this perisylvian tract: (1) a superficial
anterior segment connecting the supramarginal gyrus and
the superior temporal gyrus with the lateral frontal cortex,
(2) a superficial posterior segment connecting the middle
temporal gyrus with the angular gyrus, and (3) a deep and
long tract connecting the middle and inferior temporal gyri
with the lateral frontal cortex, representing the classical
AF.

Anterior segment of the perisylvian component
of the SLF

Catani et al. (2005) were the first to describe this connec-
tion in humans with DTI tractography. However, to our
knowledge, there is only one previous paper that isolated
this connection with fiber dissection. Fernandez-Miranda
et al. (2008b) analyzed the three-dimensional anatomy of
the SLF by means of fiber dissection and DTI tractography.
Using fiber dissection, they were able to isolate the three
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Fig. 8 Schematic representation of the cortical terminations of the
three segments of the perisylvian superior longitudinal fasciculus
(SLF) in the 18 hemispheres studied. A left hemisphere (a) and a right
hemisphere (b) are represented. The cortical areas marked in blue
represent the connections of the anterior segment of the SLF,
connecting the supramarginal gyrus and the superior temporal gyrus
with the precentral gyrus. The cortical areas marked in green
represent the connections of the posterior segment of the SLF,
connecting the posterior portion of the middle temporal gyrus with the
angular gyrus. The cortical areas marked in red represent the
connections of the arcuate fasciculus, connecting the middle and
inferior temporal gyri, with the precentral gyrus and posterior portion
of the inferior and middle frontal gyri. The percentages of tracts with
connections to each lobule in the 18 hemispheres are presented. AG
angular gyrus; IFG inferior frontal gyrus; ITG inferior temporal
gyrus; MFG middle frontal gyrus; PCG precentral gyrus; SF' sylvian
fissure; SMG supramarginal gyrus; SPL superior parietal lobe; STG
superior temporal gyrus

components of the perisylvian SLF. It is worth mentioning
that in Fernandez-Miranda’s paper, the cortex and super-
ficial white matter were removed to reveal the anterior
portion of the perisylvian SLF. This extensive removal of
surrounding brain tissue eliminates important cortical
landmarks making it impossible to analyze the precise
cortical terminations of a specific fiber tract. Consequently,
their dissection figures reveal horizontally oriented fibers
located in the frontal and parietal operculum, but not the

fibers projecting into the cortex ((Fernandez-Miranda et al.
2008b) Fig. 3a, c, d, p. 969). In the present work, cortex-
sparing fiber dissection enables us to isolate the entire
fascicle with the fibers projecting into the cortex. There-
fore, our work seems to be the first one in the literature to
completely isolate by fiber dissection the anterior segment
of the SLF.

Regarding the caudal connection of this tract, Catani
et al. (2005) described that it terminates at the inferior
parietal lobe. However, a closer look to their images
reveals that the fibers of this bundle are projected into the
anterior part of the inferior parietal lobe, i.e., to the su-
pramarginal gyrus ((Catani et al. 2005) Figs. 3, 4, p. 11 and
12). Thiebaut de Schotten et al. (2011) recently analyzed
with spherical deconvolution tractography and fiber dis-
section the anatomy of the fronto-parietal connections of
the SLF. This tractography methodology models the dif-
fusion signal as a distribution of multiple fiber orientations,
enabling the reconstruction of the white matter tracts in
voxels with crossing, kissing or fanning fibers (Dell’acqua
et al. 2010). They described the SLF III as a perisylvian
component of the SLF situated in the white matter of the
parietal and frontal opercula and connecting the supra-
marginal gyrus with the ventral premotor and prefrontal
regions. Makris et al. (2005) analyzed the anatomy of the
SLF by means of DTI in four subjects, and isolated the
same tract running within the parieto-frontal operculum.
Interestingly, Glasser and Rilling (2008) in another DTI
study identified a connection of the posterior portion of the
superior temporal gyrus to the frontal lobe, and considered
these fibers as part of the AF. In the present work, fiber
dissection revealed that this tract was caudally connected to
the supramarginal gyrus and to the posterior part of the
superior temporal gyrus (in the region just posterior to the
Heschl’s gyrus). The study of brain surface anatomy
reveals that the superior temporal gyrus continues with the
supramarginal gyrus at the caudal end of the sylvian fissure
(Rhoton 2002); therefore, to precisely understand the ter-
mination of the bundle it is necessary to clarify the ana-
tomical boundaries that define these two areas. The Atlas
of the Cerebral Sulci of Ono et al. (1990) defines the
boundary between these two regions at the angle between
the terminal ascending ramus of the sylvian fissure and the
posterior ramus of the sylvian fissure (Fig. 2). Our dis-
sections revealed that the fibers from these two areas had
the same orientation and converged into the same bundle
within the parietal and frontal operculum (Fig. 2). Based
on these results, we suggest that the fibers from the pos-
terior part of the superior temporal gyrus are part of the
anterior portion of the perisylvian SLF and not of the AF as
suggested by Glasser and Rilling (2008).

