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LIST OF ABBREVIATIONS

Aar = Anterior ascending ramus of the Sylvian Fissure
ac = Anterior Commissure

ACC =Anterior Cingulate Cortex

AF =Arcuate Fasciculus

ALIC = Anterior Limb of the Internal Capsule
APS = Anterior Perforated Substance

ATR = Anterior Thalamic Radiation

BA = Brodmann’s Area

Caud = Caudate Nucleus

CB = Cingulum Bundle

CC= Corpus Callosum

CCg = Genu of the Corpus Callosum

CCs = Splenium of the Corpus Callosum

Cd = Caudate Nucleus

Cdb = Body of the Caudate Nucleus

Cdh = Head of the Caudate Nucleus

CdN= Caudate Nucleus (body)

CF = Calcarine Fissure

Cg = Cingulate Gyrus

Cgb = Body of the Corpus Callosum

CgG = Cingulate Gyrus

Cgra = Radiations of the cingulum towards the precuneus
Cgs = Cingulate Sulcus

Cgsa= Superior arm of the cingulum

CoR= Corona Radiata
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CP= Cerebral Peduncle

CR = Corona Radiata

Crad = Callosal Radiations
CRT = Corticoreticular Tract
Cs = Centrum Semiovale
CS= Central Sulcus

CST = Corticospinal Tract

CTT = Corticotegmental Tract

DLPFC = Dorsolateral Prefrontal Cortex

DTI = Diffusion Tensor Imaging

FAT = Frontal Aslant Tract

FCT = Fronto-caudate Tract

FCTd = Dorsal component of the Fronto-caudate Tract

FCTdtz = Dorsal component of the Fronto-caudate Tract termination zone
FCTv = Ventral component of the Fronto-caudate Tract

FCTvtz = Ventral component of the Fronto-caudate Tract termination zone
FEF = Frontal Eye Fields

FLS = Frontal Longitudinal System

FLS(I) = Frontal Longitudinal System: Superior frontal longitudinal chain
FLS(S) = Frontal Longitudinal System: Inferior frontal longitudinal chain
fm = Foramen of Monro

FP= Frontal Pole

Fpo = Frontoparietal Operculum

FST = Frontostriatal Tract

FVF(l) = Lateral aspect of the 4th ventricle floor

FVF(m) = Medial aspect of the 4th ventricle floor

FVF = Floor of the 4th ventricle

Fx = Fornix
|
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GP = Globus Pallidus

Hr = Horizontal ramus of the Sylvian Fissure
HT = Hypothalamus

IC = Internal Capsule

Ic = Inferior Colliculus

IFG = Inferior Frontal Gyrus
IFS = Inferior Frontal Sulcus
IntCps = Internal Capusle

Lc = Locus Coeruleus

Lgb = Lateral Geniculate Body
LN = Lentiform Nucleus

Mb = Midbrain

MCP = Middle Cerebellar Peduncle
MFG = Middle Frontal Gyrus

MFS = Middle Frontal Sulcus

mL = Medial lemniscus

Mn = Mesencephalic Nucleus

Mrg = Marginal ramus of the cingulate sulcus
OC = Optic Chiasm

OFC = Orbitofrontal Cortex

On = Olfactory Nerve

ON = Optic Nerve

OPPFC = Orbitopolar Prefrontal Cortex
OT = Optic Tract

Pc = Posterior Commissure

PcgG= Paracingulate gyrus

PcgS= Paracingulate sulcus

POS = Parieto-occipital Sulcus
_______________________________________________________________________________________________________________________|]
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PrC= Precentral Sulcus
PrCn(a) = Anterior Precuneus
PrCn(p) = Posterior Precuneus
Prcn = Precuneus

Pre-SMA = Pre-Supplementary Motor Area
PrG = Precentral Gyrus

PrOp = Pars Opercularis
PrOrb = Pars Orbitalis

PrS = Precentral Sulcus

PrT = Pars Triangularis

PtC = Postcentral Sulcus

PtG

Postcentral Gyrus
PtS = Postcentral Sulcus
Pv = Pulvinar

RF = Reticular Formation

Rn = Red Nucleus

SC

Superior Colliculus

SCP = Superior Cerebellar Peduncle

SFG = Superior Frontal Gyrus

SFS = Superior Frontal Sulcus

sL = Spinal lemniscus

SLF- Ip = Superior Longitudinal Fasciculus I — posterior segment
SLF-I = Superior Longitudinal Fasciculus I

SLF-Ta = Superior Longitudinal Fasciculus I — anterior segment
SLF-II = Superior Longitudinal Fasciculus II

SLF-III = Superior Longitudinal Fasciculus III

SLF-Ip = Superior Longitudinal Fasciculus I Posterior Part

SMA = Supplementary Motor Area
____________________________________________________________________________________________________|
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Sn = Substantia Nigra
Sn = Substantia Nigra

SP

Septum Pellucidum

SpS = Subparietal Sulcus

SpS = Subparietal sulcus

SS = Sagittal Stratum

St = Stria Terminalis

TEZ = Tegmental Entry Zone
Tgm(l) = Lateral Tegmental Area
Tgm(m) = Medial Tegmental Area
Tgm = Tegmentum

Th = Thalamus

tL = Trigeminal lemniscus.

TST = Tegmentospinal tracts

VCVS = Ventral Internal Capsule/ Ventral Striatum

VLPFC = Ventrolateral Prefrontal Cortex
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ABSTRACT

OBJECTIVE

To reveal the intrinsic architecture, morphology and spatial relationship of the white matter pathways
implicated in the connectivity of motor/premotor cortex and SMA/pre-SMA complex that remains vague
to this day.

METHODS

Thirty normal, adult, formalin-fixed cerebral hemispheres were explored through the fiber micro-
dissection technique. Lateral to medial and medial to lateral dissections were performed in a tandem
manner and under the surgical microscope.

RESULTS

We traced the subcortical architecture, spatial relationships and axonal connectivity of four major
pathways: a) the dorsal component of the SLF (SLF-I) was found to reside in the medial aspect of the
hemisphere and seen to connect the precuneus with the SMA and pre-SMA complex, b) the Frontal
Longitudinal System (FLS) was consistently encountered as the natural anterior continuation of the SLF-
II and SLF-III and connected the premotor and prefrontal cortices c) the Fronto-caudate Tract (FCT).a
fan-shaped tract, was documented to participate in the connectivity of the prefrontal and premotor cortices
to the head and body of the caudate nucleus and d) the Cortico-tegmental Tract(CTT) was invariably
recorded to subserve the connectivity of the tegmental area with the motor/premotor areas and fronto-
parietal cortex. No hemispheric asymmetries were recorded for any of the implicated pathways. Sub-
segmentation systems were also introduced for each of the aforementioned tracts.

CONCLUSIONS

The structural connectivity and functional specialization of motor and premotor areas in the human brain
remains vague to this day as most of the available evidence derives either from animal or tractographic
studies. By using the fiber-microdissection technique as our main method of investigation, we provide
sound structural evidence on the delicate anatomy of the related white matter pathways.

Keywords: Fiber tract, Motor cortex, Premotor cortex, Connectivity, White Matter
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HNEPIAHYH

ZKOIIOZ

Z%0moG TG TAQOVOAS OLOTOLPNG elva 1) HEAETY) TNG QLQYLTERTOVIXTG, TNG LOQPOLOYIOG KL TNG
OVOYETLOTIXNG avaTopog TV depatimv Aevrig ovoiog Tov EUTAEXOVTOL OTY OUVIESLUOTNTO TOV
HVNTIROD RO TIQOXLYNTIXOU GAOLOT RABDS RO TNG ETUROVQOLRNG KOLL TQO-EXTUROVQLRNG TEQLOYTS.

ME®OAOX

Towdvta (30) nuodpaigia vyeLdv eVNAirwy HOVILOTOMUEVE 08 GOQUOAT LEAETIONHAV e XOTON
™G HeBdOoV maQaoxreVNg TGS Aevrils ovaiag xatd Klingler. Ot ev Moyw Pripa moog Prpo
TOQOOXREVES OMORANQ MOV pe naTeDOUVVON amd EEw TEOG Ta 0w %Ol ATtO €0 TTEOG TAL £EW.

