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OBJECTIVE The purpose of this study was to investigate the morphology, connectivity, and correlative anatomy of the
longitudinal group of fibers residing in the frontal area, which resemble the anterior extension of the superior longitudinal
fasciculus (SLF) and were previously described as the frontal longitudinal system (FLS).

METHODS Fifteen normal adult formalin-fixed cerebral hemispheres collected from cadavers were studied using the
Klingler microdissection technique. Lateral to medial dissections were performed in a stepwise fashion starting from the
frontal area and extending to the temporoparietal regions.

RESULTS The FLS was consistently identified as a fiber pathway residing just under the superficial U-fibers of the mid-
dle frontal gyrus or middle frontal sulcus (when present) and extending as far as the frontal pole. The authors were able
to record two different configurations: one consisting of two distinct, parallel, longitudinal fiber chains (13% of cases),
and the other consisting of a single stem of fibers (87% of cases). The fiber chains’ cortical terminations in the frontal
and prefrontal area were also traced. More specifically, the FLS was always recorded to terminate in Brodmann areas 6,
46, 45, and 10 (premotor cortex, dorsolateral prefrontal cortex, pars triangularis, and frontal pole, respectively), whereas
terminations in Brodmann areas 4 (primary motor cortex), 47 (pars orbitalis), and 9 were also encountered in some spec-
imens. In relation to the SLF system, the FLS represented its anterior continuation in the majority of the hemispheres,
whereas in a few cases it was recorded as a completely distinct tract. Interestingly, the FLS comprised shorter fibers that
were recorded to interconnect exclusively frontal areas, thus exhibiting different fiber architecture when compared to the
long fibers forming the SLF.

CONCLUSIONS The current study provides consistent, focused, and robust evidence on the morphology, architecture,
and correlative anatomy of the FLS. This fiber system participates in the axonal connectivity of the prefrontal-premotor
cortices and allegedly subserves cognitive-motor functions. Based in the SLF hypersegmentation concept that has been
advocated by previous authors, the FLS should be approached as a distinct frontal segment within the superior longitudi-
nal system.
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prefrontal and motor and premotor areas has been

advocated by various theories that stem from stud-
ies in humans and nonhuman primates. These studies
support the notion that specific loci within the premotor
cortex—mainly confined in the ventral and rostrodorsal
premotor cortices—are subject to higher-order control
from prefrontal areas.!'142 This circuitry allegedly par-
ticipates in the cognitive aspect of motor behavior such
as space perception and action understanding and imita-
tion 121324323437 However, although there is a clear ana-
tomical background regarding the connectivity of primary
motor-premotor cortices with the supplementary motor
area,* as well as caudal areas like the parietal, temporal,
and occipital cortices,>**# the structural framework of
the prefrontal-premotor circuitry remains vague.

To this end, in a recent anatomo-tractographic study
titled “Short frontal lobe connections of the human brain,”
Catani and colleagues identified for the first time in the
literature a group of fibers residing in the prefrontal area,
which they named the frontal longitudinal system (FLS).?
The authors, by applying the fiber dissection technique in
one hemisphere and further augmenting their results with
tractographic data, revealed that the FLS is a superficial fi-
ber system found to travel within the middle frontal gyrus
and to consist of a superior and an inferior frontal chain,
radiating up to the frontal pole and essentially resembling
an anterior extension of the superior longitudinal fascicu-
lus (SLF). This novel finding has indeed offered an initial
insight into the structure to function relationship between
the precentral gyrus and prefrontal areas, but further ana-
tomical evidence validating current knowledge and en-
hancing understanding of the regional axonal connectivity
is currently lacking.

Hence, the purpose of this study was to offer a fo-
cused and definitive anatomical proof for the existence,
topography, correlative anatomy, and connectivity of
the FLS as an intrinsic frontal pathway, by implement-
ing the Klingler white matter dissection technique. This
method has been recently proven to be very sensitive and
accurate in reflecting the cerebral fiber tract architecture
and is therefore being currently used to validate struc-
tural data deriving from diffusion tensor imaging (DTI)
tractographic studies. With this technique in our arma-
mentarium we attempted to shed light on the subcortical
stream subserving prefrontal-premotor cross-talking in
the human brain.