At the frontal lobe, the anterior portion of the SLF was
mainly connected to the ventral portion of the precentral
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gyrus (Figs. 3, 8). This is in agreement with previous DTI
tractography studies (Kaplan et al. 2010; Croxson et al.
2005). The ventral portion of the precentral gyrus is divi-
ded into two parts: the anterior part is the seat of Brod-
mann’s area 6 (ventral premotor cortex). The posterior part
is Brodmann’s area 4, corresponding to the somatotopic
representation of the tongue, lips and pharynx. Both areas
have been involved in the final steps of speech production
(Ingham et al. 2004; Shuster and Lemieux 2005; Duffau
et al. 2003a). Lesions to the dominant premotor cortex and
to the supramarginal gyrus or underlying white matter in
the left side have been associated with the gestural
impairments observed in ideomotor and buccofacial
apraxia (Schmahmann and Pandya 2006; De Renzi 1989;
Kareken et al. 2003; Naeser et al. 1989). In addition,
intraoperative electrical stimulation (IES) of this pathway
in the left side has induced reproducible articulatory dis-
orders (dysarhtria or anarthria) with high reproducibility
(Duffau et al. 2003b, 2008, Duffau 2011). Based on these
observations, Duffau has designated this bundle as the
dorsal phonological pathway and has suggested the
hypothesis of an articulatory loop, with possible relation-
ships with the verbal working memory network. This
hypothesis is in accordance with Baddeley’s model
(Baddeley 2003), in which phonological processing is
divided into a phonological store (involving the left
supramarginal gyrus) and an articulatory rehearsal module
(distributed rather over the left inferior frontal area).
Accordingly with the so-called motor theories of language
understanding, feedback is a necessary component of
speech articulation (Liberman et al. 1967; Liberman and
Mattingly 1985; Hickok and Poeppel 2004). These theories
suggest that the same process that are involved in pro-
duction also participate in the perception of speech. The
anterior portion of the SLF, connecting to the cortex right
next to the primary auditory area with the speech output
areas at the frontal lobe, is a very suitable tract to explain
the feedback of articulation. At the same time, the voice
generated in the mouth is also heard in the primary auditory
cortex, and the information may be rapidly sent to the
posterior portion of the superior temporal gyrus and to the
supramarginal gyrus. Finally, it may be sent to the pre-
central gyrus via the anterior portion of the SLF for a
precise monitoring of speech articulation.

Posterior segment of the perisylvian component
of the SLF

The present study reveals that this tract interconnects the
posterior portion of the MTG with the AG (Figs. 4, 5, 8).
This bundle has previously been described in DTT and fiber
dissection studies (Catani and de Thiebaut 2008; Fernan-
dez-Miranda et al. 2008b; Barrick et al. 2007; Lawes et al.
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2008; Catani et al. 2005). Lawes et al. (2008) compared the
anatomy of the tract by fiber dissection and DTI tracto-
graphy. The authors described a tract connecting the pos-
terior temporal lobe with the inferior parietal lobe and the
middle occipital gyrus. Catani et al. (2005) and Fernandez-
Miranda et al. (2008b) also described that this tract
was connected to the inferior parietal lobe. However,
the analysis of their rendering revealed projections to the
posterior part of the inferior parietal lobe, i.e., with
the angular gyrus. Consequently, our dissections revealed a
finding not reported to date, a clear segregation of con-
nections within the inferior parietal lobe with the anterior
portion of the perisylvian SLF connected to the supra-
marginal gyrus, and the posterior portion of the perisylvian
SLF projecting into the angular gyrus. This anatomical
segregation of the SLF fibers suggests a rostro-caudal
organization of function within the dominant inferior
parietal lobe: the supramarginal gyrus connected to the
anterior component of the SLF implicated in articulation of
speech (Schmahmann and Pandya 2006; De Renzi 1989;
Kareken et al. 2003; Naeser et al. 1989; Duffau et al.
2003b), and the angular gyrus connected to the posterior
component of the SLF implicated in language perception,
namely in syllable discrimination and identification and in
other tasks that require explicit attention to segmental
information (Parker et al. 2005).