AIIOTEAEZMATA

AvontOnxre 1 vTOPAOLDHONG CLQYLTEXTOVLKT], 1] XWEWKT] CVTYETLON RAL 1] CUVOECLUOTNTO
Te00dQWV ®VEIlwg peiCovmv depatiov: A) To gayraio Tunuo tov dvo empnrovg depatiov (SLE-I)
avevédnure otabepd otV £0M ETMBAVELD TOV NULODGALQIOV VO GUVOEEL TO TQOTPNVOELdES AOPLo,
TNV ETUROVQILKT HOL TTQO-ETUHOVQOLXT ®LVNTIXT TieQLoyT). B) To Metwmato Emipnxres Aepdtio(FLS)
0. TNENONHE 0TABEQA ™G O TROCTOLO CUVEYELO TOV 2= 1L 3= TUNUOTOS TOV AVM ETMUNHOVG
Oepatiov(SLF II& SLF II). To ev AOYm dendTio OUVOEEL TOV TQORLVNTLIXO LLE TOV TQOUETMIULAIO
dro16. ') To Métwmo-Kegropooo Agpdtio (FCT) éva gumdoeldég ooTnua Lvdv Aeurig ovolag,
NOTAYQADNHE VA CUUUETEYEL 0T CUVOIECLUOTNTO TOV TTQOUETWIUALIOV KL TQOXLVITIXOU GAOLOD pe
™V REGOAT ®OL TO OO TOV ®EQRODOQOV uETva. A) To ®roto-raivmroirnd depdtio (CTT)
avevEédnure otabepd vo ouvdéel T peoeyredaiint) ohOTTTOO UE TOV UV TIRO/TTRORLVITLRO GAOLO
%ol ToV GO0 TG omioBag nevigurng élrag. Katd tig mogaoxevég tmv ev AMoym depotionv dev
oA TNONONRAV NUuopaLQnés acvupetoles. TELOg MQOTLITO VITOTUNUATOTOIN OGS TEOTAONRAV
yia Oha To depdTLoL.

2YMIIEPAZMATA

H ovvdeoipdtta now 1) Aettoveyint] eEELOIREVON TOV XIVNTIRDV RO TIQOKLVITIXMV TEQLOY WDV TOU
avBommvou eyrepdlov magapével oe peydro Pabud acadrng rabmg o peyahiitegog 6yrog
TANQOPOQLMOV TTQOEQYETAL OTTO HEAETES O€ TELQAUATOT WA ®a deodoyQaPInéc peréTec.
Xonotpomotmvtog TV teyxvirt [agaorevig g Aevrig ovoiag xatd Klingler wg facixi pébodo
OLeQEVYNONG, 1] TALEOVGO HEAETN TTALEYEL OEQOUEVA ROLL GTOLYELDL VIO TNV AETTN AVATONOL TV
OYETLLOUEVV UE TIG TIOLQATIAVM TEQLOYES OEUATIMV.

A€Eeic Khedid: Agpdmia, Kivnunde dprotog, Igonivntinds prouds, Zuvdeoipdtnta, Agvri Ovoia
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CHAPTER 1:
INTRODUCTION

1.1 A BRIEF HISTORICAL NOTE: THE MOTOR SYSTEM
FROM JACKSON TO THE MODERN COGNITIVE/MOTOR

MODEL.

More than a century ago John Hughlings Jackson, from Providence Green Y orkshire, full
physician at the National Hospital for Neurology and Neurosurgery (then National Hospital for
Paralysis and Epilepsy), was the first to support the notion that the cerebral cortex is the center of

motor activity. By observing his wife’s epileptic seizures, he
described the widely known “Jacksonian” seizures that
appear as localized motor convulsive seizures. Based on his
observations, Jackson was led to the idea that epileptic
seizures were nothing more than electrical discharges within
the different territories of the brain. This was the basis of the

theory of localization within the human cerebrum.
JOHN HUGHLINGS JACKSON (1835-1911)
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GUSTAV FRITSCH AND EDWARD HITZIG

In 1970, Gustav Fritsch and Eduard Hitzig, lend support to Jackson’s theories as they
managed to locate a motor area in the dog’s brain by stimulating the cortex while the animal was
in an awake state. Fritsch and Hitzig, were led to two main ideas: 1) there is a motor area
responsible for the movement of contralateral limbs. 2) There seems to be somatotopy within this

area with specific loci provoking movements of specific muscle groups.
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Following Fritsch and Hitzig’s primitive
experiments, Ferrier and later Sherrington -a
British neurophysiologist and pathologist widely
known for his studies on neuron activity, for the
description of the synapses and for the 1932
Nobel Prize “for his discoveries regarding the
functions of the neurons”- proceeded with more
sophisticated experiments in non-human
primates that led them to the description of an
area around the central sulcus that corresponds to

the sensorimotor cortex.
CHARLES SCOTT SHERRINGTON (RIGHT)

In 1936 Otfrid Foerster, from Breslau, a
neurologist, student of Dejerine, Pierre Marie and Babinski, and personal physician of Lenin

after his 1922 stroke, conducted important research on the motor command of the cerebral cortex
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while operating on
patients treated for
epilepsy.
Foerster’s legacy
passed on, to one
of his most
renown students:

Wilder Penfield.

In 1929,
Penfield became
the first Professor
of Neurosurgery
in McGill. During
PENFIELD AND JASPER this period, he was
introduced to and closely collaborated with Herbert Jasper. A world renown epileptologist. Their
fruitful collaboration led to the development of the so called “Montreal Procedure”, an awake
craniotomy with direct cortical stimulation for the resection of epileptogenic areas. Through this
procedure Penfield grasped the opportunity to map and document the functional role of different
cortical areas, developing his famous cortical maps and the homunculus. The human primary
motor cortex, Brodmann’s Area 4, was recorded and documented in detail for the first time in
history.
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During the following decades, many
neurophysiologists with John Fulton among
them, supported the notion that secondary
motor areas, work hand with hand with the
primary motor cortex to contribute to the
programming, sequencing and fine tuning of
motor actions. This idea was a cornerstone,
leading to the description of the premotor and
non-primary motor areas, including the
Supplementary and pre-Supplementary Motor
Area (SMA and pre-SMA) as well as the

anterior cingulate cortex.

The introduction of the premotor and
JOHN FULTON non-primary motor areas, paved the way
towards the modern theory for the

organization of the motor system in the human brain. During the 80s and 90s a number of
neurophysiologists including Marc Jeannerod, postulated a novel theory: a wide network in the
human brain including the parietal and prefrontal cortices as well as the basal ganglia participate
in a complex network that gives birth to the so-called cognitive motor function. The latter
includes processes like action understanding, action semantics, motor imagery, embodied

cognition and imitation. This model surpasses the classical motor model and offers an intriguing
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and elaborate theory to support our current neuroanatomical and neurophysiological perception.

AREAS IMPLICATED IN COGNITIVE MOTOR FUNCTION

ALLOCATION OF FUNCTION WITHIN MOTOR/PREMOTOR/PREFRONTAL AREAS
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COGNITIVE MOTOR FUNCTIONS AND ASSOCIATED CLINICAL SYNDROMES
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1.2 SURFACE ANATOMY OF THE MOTOR, PREMOTOR
AND NON-PRIMARY MOTOR AREAS

1.2.1 ANATOMICAL DEFINITIONS AND SUPERFICIAL
ANATOMICAL BORDERS BETWEEN MOTOR AND
PREMOTOR AREAS.

In the human brain, the primary motor cortex is located in the anterior bank of the central
sulcus as well as in the caudal part of the precentral gyrus. In cytoarchitectural terms and as
described by Korbinian Brodmann, it is defined by two major characteristics. First, the presence
of giant pyramidal neurons —known as Betz cells- in its fifth layer. Second, the lack of a well-
defined fourth granular layer that categorizes the primary motor cortex(BA4) as a heterotypic

cortex —meaning a part of the neocortex that deviates from the typical 6-layer pattern.

Along its rostral border, the primary motor cortex transits to a more granular cortex that
gradually loses the population of giant Betz cells. This cortex represents Brodmann’s area 6, also
known as the primary motor cortex that could be perceived as a transitional area between the
primary motor cortex —that is a heterotypic cortex- and the prefrontal cortex that is a typical
neocortex. The premotor cortex is divided into a dorsal(PMd) and a ventral(PMv) aspect that
present with functional variations. Additionally, each of these cortices is further divided into a
rostral and a caudal part. Therefore, a rostral and a caudal dorsal premotor cortex(PMDr &

PMDc) as well as a rostral and a caudal ventral premotor cortex(PMVr & PMVc¢) exist.

The non-primary motor areas, including the Supplementary Motor Area(SMA) and pre-

Supplementary Motor Area(pre-SMA) — also described as mesial premotor cortex(MPMC)- are
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located in the medial aspect of the superior frontal gyrus and the anterior part of the paracentral

lobule. They incorporate parts of Brodmann’s Areas 6&8.