Methods

Fifteen normal adult cadaveric hemispheres (7 left
hemispheres and 8 right hemispheres) were dissected using
the Klingler white matter microdissection technique.!¢?°
All hemispheres were previously fixed in a 15% formalin
solution for a minimum period of 3 months. The arach-
noid membrane and vessels were meticulously removed
before the freezing process and the sulcogyral anatomy
was thoroughly recorded. Prior to dissection, the most
prominent superficial landmarks including the premotor
gyrus; the superior, middle, and inferior frontal gyri; the
precentral, superior, inferior, and middle frontal sulci; and

T HE hypothesis of an underlying connection between
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the pars opercularis, pars orbitalis, and pars triangularis
were identified (Figs. 1A and 2A).

The FLS complex has been recorded by previous stud-
ies to reside in the area anterior to the precentral gyrus and
to run parallel to the superior and inferior frontal sulci.’
Therefore, stepwise lateral to medial dissections were
used in all hemispheres (Figs. 1 and 2). Starting from the
frontal lobe, the dissection process gradually extended in
the entire frontoparietal lateral surface with the aim to
demonstrate the relationship between the fibers belonging
to the SLF and FLS complexes. During the initial steps of
the procedure the cortex of areas that represent the ana-
tomical equivalent of the motor and premotor areas*-* —
i.e., the primary motor area (Brodmann area [BA] 4) and
the ventral and dorsal premotor areas (BAs 6 and 44)—
has been spared in order to offer a better perspective of
the trajectory and termination pattern of the FLS. In 5
hemispheres, the dissection proceeded up to the level of
the frontal aslant tract (FAT) in order to offer a better un-
derstanding of the topographic and correlative anatomy of
the FLS fibers with regard to the deeper frontal fiber white
matter pathways.

All dissections were performed using a Carl Zeiss
OPMI microscope and surgical microdissectors, micro-
scissors, and anatomical microforceps. During the study,
multiple photographs were obtained from various angles
and points of view, with the aim being to vividly illustrate
the regional anatomy.

Results
Morphology, Fiber Allocation, and Connectivity of the FLS

The frontal longitudinal fiber system was identified
and recorded in all studied hemispheres. In 80% of cas-
es, where a prominent middle frontal sulcus was present,
the FLS was encountered just under the most superficial
U-fibers at the depth of the sulcus (Figs. 1 and 2). In the
remaining 20% of cases, where the middle frontal sul-
cus was absent, the FLS was seen to lie just medial to
the superficial U-fibers of the middle frontal gyrus. It was
further found to consist of a superficial layer of fibers,
which closely resembled the U-fibers and interconnected
adjacent areas within the precentral, middle, superior, and
inferior frontal gyri, and of a deeper layer of longer fibers
connecting more remote areas in the premotor and pre-
frontal cortex (Fig. 3).