Long segment of the SLF or arcuate fasciculus

In agreement with previous DTI studies, we found a long
direct connection between the temporal and frontal lobes
representing the classical AF (Figs. 6, 7). Glasser and
Rilling (2008) recently analyzed with DTT tractography the
anatomy of the SLF in 20 hemispheres. In this study, an
important leftward asymmetry in the anatomy of the AF
was reported, as this connection was identified in all the left
hemispheres, whereas in only 11 right hemispheres (55%).
Other DTI studies have also identified a dominance of this
fascicle to the left hemisphere (Nucifora et al. 2005; Parker
et al. 2005; Powell et al. 2006; Catani et al. 2007). These
results contrast with those obtained in our study, as the AF
was identified in eight out of nine right hemispheres (89%)
and in all left hemispheres and these differences were sta-
tistically not significant (p > 0.05). As discussed by Glasser
and Rilling (2008), it is likely that these pathways are
actually present, and the absence of the tracts may be
explained by the sensitivity of the probabilistic crossing
fiber algorithm of DTI reconstructions. If the sensitivity is
increased, the probability of identifying the bundles is also
higher.

Traditionally, the rostral terminus of the AF has been
assigned to the pars opercularis and triangularis of the
frontal lobe, i.e., the Broca’s area. This was first stated by
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Wernicke in 1874 and has been usually maintained to date
(Aminoff et al. 2005; Obler and Gjerlow 1999; Ludwig and
Klingler 1956; Makris et al. 2005; Nieuwenhuys et al.
1988). However, this classical view has recently been
challenged by numerous DTI tractography studies. Bernal
and Altman (2010) studied the connectivity of the AF in 12
normal right-handed subjects. A sagittal fractional anisot-
ropy image was used to determine the rostral end point of
the AF fibers in the white matter pertaining to specific gyri
or pars of the frontal lobe. The authors identified strong
connections of the AF to the precentral gyrus and minimal
connections to the posterior portion of the inferior frontal
gyrus in only 41.6% of the subjects. The general conclu-
sion in this study is that the AF is not connected to the
Broca’s area, but instead mainly to the inferior portion of
the precentral gyrus (ventral premotor cortex and primary
motor area). Barrick et al. (2007), in a DTI study, also
describe that at the frontal lobe most of the fibers of the AF
turn sharply toward the precentral gyrus and only a small
portion of the fibers continues to the pars opercularis of the
IFG. However, these findings conflict with other recent
reports of the arcuate connectivity with DTI tractography.
Catani et al. (2005), Catani and de Thiebaut (2008)
describe connections of the AF to the posterior part of the
inferior and middle frontal gyrus and to the precentral
gyrus. These findings are in agreement with those of
Glasser and Rilling (2008) that identified projections of the
AF into the posterior portion of the middle frontal gyrus,
dorsal portion of the precentral gyrus and to the middle and
posterior portions of the inferior frontal gyrus. At the level
of the frontal operculum, the fibers of the AF intersect the
terminal branches of the anterior portion of the SLF and the
inferior fronto-occipital fasciculus. DTI tractography is
inaccurate to map the fiber architecture in areas where the
trajectories of different fibers intersect (Catani et al. 2005);
consequently, the strong intersection of fibers at the frontal
operculum may explain the controversy in DTI studies
regarding the frontal termination of the AF. In the present
study, due to strong intersections of fibers at the level of the
frontal operculum, it was not possible to follow the ter-
minal fibers in three hemispheres. However, in the rest of
the hemispheres, strong connections of the AF to the pre-
central gyrus were identified, and, as shown in Fig. 3, we
also isolated fibers that projected into the posterior portion
of the inferior and middle frontal gyrus. Catani et al. (2005)
named this extended region Broca’s territory, as it included
in addition to the classical Broca’s area other cortical
regions specialized in higher level aspects of language.
Important controversy also exists in the literature
regarding the temporal projection of the AF. Some authors
consider that it projects to a very specific region located at
the posterosuperior temporal sulcus and gyrus, i.e., the
classical Wernicke area (Glasser and Rilling 2008). These