MOTOR AND PREMOTOR AREAS - SURFACE ANATOMICAL BORDERS AND FUCNTION
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Figure.1.1. lllustration of the surface anatomy corresponding to the primary motor, premotor and non-
primary motor areas. The Primary motor cortex corresponding to Brodmann’s area 4 is highlighted in red. The
Premotor cortex (lateral aspect) and the Supplementary Motor Area (medial aspect) corresponding to Brodmann’s
area 6 is highlighted in yellow. The pre-Supplementary Motor area is highlighted in green. The border between the
PMD and PMV, corresponding to the inferior frontal sulcus is illustrated with dotted line.
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Figure 1.2. Illustration of the superficial anatomy of the motor and premotor cortex in the lateral aspect of
the hemisphere. The precentral gyrus integrates parts of the primary motor and premotor cortices (highlighted in
red and yellow color respectively). The premotor cortex also occupies the posterior portion of the superior, middle
and inferior frontal gyri. The line passing through the inferior frontal sulcus/precentral sulcus dissection point
corresponds to the border between the ventral and dorsal premotor cortex. The central sulcus represents the
posterior border of the premotor cortex. The precentral sulcus belongs is part of the premotor cortex. The Superior,
Medial and Inferior Frontal Sulci course through the area of the frontal lobe that incorporates the premotor cortex.
Usually 1-2 cortical bridges connect the precentral gyrus to the posterior part of the frontal gyri(arrow).
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Figure 1.3. Medial aspect of the superficial anatomy of the motor and non-primary motor areas. The primary motor
cortex is highlighted in red, the SMA is highlighted in yellow and the preSMA in green. The line passing through the
anterior commissure corresponds to the transition between the SMA and preSMA. The preSMA extends 2cm
anterior to this line. The cingulate or paracingulate (present in 20% of the hemispheres) sulcus, represents the
ventral border of the SMA and preSMA
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1.3 INTRODUCING THE DORSAL COMPONENT OF THE
SLF: A FIBER TRACT CONNECTING THE SMA & PRE-
SMA TO THE PRECUNEUS AND ANTERIOR CINGULATE
CORTEX

The Superior Longitudinal Fasciculus (SLF) represents a major association fiber pathway
that connects frontal, parietal and temporal areas and is known to be heavily implicated in core
cognitive functions such as language, attention, memory and visuospatial skills. Joseph Jules
Dejerine and Augusta Dejerine-Klumpke were the first to describe this complex anatomical
structure as a part of the language stream in their Atlas “Anatomie des centres Nerveux”.() In
1984, Petrides and Pandya introduced the concept of SLF segmentation based on autoradiography
studies in non-human primates.® Subsequently, Makris and Pandya in 2005 published a DT-MRI
study in humans, suggesting the hyper-segmentation of the SLF into four different subcomponents,
namely the SLF I, SLF II, SLF III and Arcuate Fasciculus (AF).®) The anatomical features and
neuropsychological correlates of SLF II, SLF III and AF have been studied in detail through
laboratory cadaveric white matter dissections, sophisticated neuroimaging techniques and

intraoperative direct brain mapping protocols in awake craniotomies.-®)

With regard however to the SLF I, current literature derives mainly from DTI studies and
lacks detailed descriptions of its topographic anatomy, morphology and architecture. 5 12
Indeed, the SLF I has been thus far depicted as a long association subcortical pathway connecting
the superior parietal lobule and precuneus with the dorsal premotor cortex and the SMA complex.
Additionally, evidence coming from laboratory white matter dissections is limited, not focused

and usually incorporated in more generic studies therefore not highlighting the specific

microanatomical characteristics of this fiber tract.(13-10
'
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Hence our objective was to address this gap by clarifying the topography, trajectory,
connectivity and correlative anatomy of the SLF I through focused cadaveric microanatomic
dissections. The fiber dissection technique has been proven to be a method of high anatomical
accuracy, maintaining the three-dimensional coherence of the white matter tracts, and as such
remains the gold standard technique for validating DTI results.(!”29 Data extracted will add on a
better and more refined understanding of the brain’s connectivity and its structure to function

relationship.

1.4 INTRODUCING THE FRONTAL LONGITUDINAL
SYSTEM: A FIBER TRACT CONNECTING THE
PREMOTOR AND PREFRONTAL AREAS

The hypothesis of an underlying connection between prefrontal and motor-premotor areas
has been advocated by various theories that stem from studies in humans and non-human
primates. These studies support the notion that specific loci within the premotor cortex —mainly
confined in the ventral and rostro-dorsal premotor cortices- are subject to higher order control
from prefrontal areas.?!2» This circuitry allegedly participates in the cognitive aspect of motor
behavior such as space perception, action understanding and imitation.?>!) However, while
there is a clear anatomical background regarding the connectivity of primary motor - premotor
cortices with the Supplementary Motor Area®% 3% as well as caudal areas like the parietal,
temporal and occipital cortices® 123439 the structural framework of the prefrontal-premotor

circuitry remains vague.
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To this end, in a recent anatomo-tractographic study entitled “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 “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 fiber 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 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
anatomical evidence validating current knowledge and enhancing understanding of the regional

axonal connectivity is currently lacking.

Hence, the purpose of this study was to offer a focused and definitive anatomical proof
for the existence, topography, correlative anatomy and connectivity of the Frontal Longitudinal
System as an intrinsic frontal pathway, by implementing the Klingler’s white matter dissection
technique. This method has been recently proved to be very sensitive and accurate in reflecting
the cerebral fiber tract architecture and as such is being currently employed to validate structural
data deriving from DTI tractographic studies. With this technique in our armamentarium we
attempted to shed light on the subcortical stream sub-serving the prefrontal-premotor cross-

talking in the human brain.
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1.5 INTRODUCING THE FRONTOCAUDATE TRACT: A
FIBER TRACT CONNECTING THE PREMOTOR AND
PREFRONTAL AREAS TO THE STRIATUM

The interest on the frontostriatal connectivity is not new. In the 19" century Meynert used
the term Corona Radiata of the Caudate nucleus to refer to a system of fibers connecting the
frontal lobe with the caudate nucleus in the human brain.®® Six years later (1893) Muratoff was
able to trace a homologous bundle in the canine brain.(37) This time the term subcallosal
fasciculus was coined. During the mid-20™ century Yakovlev and Locke indicated similar

connections between the prefrontal cortex and the caudate nucleus in primates.®)

Nevertheless, it was not until the late 20™ century that significant progress towards a
more thorough understanding of the cortico-striatal connectivity was made. The seminal animal
studies by Alexander, Crutcher and Webster offered valuable insights into the fundamental
principles regulating the functional and structural interconnection between the frontal cortex and
the striatum.% 49 The presence of a direct and an indirect pathway was advocated, supporting
the theory that the corticostriatal circuit should be parcellated into sub-components according to
anatomy and function. Indeed, Alexander was able to trace different fronto-striatal loops
mediating motor, cognitive and behavioral processes. This theory of a “parallel functional
architecture” remains a cornerstone in the perception of basal ganglia anatomy and function to

this day.*V

The interest on the structure to function relationship of the frontostriatal pathways has
been revived during the last decades, as various clinical entities ranging from behavioral and

psychiatric conditions to movement disorders have been attributed to alterations in the white
|
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matter integrity of this subcortical network.?7 In this context, understanding the anatomy of
the corticostriatal connections in the human brain could be valuable in designing novel treatment
strategies for various pathologies. Nevertheless, it is an arduous and challenging process, since
the basic techniques implemented in the study of animal brain cannot be applied in humans. Due
to this fact, most of the available data on the human fronto-striatal connectivity derives from DTI
studies. Yet, the various DWI protocols, although fast and in vivo, present with serious inherent

limitations as proven by relevant studies.(!®)

Therefore, the amount and quality of direct structural evidence on the anatomy and
connectivity of the fronto-striatal pathways is limited. Adding to this point, two further issues
arise. First, the terminology used for the fronto-caudate or other fronto-striatal tracts is
inconsistent throughout the literature and second the FCT’s intrinsic anatomy has been addressed
by very few studies. With this in mind we opted to investigate the topography, morphology,
connectional anatomy and asymmetry of the fronto-caudate tract. We used fiber dissections since
they provide direct anatomical evidence of high sensitivity and are used to validate conflicting
DTI results.(!3 4% To the best of our knowledge this is the first focused anatomical study in the

English literature addressing this issue.

1.6 INTRODUCING THE CORTICOTEGMENTAL
TRACT: AN EXTRAPYRAMIDAL FIBER SYSTEM
CONNECTING THE PREMOTOR AND PREFRONTAL
AREAS TO THE TEGMENTUM

The word “tegmentum”, derives from the Latin verb “tegere”, which means “to cover”.

This term was adopted by early neuroanatomists to describe the part of the midbrain that extends
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dorsal and therefore “covers” the crus cerebri i.e. the mesencephalic structure that consists of
corticospinal and corticobulbar pyramidal fibers. The pivotal topography of the tegmentum-lying
between the forebrain and brainstem- underlies its crucial role as a gateway for the non-

pyramidal motor routes and the ascending sensory pathways.