In addition, the fibers of the FLS were observed to travel
in two discrete levels; i.e., a superior and an inferior level,
therefore resembling a superior and inferior longitudinal
chain of fibers (as described by Catani et al.). In 2 of 15
hemispheres the superior and inferior longitudinal chains
represented two completely separate groups of fibers with
a clear cleavage plane between them (Fig. 1C; also see Fig.
5A). In this case the superior chain was seen to run from
the dorsal premotor cortex toward the middle part of the
superior frontal gyrus (BA 9), whereas the inferior chain
was seen to connect the ventral premotor cortex (that is,
the ventral precentral gyrus and pars opercularis [BA 44])
with the pars triangularis (BA 45), pars orbitalis (BA 47),
middle frontal gyrus (BA 46), and frontal pole. In the rest
of the hemispheres the superior and inferior longitudinal
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FIG. 1. Progressive dissection of a right hemisphere illustrating the structural morphology and correlative anatomy of the FLS. A: The lateral surface
anatomy is illustrated. Note the presence and location of the middle frontal sulcus. B: After removing the cortical gray matter the superficial U-fibers
become evident. The cortex of the area of the precentral gyrus and posterior frontal gyri (corresponding to the motor and premotor areas) has been
spared. The contours of the main sulci are illustrated. FIG. 1. (continued)—
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FIG. 1. C: A focused illustration of the frontal area after removing the U-fibers. The FLS is apparent as a superior and an inferior longitudinal system of
fibers running parallel to the superior and inferior frontal sulci, respectively. Note that a clear plane between the two fiber systems is evident. D: Next
step with the U-fibers removed at the temporoparietal areas and revealing the SLF complex; SLF Il and SLF Ill tracts are illustrated. E: The cortex and
U-fibers in the precentral/posterior-frontal area are removed, revealing the relationship of the fibers of the SLF and FLS. In this specimen, the two fiber
tracts appear continuous, with the SLF Il merging with the superior chain and the SLF Ill merging with the inferior chain of the FLS. Note that the fibers
of SLF and FLS exhibit major terminations in the precentral area. We were not able to trace fibers of the FLS posterior to this level. F: The posterior

part of the FLS has been removed, revealing the FAT interconnecting the superior and inferior frontal gyri. Insets: Left: Anterosuperior view of the FLS.
Center: Relationship between the FLS and SLF. The SLF Il and SLF Il are highlighted in dark blue and light blue, respectively. The FLS(S) and FLS(I)
are highlighted in dark green and light green, respectively. Right: Trajectory and connectivity of the FLS superimposed on the superficial anatomy. The
different anatomofunctional areas are highlighted in different colors, as follows: green, dorsal premotor cortex (BA 6); light red, ventral premotor cortex
(BA 6); dark red, ventral premotor cortex/pars opercularis (BA 44); yellow, dorsolateral prefrontal cortex (BA 46); orange, dorsolateral prefrontal cortex
(BA 9); light blue, ventrolateral prefrontal cortex/pars triangularis (BA 45); dark blue, ventrolateral prefrontal cortex/pars orbitalis (BA 47); and magenta,
rostrolateral prefrontal cortex/frontal pole (BA 10). (The anatomical boundaries of the premotor area have been defined according to findings of previous
studies.?3) Aar = anterior ascending ramus of the sylvian fissure; BA = Brodmann area; CS = central sulcus; FAT = frontal aslant tract; FLS(l) = frontal
longitudinal system: inferior frontal longitudinal chain; FLS(S) = frontal longitudinal system: superior frontal longitudinal chain; FP = frontal pole; Hr = hori-
zontal ramus of the sylvian fissure; IFS = inferior frontal sulcus; MFS = middle frontal sulcus; PrC = precentral sulcus; PrOp = pars opercularis; PrOrb =
pars orbitalis; PrT = pars triangularis; PtC = postcentral sulcus; SFS = superior frontal sulcus; SLF Il = superior longitudinal fasciculus II; SLF Il = supe-

rior longitudinal fasciculus Ill. Copyright Christos Koutsarnakis. Published with permission. Figure is available in color online only.

chains were recorded to converge and form a single stem
with no evident dissection plane between them (Figs. 2—4
and 5B-D).

The termination pattern of the FLS was relatively con-
sistent (Figs. 1-4). Posteriorly, the fibers of the FLS were
always observed to terminate to the ventral and dorsal pre-
motor cortex. Terminations toward the precentral gyrus
were also encountered in 67% of the cases. The dorso-
lateral prefrontal cortex (DLPFC, BA 46), pars triangu-
laris (BA 45), and frontal pole (BA 10) received fibers in
all of the studied hemispheres (100%), whereas in 47% of
hemispheres the FLS also exhibited connections with the
pars orbitalis (BA 47). Finally, fibers of the inferior frontal
longitudinal chain were recorded to terminate toward BA
9 in 60% of the specimens. No variability or asymmetry
between the right and left side concerning the morphol-
ogy, topography, or termination pattern of the FLS was
recorded.