findings apparently conflict with those obtained by Glasser
and Rilling (2008) and by Catani et al. (2005), Bernal and
Ardila (2009) and Barrick et al. (2007). These authors
consider that the AF projects into an extended area rather
than a localized center, including the posterior part of both
the superior and middle temporal gyri. Other authors
describe projections into a wider area of the temporal lobe,
including the medial and posterior portions of the superior,
middle and inferior temporal gyri (Turken and Dronkers
2011). Our dissections also revealed important connections
of the AF with the middle and inferior temporal gyri
(Figs. 6, 8). Connections of the AF to the anterior portion
of the superior temporal gyrus were not identified; this may
be explained by the strong intersection with the fibers of
the acoustic radiations (terminating at the Heschl’s gyrus).

Therefore, the present work showed a particularly rich
connectivity profile of the middle temporal gyrus, as it is
connected to both the anterior portion of the SLF and AF.
Turken and Dronkers (2011) had previously reported this
high connectivity of the middle temporal gyrus, evidencing
that it is also connected to the inferior fronto-occipital
fasciculus, middle longitudinal fasciculus, inferior longi-
tudinal fasciculus and posterior corpus callosum fibers.
Based on the high connectivity of this area and the severity
of the impairments associated with middle temporal gyrus
lesions, it has been suggested that this region holds a key
position in language comprehension. Mesulam introduced
the concept of large-scale functional networks; based on
this model of neural processing, cognitive functions are the
result of a collaborative interaction of multiple intercon-
nected networks that are widely distributed within the brain
(Mesulam 1990, 2009). These networks also include core
regions that serve as transmodal gateways; lesions affect-
ing such gateways would produce multiple disconnections,
disrupting upstream and downstream network functions.
Based on the high connectivity of the middle temporal
gyrus, it has been suggested that this area represents such a
critical neural epicenter within the perisylvian language
network (Price 2000; Hickok and Poeppel 2004). In fact,
this region is strategically located on the boundary between
auditory and visual association cortex, receiving inputs
from both the primary auditory cortex, as well as extras-
triate visual cortex (Dronkers et al. 2004; Turken and
Dronkers 2011). All these observations give a plausible
explanation for the severe and persisting language com-
prehension impairments that follow a lesion to the middle
temporal gyrus and underlying white matter (Duffau et al.
2002; Leclercq et al. 2010).

In addition to the sequelae related to a cortical injury, a
lesion specifically disrupting the AF will cause a discon-
nection between the posterior temporal and frontal lobes.
IES of a white matter tract induces a virtual transitory
disconnection giving a unique opportunity to study the
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function of this network. IES of the AF has induced
reproducible phonemic paraphasias, namely disorders that
affect the phonological form of the words. The target word
is transformed by substitution, elision, addition or trans-
position of one or more phonemes (Saur et al. 2008; Duffau
et al. 2002; Leclercq et al. 2010). Based on these obser-
vations, and an accumulation of knowledge coming from
neuroimaging, neuropsychology and psycholinguistic, the
AF has been proposed as the dorsal phonological route for
language function (Hickok and Poeppel 2004), in accor-
dance with the dual-stream model that segregates phono-
logical and semantic processing (Young 1997; Naeser et al.
1982). Unlike a transitory dysfunction, a structural lesion
to the AF in the left hemisphere has been associated with
conductive aphasia, characterized by repetition impairment
and phonemic paraphasias (Schmahmann et al. 2007). This
tract is frequently damaged by small infarcts or other
insults at the level of the white matter underling the inferior
parietal lobe. The present work revealed that the distance
between the caudal end of the insula and the posterior edge
of the AF ranged between 11 and 25 mm; we also observed
that the AF underlies the caudal end of the inferior parietal
lobe (the angular gyrus). This small white matter region is
a vulnerable part of the network when neurological damage
occurs, as multiple fibers from the temporal cortex con-
verge within this area. Consequently, a small lesion in this
strategic place may have more serious consequences than a
comparable lesion elsewhere in the network. These data are
paramount for neurosurgical approaches to lesions deep
into the inferior parietal lobe; in addition to the cortical
lesion at the level of the supramarginal or angular gyrus,
the pathway may be damaged in the underling white mat-
ter. Consequently, the neurosurgeon should find an alter-
native route to access these lesions or use intraoperative
electrical stimulation to avoid damage to the tract
(Maldonado et al. 2011).