The term “extrapyramidal motor system” coined by Johann Prus in 1898, is used to
describe a basic and integral component of the human motor network primarily formed by
corticofugal fibers that travel through the tegmental area, as opposed to the ventrally allocated
pyramidal tracts.*” The very anatomical organization and functional parcellation of the human
extrapyramidal system has attracted interest for over a century. In this vein, Probst, Hoche and
Dejerine were among the first to study the extrapyramidal system and succeeded in
demonstrating through the Marchi technique the existence of fibers stemming from the frontal
area and projecting towards the mesencephalic reticular formation.®? In a step further and during
the second half of the 20" century, cortico-rubro-spinal and cortico-rubro-cerebellar fibers have
also been identified as extrapyramidal pathways by a number of studies.®!3> More recently, the
presence of cortico-mesencephalic and cortico-tectal tracts has been well documented in animal

studies but has not been as yet demonstrated in the human brain.% 37

In the modern neuroscientific era, the advent of DWI based tractography has indeed
blazed new trails in our endeavor to verge towards a more refined understanding of the human
connectome. It has further paved the way to combine this fast, in vivo but indirect technique of
virtual fiber dissection with the more traditional, direct method of blunt white matter anatomical

dissection, with the aim to improve the sensitivity and specificity of data acquisition. However,
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and in contrast to the thoroughly investigated pyramidal fibers of the corticospinal and
corticobulbar tracts, the relevant literature on the intra-hemispheric topography of the descending
extrapyramidal fibers within the white matter of the cerebral hemisphere is scarce. With this in
mind, we strived to investigate and record the system of fibers that mainly stem from the fronto-
parietal cortex and travel within the internal capsule before blending into the tegmental area. The
term “Cortico-tegmental Tract” (CTT) is collectively used to include all the fiber pathways that
meet these topographic prerequisites and hence stands as an anatomical equivalent of the

descending extrapyramidal pathways.

We intentionally opted to use the white matter fiber micro-dissection technique as our stand-
alone method of investigation since it has been proven to extrapolate safe results on the anatomy
and connectivity of poorly-understood white matter pathways and because it allows for the
comprehension and conceptualization of the three-dimensional anatomy in contrast to the two-
dimensional perception offered by both histopathological and tractographic studies. While the
inherent perplexity of the cortico-tegmental network is given, our overreaching goal is to offer a
solid macro-anatomical overview of the cortico-tegmental fiber system for theoretical and
clinical use. To our knowledge this is the first white matter dissection study in the relevant
literature to focus on the intricate anatomy of the cortico-tegmental pathway as a prominent

component within the human extrapyramidal system.
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CHAPTER 2:
MATERIALS & METHODS

2.1 MATERIALS AND METHODS: GENERAL
CONSIDERATIONS

For the purposes of the current study a total of thirty (30) healthy adult hemispheres
belonging to the Department of Anatomy of the Medical School of the University of Athens and
the Microneurosurgery Laboratory of the Department of Neurosurgery of Evangelismos Hospital
have been studied. All specimens have been obtained from specialized centers for the preparation
and provision of anatomical specimens after self-consent or consent from the next-of-kin.
Approval from the Bioethics Committee of the National and Kapodistrian University of Athens

has been obtained (21.05.2019 — Reference Number 118).

All specimens have been processed through the Klingler’s technique that entails fixation
in 15% formaldehyde, removal of the dura, the arachnoid and the vessels and freezing in -15 C
for a period of at least 15 days. Subsequently, the hemispheres remain under running water for a
period of several hours. Due to the freezing procedure, the formaldehyde crystals naturally
divide the white matter fibers and allow for an easier and more effective dissection process under

the surgical microscope.

The superficial anatomy of the areas typically corresponding to the primary motor,
premotor and non-primary motor cortex —as described above- have been meticulously observed
and recorded prior to the dissection process. Hence, the morphology of the central sulcus, the

precentral sulcus, the precentral gyrus, the posterior frontal area, the paracentral lobule and the
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posterior part of the medial frontal gyrus has been recorded.

Following this, the hemispheres have been dissected in both lateral to medial and medial
to lateral tandem fashion under an OPMI Zeiss Plus surgical microscope and using various fine
surgical micro-instruments including microforceps, microscissors and microdissectors. During
the lateral to medial stage of the dissection process the anatomy of the Frontal Longitudinal
System(FLS) the Frontal Aslant Tract(FAT) and the Frontostriatal/Frontocaudate tract(FCT) has
been revealed. In the medial to lateral phase of the dissections the fibers of the dorsal component
of the Superior Longitudinal Fasciculus(SLF I) and the Corticotegmental tract(CTT) as well as
the fibers of the Corticospinal Tract(CST) have been revealed and recorded. The particularities
and technical aspects of the dissection of each fiber tract are extensively described in the

following paragraphs.

During each stage of the dissection multiple pictures from various angles have been obtained to

adequately illustrate the relevant anatomy.

2.2 DISSECTION TECHNIQUE: DORSAL COMPONENT OF THE
SUPERIOR LONGITUDINAL FASCICULUS

After carefully removing the arachnoid membrane and vessels, all hemispheres underwent
the Klingler’s procedure and were subsequently dissected using the white matter fiber micro-

dissection technique.”-3®)

Given that the SLF I is located in the medial aspect of the hemisphere, we performed medial
to lateral fiber dissections, starting from the area of the anterior cingulate cortex and extending

posteriorly towards the area of the precuneus, with the parieto-occipital sulcus delineating the
|
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posterior limit of our dissections.

Prior to the dissection process, the surface anatomy of the medial cerebral surface was
recorded in detail. The cingulate sulcus marked the superior limit of the cingulate gyrus and
therefore proved to be a useful superficial landmark that delineated the subcortical boundaries of
the superior arm of the cingulum. Special attention was paid to the medial aspect of the superior
frontal gyrus as well as to the paracingulate sulcus and gyrus -when present- since the fibers
representing what has been described as the SLF I are usually encountered just under the
superficial U fibers of this area and therefore can be easily disrupted. In 33% of the studied
hemispheres we proceeded with a multi-layered dissection in which a part of the lateral aspect of
the frontal lobe and frontoparietal operculum was included in order to understand and demonstrate
the correlative anatomy of the SLF I, SLF I and SLF III. It has to be stressed that the medial aspect
of the superior frontal gyrus represents a complex area where several subcortical pathways
originating from the cingulate gyrus, the SMA complex and paracentral lobule converge, thus

rendering the preservation of the structural white matter integrity particularly difficult.

2.3 DISSECTION TECHNIQUE: FRONTAL LONGITUDINAL
SYSTEM

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 as well as the pars opercularis, pars orbitalis and pars triangularis were identified.

The FLS complex has been recorded by previous studies to reside in the area anterior to

the precentral gyrus and to run parallel to the superior and inferior frontal sulci.®® Therefore,
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stepwise lateral to medial dissections were employed in all hemispheres. Starting from the frontal
lobe, the dissection process gradually extended in the entire fronto-parietal 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
anatomical equivalent of the motor and premotor areas®% %% i.e. the primary motor (BA 4),
ventral and dorsal premotor areas (BA 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
understanding of the topographic and correlative anatomy of the FLS fibers with regard to the

deeper frontal fiber white matter pathways.

2.4 DISSECTION TECHNIQUE: FRONTOCAUDATE FIBERS

Prior to dissection, the surface anatomy of the frontal area was recorded. Focused latero-
medial and medio-lateral dissections on the prefrontal/premotor areas were employed in a
tandem manner in all specimens to map the fronto-caudate tract and illustrate its spatial
relationship with adjacent bundles such as the Frontal Aslant Tract (FAT), anterior limb of the
internal capsule (ALIC), anterior thalamic radiations (ATR), corpus callosum (CC) and callosal
radiations (CRad). Since most of these tracts converge tightly towards the central core, we were
very diligent in differentiating them by mapping and recording their respective trajectory and
termination pattern. To elucidate these crucial details, during the final steps of the dissection we
detached the central core from the rest of the hemisphere to clearly delineate the different fiber

layers and their exact termination areas on the thalamus and caudate nucleus. In five (5)
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hemispheres, the fibers of the FCT along with their termination zone on the head and body of the
caudate nucleus were dissected free from the rest of the hemisphere to illustrate the intrinsic

morphology of the tract.

2.5 DISSECTION TECHNIQUE: CORTICOTEGMENTAL FIBERS

Prior to the dissection process the brainstem was dissected at the level of the superior
colliculi and was studied later on, separately from the rest of the specimen. At this axial level, the
“tegmental entry zone (TEZ)” was defined as the area of entrance of the CTT fibers in the

tegmentum.

Given the spatial distribution of the corticotegmental fibers described by previous DTI
studies, medial to lateral dissections were initially carried out in all specimens. The dissections
followed a meticulous stepwise manner with special attention paid to the structures adjacent to
the central core and superior aspect of the tegmentum. During the medial to lateral dissections,
the spatial relationship of the cortico-tegmental fibers to the thalamus, caudate nucleus, callosal

radiations, anterior thalamic peduncle (ATR) and frontocaudate tract (FCT) was recorded.

Upon completion of the medial to lateral process, all specimens were subsequently
dissected in a lateral to medial fashion with the aim to study and record the spatial relationship of
the CCT to the Superior Longitudinal Fasciculus (SLF), lentiform nucleus (LN), Internal
Capsule(IC) and Corticospinal Tract (CST). In all specimens, the termination pattern of the CTT
was carefully traced in the fronto-parietal area and the respective Brodmann’s areas were
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recorded. In addition, the topography of the corticotegmental fibers was recorded in the TEZ

according to their cortical origin.