Correlative Anatomy
Relationship Between the FLS and SLF

During the dissections, the FLS was seen to exhibit
a variable relationship with the fibers of the SLF system
(Figs. 1E, 2D, and 3C). This relationship was highly de-
pendent on the termination pattern of the two fiber groups
in the area of the posterior frontal lobe. In 20% of the
studied hemispheres the SLF and FLS were recorded as
two completely distinct tracts, with the former terminating
in the area of the precentral gyrus anteriorly and the latter
terminating in the posterior part of the superior, middle,
and inferior frontal gyri posteriorly (Fig. 2D and right in-
set). In the majority (80%) of cases we macroscopically
identified the FLS as the anterior extension of the SLF
fiber system (Fig. 1E and center inset, Fig. 3C and lower
inset). Specifically, the SLF III was observed to blend with
the fibers of the inferior chain of the FLS in the area of the
ventral precentral gyrus and pars opercularis, therefore
exhibiting an anatomical continuity. The same applies for
the middle component of the SLF complex, namely the
SLF II, which was recorded to intermingle with fibers of
the superior chain of the FLS in the area of the dorsal part
of the precentral gyrus and posterior part of the middle
and superior frontal gyri. Nonetheless, the FLS exhibits a
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different architecture compared to the SLF. First, the up-
permost fibers recorded to belong to the FLS reside in a
more superficial plane than the relevant fibers of the SLF.
Second, the fibers of the FLS follow a significantly shorter
trajectory compared to those of the SLF, in order to con-
nect adjacent frontal areas. It has to be highlighted that we
did not identify and isolate any of the FLS fibers beyond
the level of the precentral gyrus.

Although the FLS displays a similar trajectory to the
SLF, resembling its anterior continuation, it certainly ex-
hibits significant morphological differences and therefore
these tracts should be considered as two discrete anatomi-
cal entities.

Relationship of the FLS With the FAT

The FLS was documented to travel in a more superfi-
cial plane than that of the FAT. Therefore, removing the
fibers of the FLS at the level of the precentral gyrus, pars
orbitalis, and pars triangularis reveals the vertical fibers
of the FAT seen to course from the posterior part of the
superior frontal gyrus to the ventral part of the precentral
gyrus and the posterior part of the inferior frontal gyrus,
including the pars orbitalis and pars triangularis (Figs. 1F
and 2E).

The FLS morphology, correlative anatomy, and cortical
terminations are summarized in Table 1.

Discussion

The motor and premotor areas have been constantly in
the epicenter of various anatomical and functional endeav-
ors in both humans and nonhuman primates. Since the era
of Penfield, Jasper, and Rasmussen, data stemming from
microstimulation, cytoarchitectonic, neurophysiological,
and functional studies have paved the way toward a better
and more comprehensive understanding of the organiza-
tion and connectivity of the motor and premotor circuitry.
The initial conceptualization of these regions as discrete
units underpinning the pure execution of motor actions
has been overshadowed during recent decades. Various
field researchers nowadays support the notion that specific
motor and cognitive functions interact and share common
anatomofunctional substrates.523343738 Thus, the emerging
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FIG. 2. Progressive dissection of a left hemisphere illustrating the morphology, correlative anatomy, and connectivity of the FLS. A: An-
terosuperior view and surface anatomy of a left lateral cerebral surface. B: Superficial U-fibers and the contour of the main frontal sulci
are illustrated. C: The FLS is revealed as a single stem of fibers traveling as far as the area of the frontal pole. The superior fibers of the
FLS can be seen terminating toward the superior frontal gyrus, frontal pole, and posterior part of the middle frontal gyrus. The inferior
fibers of the FLS terminate in the pars opercularis, pars triangularis, pars orbitalis, and frontal pole. D: Lateral view. The U-fibers of the
lateral aspect of the hemisphere have been removed to show the relationship between the fibers of the FLS and SLF. In this case the SLF
terminates abruptly in the area of the precentral gyrus. The superior fibers of the FLS terminate posteriorly in the same area, whereas