Study limitations:

Our findings in this study are subject to some limitations

e Fiber dissection has a limited value to study white
matter connectivity in areas of crossing fibers. At the
level of the frontal operculum, the fibers of the SLF
strongly intersect with the terminal branches of other
long association fasciculus (especially to the inferior
fronto-occipital fasciculus). In the present study in 3 of
the 12 hemispheres dissected, it was not possible to
follow the frontal termination of the AF and anterior
portion of the SLF. On the other hand, dissection
enabled the isolation of fibers up to 2 mm in diameter.
Consequently, with this technique it was not possible to
follow smaller branches of the SLF.

@ Springer

e Even though DTI tractography has extensively been
used to study white matter connectivity, it has three
inherent shortcomings: (1) first, same as in fiber
dissection, is the inaccuracy of this technique to map
the fiber architecture in areas where the trajectories of
different fibers intersect (Wang et al. 2008). Several
diffusion imaging techniques have been developed to
reduce the fiber intersecting problem. Some of these
MR-based approaches “beyond the diffusion tensor”
are called diffusion spectrum imaging (Wedeen et al.
2005), g-ball imaging (Tuch et al. 2003) and spherical
deconvolution (Dell’acqua et al. 2010; Thiebaut de
Schotten et al. 2011). (2) Second is the difficulties in
distinguishing the different fascicles in areas where
tracts run in parallel (e.g., the optic radiations and the
fibers of the IFOF) (Catani et al. 2003). (3) Third is the
inability to follow the terminal branches of the white
matter bundles: it is only possible to infer their final
cortical destinations from the location and orientation
of the average tract end points (Tomasi and Volkow
2011). Novel approaches to solve this problem have
been proposed, such as tract reconstruction based on
their anatomical termination near the gray—white matter
boundary (Lawes et al. 2008) and a postmortem
neuroimaging technique called 3D polarized light
imaging (Axer et al. 2011). In addition, high-field
MRI of postmortem brains already demonstrated its
potential to reveal cortical connections more reliably
(Soria et al. 2011).

e Although all subjects were adults, there was a wide age
difference between subjects studied with fiber dissec-
tion (mean 69 years) and those studied with DTI
tractography (mean 28 years). This may have affected
the data, as white matter connectivity may change with
age. However, the major observations of this work were
consistent across the majority of subjects studied with
DTI tractography and fiber dissection.

Conclusions

In the present work, fiber dissection of postmortem human
brains and DTI tractography enabled the isolation of the
three components of the perisylvian SLF. With the tech-
nique of cortex-sparing fiber dissection, the cortex and
superficial white matter were preserved along the dissec-
tion, enabling the isolation of the fibers projecting into the
cortex and to analyze the exact cortical terminations of
each of the subcomponents of the SLF. The following
portions and cortical connections were identified: (1)
anterior segment, connecting the supramarginal gyrus
and superior temporal gyrus with the precentral gyrus;
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(2) posterior segment, connecting the posterior portion of
the middle temporal gyrus with the angular gyrus; and
(3) the AF that connects the middle and inferior temporal
gyri with the precentral gyrus and posterior portion of the
inferior and middle frontal gyri.

The functional role of a tract may be inferred from its
topography within the brain. The segregation of the peri-
sylvian SLF into three components defined by DTI studies
established the first step to understanding the function of
this large-scale network. Based on these observations, it
has been hypothesized that each component of this tract is
specialized in transmitting different types of information.
However, to elucidate how each part is functionally inte-
grated within the overall network, it is necessary to accu-
rately define the cortical connectivity. Each brain region
acquires its particular function in a brain network by virtue
of how it interacts with other regions. Consequently, based
on the known functional role of these cortical areas, it is
possible to develop new insights into the putative func-
tional properties of these connections.
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