At the last steps of the procedure, the CTT and CST were progressively dissected free
from the rest of the hemisphere and differentiated from each other with the purpose of
juxtaposing the pyramidal and extrapyramidal fiber topography and trajectory. In 5 hemispheres,
the diencephalic and mesencephalic structures were also dissected free from the specimen to
study and illustrate the ventral allocation of the CTT fibers and their relationship with the

thalamic, hypothalamic and mesencephalic structures.

At the end of the procedure, the brainstem that was initially removed from the
hemisphere at the level of the superior colliculus, was dissected in a lateral to medial fashion and
under high-magnification. The fibers of this region were categorized into consecutive layers,
starting from superficial to deep, and were subsequently superimposed on the tegmental entry

zone.
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CHAPTER 3:
RESULTS

3.1 RESULTS: SUPERFICIAL ANATOMY

3.1.1 ANATOMY OF THE CENTRAL SULCUS

The depth of the central sulcus represents the posterior border of the primary motor
cortex and the border between the latter and the somatosensory cortex. The anatomy of the
central sulcus was studied in all studied specimens. The Central or Rolandic Sulcus can be
observed as an uninterrupted sulcus with a mean depth of 1.3cm, running from the medial aspect
of the hemisphere (paracentral lobule) to the rolandic operculum, a small cortical bridge
connecting the precentral to the postcentral gyrus. In 100% of the hemispheres the Central sulcus
did not reach the Sylvian Fissure thus creating the aforementioned cortical bridge. The Central
Sulcus appears with a number of 4 to 5 turns representing a change of direction and therefore has
5-6 segments with interchanging directions. The superior segment always follows a
posterosuperior to anteroinferior direction while the inferior a superoanterior to posteroinferior
direction. The central sulcus gives rise to 2-4 small branches rising towards the precentral or
postcentral gyrus. Additionally, it connects anteriorly to the area of the posterior frontal lobe

throught 1-2 folds that interrupt the precentral gyrus.
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Figure 3.1. Superficial anatomy of the central sulcus. The central sulcus appears with a number of 4-5
points representing a change of direction and therefore 4-5 knees. Two to four branches rise from the central sulcus
following a rostral or caudal direction towards the precentral or postcentral gyrus.

3.1.2 ANATOMY OF THE PRECENTRAL SULCUS

The precentral sulcus appears as an interrupted sulcus with a mean depth of 0.8cm. The
sulcus usually consists of an inferior segment with a bifid superior ending and a superior
segment that is typically intersected by the superior frontal sulcus. A third segment can be
observed in 20% of the specimens above the latter as a single small sulcus. By connecting the
segments of the precentral sulcus, a continuous silhouette with three knees emerges: a superior
and an inferior knee with an anterior convexity and a middle knee with a posterior convexity. A
number of 2-4 branches usually rises from the precentral sulcus running towards the precentral

gyrus or the posterior part of the superior, middle or inferior frontal gyrus. The precentral sulcus
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terminates towards the pars opercularis in 100% of the specimens. A number of 2-3 cortical folds

connect the precentral gyrus to the posterior part of the frontal lobe.

Figure 3.2. Superficial anatomy of the precentral sulcus. The precentral sulcus appears as an interrupted sulcus
consisting of 2-3 sulci. The silhouette of the precentral sulcus has 3 knees. A superior and an inferior with an
anterior convexity and a middle with a posterior convexity. There are 2-3 folds transversing the precentral sulcus
and therefore connecting the precentral gyrus to the posterior frontal cortex.

3.1.3 ANATOMY OF THE PRECENTRAL GYRUS

The precentral gyrus corresponds to part of the primary motor as well as the premotor
cortex. It is posteriorly delineated by the central sulcus of Rolando and anteriorly by the
precentral sulcus. It is transversed by 3-5 branches of the precentral or central sulcus. In 90% of

the specimens an anterior subcentral sulcus divides the inferior portion of the precentral sulcus
|
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into two parts. The precentral sulcus connects to the postcentral sulcus through a bridge running
below the inferior end of the central sulcus (Broca’s inferior pli-de-passage) and to the posterior

frontal area through 2-4 bridges that interrupt the precentral sulcus.

Figure 3.3. Superficial anatomy and morphology of the precentral gyrus.

3.1.4 ANATOMY OF THE POSTERIOR FRONTAL AREA

The posterior frontal area, harboring the premotor cortex, is characterized by the presence
of the posterior ending of the superior frontal and inferior frontal sulci. Both these sulci intersect
the precentral sulcus. The inferior frontal sulcus intersects the precentral sulcus in a point usually
found 2-5c¢m (mean 2.4cm) above the sylvian fissure. In 60% of the hemispheres a middle frontal
sulcus can be found running parallel to the superior and inferior frontal sulci. This sulcus

intersects the precentral sulcus in 20% of the specimens. A medial frontal sulcus can also be
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found running within the superior frontal gyrus in 80% of the specimens. This sulcus intersects

the superior segment of the precentral sulcus in 10% of the specimens.

3.1.5 ANATOMY OF THE MEDIAL FRONTAL GYRUS AND
PARACENTRAL LOBULE

The paracentral lobule represents the medial continuation of the precentral and
postcentral gyri as well as the posterior part of the medial frontal gyrus. It is posteriorly
delineated by the marginal ramus of the cingulate sulcus and inferiorly by the cingulate sulcus. In
20% of the specimens a paracingulate sulcus running parallel to the latter courses within the
paracentral lobule, thus creating an additional gyrus within the latter: the paracingulate gyrus. A
number of 2-5 sulci that are either independent or branch from the cingulate or paracingulate
sulcus can be often observed in the paracentral lobule and the posterior third of the medial frontal
gyrus. The medial continuation of the central sulcus can be observed running for a length of 0.8-
1.5cm within the paracentral lobule with an orientation of 45° to the sagittal plane. In this area,
the primary motor cortex is delineated from the SMA by the medial continuation of the
precentral sulcus while the SMA is delineated from the preSMA by the imaginary line running

through the anterior commissure.
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3.2 RESULTS: SLF I

3.2.1 SURFACE ANATOMY

The basic and well-known morphological characteristics of the medial part of the superior
frontal gyrus, paracentral lobule and precuneus were verified during our study. The anatomical
organization, however, of the area adjacent to the anterior cingulate gyrus received special
attention due to its apparent variability. Interestingly, we observed that in 80% of the hemispheres
included, the anterior cingulate sulcus exhibited a close anatomical proximity to a prominent
sulcus known as the paracingulate sulcus.®'-*® This sulcus was found to lie superiorly -at a mean
distance of 6mm (range 4-7m) - and parallel with regard to the cingulate sulcus. When present, the
paracingulate sulcus delineates inferiorly a gyrus that curves around the anterior part of the
cingulate cortex, known as the paracingulate gyrus. The paracingulate gyrus practically divides

the medial frontal gyrus from the cingulate gyrus.

3.2.2 MICROANATOMIC DISSECTION

We performed stepwise dissections, starting from the area of the anterior cingulate sulcus
and moving posteriorly towards the marginal ramus. After removing the cortical grey matter, the
U-fibers of the medial aspect of the hemisphere become apparent. These U-fibers interconnect
adjacent gyri and represent the most superficial layer of the white matter encountered. At this
point, we placed special attention to the proper and careful dissection of the U-fibers that radiate
from the area of the anterior part of the cingulum and curve under the cingulate sulcus towards the

area of the paracingulate or medial frontal gyrus. In 20% of the studied specimens where the
|
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paracingulate sulcus was not evident, removing these U fibers revealed a longitudinal group of
axons running deep to the plane of the cingulate sulcus and dorsal to the superior arm of the
cingulum. These fibers correspond to the anterior part of the SLF-I. In the remaining 80% of the
hemispheres, this tract was found just under the superficial U-fibers of the paracingulate area, with
the paracingulate sulcus and gyrus actually demarcating the silhouette of the anterior part of the
SLF-I. Therefore, in all specimens studied, the anterior part of the SLF-I was recorded to lie in a
slight supracingulate plane within the white matter of the cingulate or paracingulate gyrus.
Attention should be placed on the fact that because the axons of the SLF-I and the overlying U-
fibers that radiate from the cingulum, run in overlapping but perpendicular directions, it is easy to
remove the fibers of the SLF-I along with the u-fibers of the cingulum. This is, allegedly, the main
pitfall for not preserving the SLF-I fibers during standard medial to lateral dissections. In addition,
while removing the U fibers that run superior to the plane of the SLF- 1, it is important to recognize
and preserve the regional cortical terminations. To this end, we observed the anterior portion of
the SLF-I to receive a number of fibers originating from the anterior cingulate cortex(BA32), the
medial part of the superior frontal gyrus (BA8 and 9), the pre-SMA, SMA proper(BA6) and
paracentral lobule(BA1,2,3.4). These fibers converge in an almost perpendicular manner to the

SLF-I and form a number of knots that, in our sample, varied from 2 to 4.

During the next dissection stage, we removed the remaining U fibers of the posterior part
of the medial aspect of each hemisphere up until the marginal ramus of the cingulate sulcus. At
the level of the anterior paracentral lobule, the fibers of the SLF-I were consistently recorded to
course in an almost tangential line to the cingulum, following a slight dorsal and lateral trajectory.