the inferior fibers terminate in the pars opercularis. No anatomical continuity between the fibers of the two systems is documented in this
specimen. E: After removing the posterior part of the FLS the fibers of the FAT—connecting the posterior parts of the superior frontal gy-
rus and inferior frontal gyrus —become evident. Insets: Left: Cortical terminations and trajectory of the FLS superimposed on the superfi-
cial anatomy. The different anatomofunctional areas are highlighted in different colors, as follows: green, dorsal premotor cortex (BA 6);
red, ventral premotor cortex (BA 6); dark red, ventral premotor cortex/pars opercularis (BA 44); yellow, dorsolateral prefrontal cortex (BA
46); orange, dorsolateral prefrontal cortex (BA 9); light blue, ventrolateral prefrontal cortex/pars triangularis (BA 45); dark blue, ventrolater-
al prefrontal cortex/pars orbitalis (BA 47); and magenta, rostrolateral prefrontal cortex/frontal pole (BA 10). (The anatomical boundaries of
the premotor area have been defined according to findings of previous studies.?®%) Center: Morphology of the FLS highlighted in green.
Right: The correlative anatomy and termination plane of the FLS and SLF is illustrated. The SLF Il and SLF IIl are highlighted in dark blue
and light blue, respectively, whereas the FLS is highlighted in green. The level of the precentral and central gyri is also illustrated. Note
the different termination plane of the two fiber tracts. Aar = anterior ascending ramus of the sylvian fissure; BA = Brodmann area; CoR

= corona radiata; CS = central sulcus; FAT = frontal aslant tract; FLS = frontal longitudinal system; Hr = horizontal ramus of the sylvian
fissure; IFS = inferior frontal sulcus; MFS = middle frontal sulcus; PrC = precentral sulcus; PrG = precentral gyrus; SFS = superior frontal
sulcus; SLFII = superior longitudinal fasciculus II; SLFIII = superior longitudinal fasciculus Ill. Copyright Christos Koutsarnakis. Published
with permission. Figure is available in color online only.
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FIG. 3. Anterosuperior views of a dissected left hemisphere. Allocation of fibers within the FLS and relationship between the FLS
and SLF fibers. A: After the most superficial U-fibers of the frontal area have been removed, the superficial fiber layer of the