Due to this tight anatomical proximity, it becomes unclear whether fibers of the SLF-I intermingle
|
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with the cingulum. Following the SLF fibers posteriorly, we identified their cortical termination

at the area of the anterior precuneus.

3.2.3 MORPHOLOGY AND CONNECTIVITY OF THE SLF I

In our sample, the SLF-I had a mean length of 107mm (range 100-115mm) and was invariably
recorded to travel just under the U fibers of the paracingulate or cingulate gyrus, exhibiting an “S-
shaped” configuration with two prominent bends: an anterior bend facing upwards and a posterior
one facing downwards. These curves represent two distinct segments of the SLF-I: an anterior
segment (SLF-Ia) and a posterior segment (SLF-Ip), with the point of their transition lying

approximately at the level of the anterior paracentral lobule.

The anterior segment of the SLF-I was always seen to course within the paracingulate
gyrus, when this gyrus is present, or within the anterior part of the cingulate gyrus and deep to the
cingulate sulcus in any other instance. The mean length of this segment was 45mm (range 43-
47mm), while its mean distance from the superior arm of the cingulum was 6mm (range 5-8mm).
The SLF-Ia is characterized by the presence of 2-4 knots that represent the fibers terminating at
the area of the, medial part of the superior frontal gyrus (BA8 and 9) pre-SMA and SMA
proper(medial aspect of BA6), precentral(BA 4) and post-central (BA1,2,3) area. The terminations
to the pre-SMA and SMA proper area were invariably present (100% of the studied hemispheres).
The terminations towards the medial paracentral lobule (1-2 groups of fibers) where evident in

53% of the hemispheres. In 27% of hemispheres the SLF-Ia terminated towards the medial aspect
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of BA8(Frontal Eye Fields) and BA9(Medial Prefrontal Cortex). Finally in 40% of the specimens

the stem of the SLF-I terminated in the area of the anterior cingulate cortex(BA 32).

Figure.3.4. Progressive dissection of a left hemisphere illustrating the structural architecture of the SLF-1. (A): The
medial surface anatomy is depicted. Note the presence of the paracingulate gyrus and sulcus. (B): the superficial U-
fibers are shown after removing the grey matter. The silhouette of the main sulci is marked for better orientation (C):
The superficial U-fibers at the area of the paracingulate gyrus are removed revealing a group of longitudinal axons
that correspond to the anterior segment of the SLF-I. These fibers lie dorsal to the level of the cingulate sulcus. The
superior arm of the cingulum is seen to run parallel to these fibers and inferior to the level of the cingulate sulcus.
(D): Progressive dissection reveals the silhouette and terminations of the SLF-I. The two segments of the SLF-I are
illustrated with the point of their transition to lie approximately at the level of the anterior paracentral lobule. The
anterior segment (SLF-Ia) gives axons to the anterior cingulate cortex, pre-SMA, SMA proper and precentral gyrus
while the posterior segment (SLF-Ip) terminates to the postcentral gyrus and precuneus (especially its anterior part).
The SLF-Ip crosses the depth of the subparietal sulcus before arching towards the precuneus. (Inset): The SLF is
highlighted using orange and yellow color for the anterior and posterior segment respectively. 1= Imaginary line
bisecting the paracentral lobule, 2= Cingulate Sulcus, CC= Corpus Callosum, CgG= Cingulate Gyrus, Cgs=
Cingulate Sulcus, Cgsa= Cingulum Superior Arm, CR= Callosal Radiations, CS= Central Sulcus, Mrg= Marginal
ramus of the cingulate sulcus, PcgG= Paracingulate gyrus, PcgS= Paracingulate sulcus, Prcn= Precuneus, PrCn(a)=
Anterior Precuneus, Pre-SMA= Pre-Supplementary Motor Area, PrG= Precentral Gyrus, PrS= Precentral Sulcus,
PtG= Postcentral Gyrus, SFG= Superior Frontal Gyrus, SLF-Ia= Superior Longitudinal Fasciculus I — anterior
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segment, SLF-Ip= Superior Longitudinal Fasciculus I — posterior segment, SMA= Supplementary Motor Area, SpS=
Subparietal sulcus. Reprinted from Komaitis et al by permission of the JNS Publishing Group

Figure 3.5. Progressive dissection of a right cerebral hemisphere, illustrating the SLF-I and its correlative
anatomy to the superior arm of the cingulum. (A): The surface anatomy of the medial cerebral aspect is
depicted (B): Grey
matter is removed
revealing the
superficial U-fibers
of the medial

surface. The
silhouette of the
main sulci is

marked for proper
orientation. (C):
Dissecting the u-
fibers reveals the
SLF-1 and
cingulum, running
parallel to each
other anteriorly and
in a tangential line
posteriorly. The
fibers of the
posterior segment
of the SLF-I travel
in a lateral and
superior trajectory
to those of the
superior arm of the
cingulum and
terminate in the
area of the anterior
precuneus. (D): In
order to illustrate

the correlative
anatomy, the
cingulum is
highlighted in

green colour, the anterior segment of the SLF-I in red and the posterior segment of the SLF-I in orange.
(E): Trajectory and terminations of the SLF-I superimposed to the superficial anatomy. ACC= Anterior
Cingulate Cortex, BA= Brodmann Area, CC= Corpus Callosum, CgG= Cingulate Gyrus, Cgs= Cingulate

Sulcus, Cgsa= Cingulum Superior Arm, CR= Callosal Radiations, CS= Central Sulcus, Mrg= Marginal
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ramus of the cingulate sulcus, PcgG= Paracingulate gyrus, PcgS= Paracingulate sulcus, POS= Parieto-
occipital sulcus, Prcn= Precuneus, PrCn(a)= Anterior Precuneus, Pre- SMA= Pre-Supplementary Motor
Area, SFG= Superior Frontal Gyrus, SLF-Ia= Superior Longitudinal Fasciculus I — anterior segment,
SLF- Ip= Superior Longitudinal Fasciculus I — posterior segment, SMA= Supplementary Motor Area,
SpS= Subparietal sulcus. Reprinted from Komaitis et al by permission of the JNS Publishing Group

The fibers of the posterior segment of the SLF-I in turn were always found to lie within the
cingulate gyrus, travelling tangentially to the superior arm of the cingulum — thus exhibiting a
paracingulate trajectory- before crossing the plane of the subparietal sulcus to arch towards and
consistently terminate at the superior parietal lobule and mainly the anterior part of the

precuneus(BAS and 7). The mean length of SLF-Ip was 57mm (range 55-60mm)
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Figure 3.6. Morphology,

connectivity and

termination pattern of the

SLF-I.

(A): Left hemisphere. The

SLF-I is seen running

from the level of

dorsomedial frontal gyrus

towards the precuneus.

Along its course, 6 knots

corresponding to 6 sets of

terminating fibers can be

noticed. Three groups of

terminating fibers curve

towards the  superior

frontal gyrus, at the

territory of the medial

prefrontal cortex, the

dorsal premotor cortex,

SMA and pre-SMA, two

groups of fibers terminate

towards the superior and

medial aspect of the

central lobe, while the

basic posterior

termination of the SLF-I

consists of fibers curving

towards the precuneus.

Anteriorly the stem of the

SLF-I terminates in the

area of the anterior

cingulate cortex. (B): The trajectory of the SLF-I superimposed on the superficial anatomy of the medial

aspect is delineated. The areas corresponding to the anterior cingulate cortex, pre-SMA, SMA proper and

precuneus are highlighted in blue, red, yellow and green respectively. (C): The SLF-I with and its

terminations are highlighted in red color. (D): A left cerebral hemisphere at the final step of the dissection

process. The S-shaped morphology of the SLF-I is illustrated. The anterior segment terminates in the

territory of the anterior cingulate cortex, medial frontal gyrus(BA 8 and 9) the pre-SMA, SMA proper

and Precentral Gyrus. The posterior segment terminates in the area of the postcentral gyrus and the

anterior precuneus. The radiating callosal fibers can be seen running deep to the level of the SLF-I. (E):

The anterior and posterior segments of the SLF-I along with terminations are highlighted in red and

orange color respectively. ACC= Anterior Cingulate Cortex, BA= Brodmann Area, CC= Corpus

Callosum, CR= Corona Radiata, PrCn(a)= Anterior Precuneus, Pre-SMA= Pre- Supplementary Motor

Area, PrG= Precentral Gyrus, PtG= Postcentral Gyrus, SLF-I= Superior Longitudinal Fasciculus I, SLF-

Ta= Superior Longitudinal Fasciculus I — anterior segment, SLF-Ip= Superior Longitudinal Fasciculus I

— posterior segment, SMA= Supplementary Motor Area. Reprinted from Komaitis et al by permission of
the JNS Publishing Group
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3.2.4 CORRELATIVE ANATOMY

SLF-I and Cingulum

During the microanatomic dissections, we identified the SLF-I and the superior arm of the
cingulum as two almost parallel, longitudinal fiber tracts that exhibit a distinct boundary up to the
level of the anterior paracentral lobule. In this area, the SLF-I dives towards the cingulum, coursing
in a tight and seemingly indiscrete anatomical trajectory to it, before bending again upwards to

terminate to the precuneus. Aiming to define whether a cleavage plane between these white matter
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pathways in the region of the anterior paracentral lobule exists, we attempted to dissect apart the
fibers of the cingulum from those of the SLF-I, focusing on the preservation of their anatomical
integrity. Indeed and despite their proximity, we were able to distinguish a clear dissection plane

between these two tracts in all studied specimens proving that they are discrete anatomical entities.

Figure.3.7. SLF-I and Cingulum.Medial view of a right cerebral hemisphere illustrating the superior arm of the
cingulum and SLF-I. The fibers of the SLF-I are followed posteriorly along their course I.e. from the SMA towards
the precuneus. In this way, the different trajectories of these discrete fiber pathways can be appreciated. The fibers
of the SLF-I can be adequately removed under the microscope without interrupting the integrity of the superior arm
of the cingulum at any point during its course. (inset): The SLF-I and superior arm of the cingulum highlighted in
yellow and green respectively. Cgra= Radiations of the cingulum towards the precuneus, Cgsa= Superior arm of the
cingulum, CR= Callosal Radiations, PrCn(a)= Anterior Precuneus, PrCn(p)= Posterior Precuneus, SLF-I= Superior
Longitudinal Fasciculus I, SMA= Supplementary Motor Area. Reprinted from Komaitis et al by permission of the
JNS Publishing Group
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Relationship between the SLF-I and SLF-II.

In order to investigate the anatomical relationship between the SLF-I and SLF-II and given
that the SLF-II lies in the white matter of the lateral aspect of the cerebral hemisphere, we further
shifted our direction of dissection on the lateral cerebral aspect in three (3) hemispheres. After
removing the gray matter and U fibers of the frontal lobe up to the level of the precentral sulcus,
we encountered the axons of the SLF-II coursing superficial to the Corona Radiata (CR), at the
level of the Middle Frontal Gyrus (M2). Focusing our dissection on the white matter intervening
between these two tracts, we revealed a 4-6mm layer of fibers coursing in a vertical trajectory and
stemming from the Callosal Radiations and Corona Radiata. These fibers were consistently
recorded to run in a perpendicular direction to the fibers of the SLF II and SLF I without
intermingling with them at any point. Therefore, our results support the argument that the SLF-I
and SLF-II are two long association fibers tracts that run parallel to each other without maintaining

any anatomical connection and should be deemed as discrete anatomical entities.
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Figure 3.8. Superior and lateral
views of a left hemisphere
showing the relationship between
the SLF-I and the SLF-II. (A):
Superior view illustrating the
surface anatomy. (B): Same
hemisphere after a standard
medio-lateral dissection which
was further extended on the
lateral cerebral surface by
removing the u-fibers of the
superior, middle and inferior
frontal gyri. The SLF-I and SLF-
I are demonstrated. Progressive
meticulous dissection reveals the
fibers of the Frontal Aslant Tract,
travelling from the SMA to the
inferior frontal gyrus, along with
the projecting fibers of the corona
radiata, both of which are seen to
intervene between the SLF-I and
SLF-II. (inset): The SLF-I and
SLF-II in red and blue color
respectively. (C): lateral view of
the correlative anatomy in the
same hemisphere. CC= Corpus
Callosum, CoR= Corona Radiata,
CS= Central Sulcus, FAT=
Frontal Aslant Tract, IFG=
Inferior Frontal Gyrus, IFS=
Inferior Frontal Sulcus, MFG=
Middle Frontal Gyrus, PrG=
Precentral Gyrus, PrS= Precentral
Sulcus, PtG= Postcentral Gyrus,
PtS= Postcentral Sulcus, SFG= Superior Frontal Gyrus, SES= Superior Frontal Sulcus, SLF-I= Superior Longitudinal
Fasciculus I, SLF-II= Superior Longitudinal Fasciculus II Reprinted from Komaitis et al by permission of the JNS
Publishing Group
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Relationship between the SLF I and SLF III

In two specimens, we employed the same procedure as above but further focused our
dissections on the inferior frontal and supramarginal gyri, in order to demonstrate the relationship
between the SLF-1 and SLF-III. We additionally removed the middle and superior frontal gyri to
illustrate the regional correlative anatomy. Again, a 14-17mm vertical layer of fibers stemming
from the Corona Radiata -just above its transition area to the internal capsule - and the Callosal
Radiations was observed to separate the two subcomponents of the SLF system. Neither the SLF-
I nor the SLF-III mix or intermingle with these fibers at any point during their course. As
previously seen with regard to the SLF-II, the SLF-I and SLF-III run in parallel directions and do
not exhibit any direct anatomical connection, therefore constituting two discrete anatomical

entities.
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Figure 3.9. Superior and medial views of a dissected left hemisphere depicting the relationship between the
SLF-I and the SLF-III. (Left): Superior view of a left hemisphere after a standard medial to lateral dissection process,
which we further extended over the lateral aspect of the central lobe, parietal lobe and part of the central core. The
areas of the rolandic operculum and frontoparietal operculum were dissected in order to reveal the ventral component
of the SLF, namely the SLF-III. Progressive dissection of the fibers of the corona radiata up to the central core allowed
a clear view of the anatomical relationship between the SLF-I and SLF-III. This white matter layer of Corona Radiata
fibers clearly separates the two components of the Superior Longitudinal Fasciculus. (inset): Fiber tracts highlighted
in different colors: Superior arm of the cingulum(green color), SLF-I(red color), Corona Radiata(blue color), SLF-
I(yellow color). (Right): Medial view of the same hemisphere. CC= Corpus Callosum, CdN= Caudate Nucleus
(body), Cgsa= Superior arm of the cingulum, CoR= Corona Radiata , CR= Callosal Radiations, Fpo= Frontoparietal
Operculum, IntCps= Internal Capusle, SLF-I= Superior Longitudinal Fasciculus I, SLF- ITI= Superior Longitudinal
Fasciculus III, Th= Thalamus Reprinted from Komaitis et al by permission of the JNS Publishing Group
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3.3 RESULTS: FLS & FAT

3.3.1 MORPHOLOGY, FIBER ALLOCATION AND
CONNECTIVITY OF THE FLS

The Frontal Longitudinal fiber system was identified and recorded in all studied
hemispheres. In 80% of cases, 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. In the remaining
20% of cases, where the middle frontal sulcus 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 prefrontal cortex.

In addition, the fibers of the FLLS were observed to travel in two discrete levelsi.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 hemispheres, the superior and inferior longitudinal
chains represented two completely separate groups of fibers with a clear cleavage plane between
them. In this case the superior chain was seen to run from the dorsal premotor cortex towards the
middle part of the superior frontal gyrus (BA 9) while the inferior chain 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 11), middle frontal gyrus (BA 46) and frontal pole. In the
rest of the hemispheres the superior and inferior longitudinal chains were recorded to converge

and form a single stem with no evident dissection plane between them.
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The termination pattern of the FLS was relatively consistent. Posteriorly, the fibers of the
FLS were always observed to terminate to the ventral and dorsal premotor cortex. Terminations
towards the precentral gyrus were also encountered in 67% of the cases. The dorsolateral
prefrontal cortex (BA 46), pars triangularis (BA 45) and frontal pole (BA 10) received fibers in
all of the studied hemispheres (100%) while in 47% hemispheres the FLS also exhibited
connections with the pars orbitalis (BA 47). Finally, fibers of the inferior frontal longitudinal
chain were recorded to terminate towards Brodmann’s Area 9 in 60% of the specimens. No
variability or asymmetry between the right and left side concerning the morphology, topography

or termination pattern of the FLS was recorded.
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Figure.3.10.
Progressive dissection
of a right hemisphere
illustrating the
structural morphology
and correlative
anatomy of the FSL.
A: The lateral surface
anatomy is illustrated.
Note the presence and
location of the Middle
Frontal Sulcus. B:
After removing the
cortical grey 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. 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 temporo-parietal areas and revealing the SLF complex. SLF-II and SLF-III 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-II merging
with the superior chain and the SLF-III 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. Inset: Left: Antero-superior view of the FLS. Middle: Relationship between the FLS and SLF.
The SLF-II and SLF-III are highlighted in dark and light blue respectively. The FLS(S) and FLS(I) are highlighted
in dark and light green respectively. Right: Trajectory and connectivity of the FLS superimposed on the superficial
anatomy. The different anatomo-functional areas are highlighted in different colors: Green: Dorsal Premotor Cortex
____________________________________________________________________________________________________|
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(BA6), Red: Ventral Premotor Cortex (BA6), Dark red: Ventral Premotor Cortex/Pars Opercularis (BA44), 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),
Magenta: Rostrolateral Prefrontal Cortex/Frontal Pole (BA 10). (The anatomical boundaries of the premotor area
have been defined according to findings of previous studies.?®*). Aar= Anterior ascending ramus of the Sylvian
Fissure, BA= Brodmann’s Area, CS= Central Sulcus, FAT= Frontal Aslant Tract, FLS(I)= Frontal Longitudinal
System: Superior frontal longitudinal chain, FLS(S)= Frontal Longitudinal System: Inferior frontal longitudinal
chain, FP= Frontal Pole, Hr= Horizontal 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-II= Superior Longitudinal Fasciculus II, SLE-III=
Superior Longitudinal Fasciculus III Reprinted from Komaitis et al by permission of the JNS Publishing Group

3.3.2 CORRELATIVE ANATOMY

Relationship between the FLS and SLF

During the dissections, the FLLS was seen to exhibit a variable relationship with the fibers
of the SLF system. This relationship was highly depended 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 while the latter terminating in the posterior part of the superior,
middle and inferior frontal gyri posteriorly. In the majority (80 %) of cases we macroscopically
identified the FLS as the anterior extension of the SLF fiber system. 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 different architecture compared to the SLF. First, the uppermost fibers recorded to
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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 connect 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.