FLS is revealed. This layer blends with the deep U-fibers of the middle frontal gyrus to interconnect adjacent areas of the middle,
superior, and inferior frontal gyri. B: Removing the superficial layer of the FLS reveals the deeper fibers contributing to this system.
These fibers follow a longer trajectory compared to the fibers of the superficial layer and connect more remote areas in the frontal
lobe. C: In the same specimen, the FLS appears as an anterior extension of the SLF system. Insets: Upper: Morphology of the
FLS highlighted in green. Center: Connectivity and trajectory of the FLS. Lower: Relationship between the FLS and SLF fibers.
The FLS is highlighted in green, whereas the SLF Il and SLF IIl are highlighted in dark blue and light blue, respectively. In this
case, these two fiber systems appear macroscopically continuous. BA = Brodmann area; CS = central sulcus; FLS = frontal lon-
gitudinal system; IFS = inferior frontal sulcus; PrC = precentral sulcus; SFS = superior frontal sulcus; SLFII = superior longitudinal
fasciculus II; SLFIII = superior longitudinal fasciculus Ill. Copyright Christos Koutsarnakis. Published with permission. Figure is
available in color online only.
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FIG. 4. Morphology and connectivity of the FLS. Anterosuperior view of a dissected right hemisphere. The FLS fibers are evident
at the level of the middle frontal gyrus, traveling anteriorly as far as the frontal pole. The interconnected Brodmann areas are high-
lighted in blue boxes. Insets: Upper right: Trajectory and terminations of the FLS superimposed on the superficial anatomy. Lower
left: Morphology of the FLS highlighted in green. BA = Brodmann area; CS = central sulcus; FLS = frontal longitudinal system; FP
= frontal pole; IFS = inferior frontal sulcus; PrC = precentral sulcus; PrOp = pars opercularis; PrOrb = pars orbitalis; PrT = pars
triangularis; PtC = postcentral sulcus; SFG = superior frontal gyrus; SFS = superior frontal sulcus. Copyright Christos Koutsarna-
kis. Published with permission. Figure is available in color online only.
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FIG. 5. Different morphological patterns of the FLS in two left and two right hemispheres. A: Right hemisphere. The FLS consists
of two discrete fiber systems: a superior and an inferior frontal longitudinal chain. Inset: The superior and inferior frontal longitu-
dinal fibers are highlighted in dark green and light green, respectively. B: Left hemisphere. The superior and inferior fibers of the
FLS converge into a single stem with no clear cleavage plane between them. Inset: The superior and inferior fibers are highlighted
in dark green and light green, respectively. C: Right hemisphere. Again, the fibers of the FLS form a single stem and travel as far
as the frontal pole. Inset: The superior and inferior aspects of the FLS are highlighted again in dark green and light green, respec-
tively. D: Left hemisphere. The fibers of the FLS form a single stem. Inset: Again the superior fibers are highlighted in dark green,
whereas the inferior fibers are highlighted in light green. FLS(1) = frontal longitudinal system: inferior frontal longitudinal chain;
FLS(S) = frontal longitudinal system: superior frontal longitudinal chain; FP = frontal pole; PrC = precentral sulcus; PrOp = pars
opercularis; PrOrb = pars orbitalis; PrT = pars triangularis. Copyright Christos Koutsarnakis. Published with permission. Figure is

available in color online only.

hypothesis, which strongly advocates that the premotor
cortex acts as an intermediate hub between prefrontal and
primary motor areas, has been gaining ground.'* In this
vein, the term “cognitive aspects of motor function” was
recently coined to denote motor behaviors such as with-
holding and releasing of motor task responses; mental ro-
tation; imagery; prediction of sequential motor, visual, and
auditory patterns; and motor mimicking.3*

Adding to this concept, previous studies have consid-
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ered the rostral part of the premotor cortex—primarily
the rostrodorsal premotor cortex—as an area believed to
subserve mixed cognitive and motor functions.'>* The
DLPEC in turn (including BAs 9 and 46), which is doc-
umented to mediate core cognitive high-order executive
functions such as working memory, cognitive flexibility,
and planning, has been documented to maintain a tight
functional relationship with the premotor hub.* Studies
in both nonhuman primates and humans support the hy-
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pothesis of an alleged circuitry serving the connectivity
between the aforementioned areas.

However, little anatomical evidence exists to support
this notion in the human cerebrum. In this context, recent-
ly Catani and colleagues focused on the short connections
of the human frontal lobe and provided for the first time in
the literature structural evidence supporting the presence
of a fiber system that could potentially underpin a prefron-
tal-premotor circuitry. The authors revealed, through lim-
ited anatomical dissections in one cadaveric hemisphere
further enhanced by a tailored tractographic protocol, a
white matter pathway—which they named the frontal
longitudinal system—consisting of short and long fibers
traveling in the middle frontal gyrus and connecting the
dorsolateral aspects of premotor and prefrontal regions.’
According to them, the FLS comprised two segments, a
superior and an inferior longitudinal chain of fibers, with
the first running from the precentral gyrus to the middle
and superior frontal gyri, and the latter from the precentral
gyrus to the middle and inferior frontal gyri. They also
observed that these fiber chains consistently converged to-
ward the frontal pole.

This axonal connectivity pattern lends support to a pre-
frontal-premotor circuitry in the human brain. Nonethe-
less, since this first description there has been no addition-
al structural evidence validating the existence of the FLS
and further unveiling its morphology, topography, and
inherent subcortical architecture. Our aim was therefore
to address this gap and shed light on the exact anatomical
characteristics of this tract by using the white matter fiber
dissection technique as our main method of investigation.
This resurgent anatomical procedure, which entails the
so-called freeze-thaw preparation of cadaveric specimens,
has been microscopically proven to preserve the structural
integrity of the white matter axons, and therefore the re-
sults obtained are of high anatomical accuracy and reli-
ability.¥ On the contrary, although the DTI tractographic
method is a fast, noninvasive in vivo technique for explor-
ing the cerebral white matter architecture, it is prone to
anatomical inaccuracies, which can lead even to the recon-
struction of so-called erroneous fiber tracts, mainly due to
the “crossing,” “kissing,” and “bending” fiber effects and
because of the differences observed in the postprocessing
and acquisition parameters. As a consequence, DTT find-
ings particularly regarding previously unrecognized or
understudied white matter tracts have to be fully validated
and confirmed by the more robust and anatomically accu-
rate white matter dissection technique (see Strengths and
Limitations of the Study).?2404

Indeed, by using the fiber microdissection technique
we were able to consistently encounter a fiber system with
the same gross anatomical characteristics as described by
Catani and colleagues. According to our findings the FLS
represents a system that comprises short superficial fibers
connecting adjacent areas of the precentral, superior, mid-
dle, and inferior frontal gyri, and the frontal pole, as well
as deeper fibers with longer configuration, which connect
more distant loci of the same areas. The FLS was found to
reside within the white matter of the middle frontal gyrus,
running parallel to the superior and inferior frontal sulci
as previously described. We could effectively distinguish
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two distinct fiber systems, representing the superior and
inferior longitudinal chains, in only 13% of the studied
hemispheres. In the majority of the dissected specimens
the superior and inferior fibers of the FLS converged to
form a single stem that was recorded to reach the area of
the frontal pole.

In addition, the termination pattern of the FLS was
meticulously studied and recorded. Interestingly, the most
consistent cortical terminations of the FLS were those
found toward the posterior part of the middle and superior
frontal gyri, which anatomically correspond to the rostral
part of the dorsal premotor cortex (BA 6), and those on the
middle frontal gyrus as well as the anterior part of the su-
perior frontal gyrus, corresponding to the DLPFC (BAs 46
and 9). This pattern of axonal connectivity is in line with
data stemming from functional studies and document-
ing that the DLPFC and the rostral aspect of the dorsal
premotor cortex hold a close functional relationship and
represent the major hubs of the prefrontal-premotor cross-
talking system.'? The potential functional role of the areas
implicated in the prefrontal-premotor circuitry possibly
subserved by the FLS is summarized in Table 2.

During our dissections, special attention was given to
the relationship between the frontal fibers assigned to the
FLS and the fibers classically described as the SLF. The
SLF has been recorded in the majority of previous DTI
and fiber dissection studies to terminate in the area of the
precentral gyrus (BAs 4 and 6) and the posterior part of
the middle (BA 6) and inferior (BA 44) frontal gyri.3?7:28:43
Terminations extending as far as the DLPFC (BAs 46 and
9) also have been described by some authors.”>3¢44 In a fur-
ther step, Yagmurlu and colleagues identified and recorded
possible terminations of the SLF II in the area of the fron-
tal pole (BA 10) in 28% of the studied specimens.** Ad-
ditionally, in the extended 2018 tractographic study titled
“A connectomic atlas of the human cerebrum—Chapter
10: Tractographic description of the superior longitudinal
fasciculus,” Conner and colleagues advocate that the SLF
complex extends as far as the posterior part of the middle
and inferior frontal gyri as well as to a part of the DLPFC
These authors further support the local functional and
white matter connectivity between adjacent frontal areas
including the premotor cortex, the dorsolateral and rostro-
lateral prefrontal cortices, and the frontal pole.?

We therefore aimed at defining the relationship between
the SLF and the group of longitudinal fibers encountered
in the frontal area, described by Catani and colleagues to
compose the FLS. Our data support the notion that the
FLS macroscopically resembles an anterior extension
of the SLF fibers. Indeed, in the majority of the studied
specimens we observed the two fiber pathways to exhibit
structural continuity. The concept of hypersegmentation
of the SLF has been advocated by previous authors.?”?
In our view, the FLS should be treated as a separate seg-
ment within the superior longitudinal fiber system for two
reasons. First, we recorded cases in which the FLS and
SLF terminate in different areas and therefore constitute
two distinct systems. Second, the FLS exhibits an intrinsic
configuration and architecture that is different from that of
the SLF, because its fibers seem to be confined and termi-
nate exclusively in the area of the frontal lobe, in contrast
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to the fibers of the SLF complex. In any case, these fiber
pathways possibly share a pivotal role in the connectivity
of the motor and premotor areas, with the SLF allegedly
subserving its caudal connectivity and the FLS its rostral
connectivity.

To our knowledge this is the first focused and dedicated
anatomical study that sheds light into the exact anatomical
and morphological characteristics of this frontal fiber sys-
tem. Our data could offer valuable insights into the con-
nectivity of the premotor area and furthermore act as a
sound anatomical basis for the tight functional relationship
revealed between the prefrontal and premotor areas.

Strengths and Limitations of the Study

The fiber microdissection technique originally de-
scribed by Klingler'® has been revived and recruited dur-
ing the last years as a valuable tool offering new insights
in the field of white matter anatomy. This process includes
the fixation of cerebral hemispheres in a formalin solution
followed by a freeze-thaw process. The latter acts by in-
terfering solely with the extracellular matrix, thus separat-
ing the axons without affecting the structural integrity of
the white matter, as proven by recent studies.*> Therefore,
the results obtained by the Klingler microdissection tech-
nique can be considered extremely accurate and may offer
significant contributions to the understanding of the infra-
structure of the white matter pathways within the human
cerebrum. Additionally, recent studies report that the fiber
microdissection technique can provide safe conclusions
concerning the cortical termination pattern of the white
matter fiber tracts.®* Due to the aforementioned reasons
this technique represents the gold standard for challeng-
ing the validity of DTI studies. This also resonates with
previous studies that we have conducted, offering robust
anatomical details on the intrinsic and correlative anatomy
of various fiber tracts.'-192!

Conversely, the fiber dissection technique is a time-
consuming, expensive, in vitro procedure offering lower
spatial resolution when compared to histology and optical
coherence tomography.®!1:263142 Additionally, the sensitiv-
ity of the procedure is significantly lower when studying
crossing fiber tracts, because the dissection of one fiber
tract may interfere with the structural integrity of the
other.

Incorporating the fiber dissection technique into the
study of the frontal longitudinal fibers has been proven to
offer two significant benefits. First, the FLS is a fiber sys-
tem traveling within the prefrontal white matter, an area
where the percentage of crossing fibers is significantly
lower when compared to other regions in which various
tracts intermingle. This eliminates the possibility of erro-
neous results according to what has been previously men-
tioned. Second, one of the basic goals of this study was to
investigate the spatial relationship of the fibers of the FLS
and the SLF. These fibers share a common trajectory, do
not cross at any point, and can therefore be steadily rec-
ognized and followed under the microscope by using the
Klingler technique. This allows the operator to examine
the intrinsic characteristics of the two systems by follow-
ing their fibers and recording their distribution, length, and
termination pattern.
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Conclusions

Using a focused microdissection technique, we were
able to consistently identify and record the FLS as a group
of fibers that reside within the frontal area and run be-
tween the prefrontal and premotor cortices. We addition-
ally managed to elucidate its exact anatomical character-
istics including its morphology, correlative anatomy, and
termination pattern, and readily differentiate it from adja-
cent groups of fibers such as the SLF. Our results provide
sound structural evidence supporting the theory of a direct
axonal connectivity between the prefrontal and premotor
cortices, which are believed to underpin the cognitive as-
pect of motor behavior. Future studies are definitely need-
ed in order to refine the FLS structure to function relation-
ship and offer a more sophisticated concept of the circuitry
conveying motor actions.
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