Figure.3.11:
Progressive dissection
of a left hemisphere
illustrating the
morphology,
correlative anatomy
and connectivity of the
FLS. A: Antero-
Superior view and
surface anatomy of a
left lateral cerebral
surface. B: Superficial
U-fibers and the
contour of the main
frontal sulci is
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 towards
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
while the inferior fibers terminate in the pars opercularis. No anatomical continuity between the fibers of the two
systems is documented in this specimen. Insets: Superior: Cortical terminations and trajectory of the FLS
superimposed on the superficial anatomy. The different anatomo-functional areas are highlighted in different colors:
Green: Dorsal Premotor Cortex (BA6), Red: Ventral Premotor Cortex (BA6), Dark red: Ventral Premotor
Cortex/Pars Opercularis (BA44), Yellow: Dorsolateral Prefrontal Cortex (BA 46), Orange: Dorsolateral Prefrontal
Cortex (BA 9), Light Blue: Ventrolateral Prefrontal Cortex/Pars Triangularis (BA 45), Dark Blue: Ventrolateral
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Prefrontal Cortex/Pars Orbitalis (BA 47), Magenta: Rostrolateral Prefrontal Cortex/Frontal Pole (BA 10). (The
anatomical boundaries of the premotor area have been defined according to findings of previous studies.?®5)
Middle: Morphology of the FLS highlighted in green color. Inferior: The correlative anatomy and termination plane
of the FLS and SLF is illustrated. The SLF-II and SLF-III are highlighted in dark and light blue respectively while
the FLS is highlighted in green color. The level of the precentral and central gyri is also illustrated. Note the
different termination plane of the two fibers tracts. Aar= Anterior ascending ramus of the Sylvian Fissure, AF=
Arcuate Fasciculus, BA= Brodmann’s 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, PrOp= Pars Opercularis,
PrOrb= Pars Orbitalis, PrT= Pars Triangularis, PtC= Postcentral Sulcus, SFS = Superior Frontal Sulcus, SLF-II=
Superior Longitudinal Fasciculus II, SLF-III= Superior Longitudinal Fasciculus III Reprinted from Komaitis et al by
permission of the JNS Publishing Group

Although the FLS displays a similar trajectory to the SLF, resembling its anterior

continuation, it certainly exhibits significant morphological differences and therefore these tracts

should be considered as two discrete anatomical entities.

____________________________________________________________________________________________________|
SPYRIDON G. KOMAITIS MD, MSC 93



SURFACE ANATOMY AND WHITE MATTER CONNECTIVITY OF THE PREMOTOR AND MOTOR AREAS

Figure.3.12: Antero-superior
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 FLLS
appears as an anterior extension
of the SLF system. Insets: Left:
Morphology of the FLS
highlighted in green color. Middle: Connectivity and trajectory of the FLS. Right: Relationship between the FLS and
SLF fibers. The FLS is highlighted in green while the SLF-II and SLF-III are highlighted in dark and light blue
respectively. In this case, these two fiber systems appear macroscopically continuous.BA= Brodmann’s Area, CS=
Central Sulcus, FLS= Frontal Longitudinal System, [FS= Inferior Frontal Sulcus, PrC= Precentral Sulcus, SFS=
Superior Frontal Sulcus, SLF-II= Superior Longitudinal Fasciculus II, SLF-III= Superior Longitudinal Fasciculus II
Reprinted from Komaitis et al by permission of the JNS Publishing Group
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3.4 RESULTS: FCT

3.4.1 SURFACE ANATOMY AND STEPWISE DISSECTIONS

Surface landmarks on the lateral and medial cerebral aspect were recorded to act as
reference points for future dissections. Hence, the superior and inferior frontal sulci, the
precentral, central and postcentral sulci, the superior, middle and inferior frontal gyri, the
precentral and postcentral gyri, the cingulate sulcus and gyrus, the medial aspect of the superior

frontal gyrus, the corpus callosum and the anterior commissure were all identified.

Lateral to medial dissections

Upon removing the cortical grey matter and the underlying u-fibers, we expose the
SLF/AF complex. Dissecting away the longitudinal fibers of the SLF/AF complex helps to
uncover the continuous fibers of the Centrum Semiovale (CS - running above the level of the
ventricular system) and Corona Radiata (CR - running at the level of the lateral ventricles). In
this step, the Frontal Aslant Tract (FAT) is also identified as a distinct group of fibers running
from the SMA towards the posterior part of the inferior frontal gyrus. In the region of the insula,
upon dissecting the fibers of the extreme capsule and claustrum, one encounters the grey
substance of the putamen. The putamen is removed along with the part of the globus pallidus that
overlies the thalamus. In addition, the projecting fibers of the CS/CR are gradually dissected
until their deepest layer that resides in the subventricular zone is reached. At this stage, a

meticulous dissection technique is required to preserve the integrity of the very thin white matter
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that comprises the fronto-caudate and fronto-thalamic projections. At the end of this step, the
ventral segment of the fronto-caudate tract (FCTv) is identified and seen to terminate on the head
of the caudate nucleus. The FCTv exhibits a lazy S shaped configuration, with its fibers initially
observed to travel in a relatively straight direction and then seen to curve to adapt to the
silhouette of the head of the caudate nucleus before terminating at this area. While the FCTv is
nicely exposed at this stage, the dorsal component of the tract (FCTd) is covered by fibers of the
anterior thalamic radiation (ATR), which are seen to pass slightly lateral to the caudate nucleus
in order to terminate to the thalamus. These fronto-thalamic fibers are carefully removed during
the medial to lateral dissections to reveal the underlying fibers of the FCTd. In the last step, the
frontal horn is entered and the spatial relationship of the FCT with the intraventricular structures

and the Corpus Callosum is demonstrated.
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Figure.3.13. Stepwise
medial  to  lateral
dissection of a right
hemisphere.

A: The relevant
superficial anatomy is
marked with dotted
lines.

B: The Superficial U-
fibers are exposed. The
silhouette of the main
sulci is superimposed
on the specimen for
orientation purposes.

C: The superficial U-
fibers of the frontal area
are removed. The
superior arm of the
cingulum is evident.

D: The rostrum, genu
and anterior part of the
bod of the corpus
callosum as well as the
superior arm of the
cingulum are dissected
away. The
intraventricular part of
the caudate nucleus and
the callosal radiations
are illustrated.

E: The ependymal layer
covering the caudate
nucleus is carefully
removed. The callosal
radiations are dissected
in a superior to inferior
direction to reveal the
fibers of the FCT and
their termination zone
on the caudate nucleus. Inset (upper): The FCTv and FCTd are highlighted in light blue and dark blue respectively,
with the first terminating on the head of the caudate and the second on the body of the caudate nucleus. The relevant
Brodmann areas to which the tract terminate are highlighted. Inset (middle): The silhouette of the FCT superimposed
____________________________________________________________________________________________________|
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on the surface of the same specimen. Inset (lower): Advanced stage of a medio-lateral dissection of a right hemisphere.
The FCT along with its termination zone on the caudate nucleus and the structures of the limbic lobe and diencephalon
are dissected free from the rest of the hemisphere. The morphology of the tract is demonstrated

ac = Anterior Commissure , BA = Brodmann’s Area, CC = Corpus Callosum , CCg = Genu of the Corpus Callosum,
CCs = Splenium of the Corpus Callosum , Cdb = Body of the caudate nucleus, Cdh = Head of the caudate nucleus,
CF = Calcarine Fissure, Cg =Cingulate Gyrus, Cgb = Body of the Corpus Callosum, CR = Corona Radiata, Crad =
Callosal Radiations , Cs = Cingulate Sulcus, FCTd = Dorsal component of the Fronto-caudate Tract, FCTv = Ventral
component of the Fronto-caudate Tract, fm = Foramen of Monro, Fx = Fornix, IC = Internal Capsule, POS = Parieto-
occipital Sulcus, SP = Septum Pellucidum , SpS = Subparietal Sulcus, Th = Thalamus Reprinted from Komaitis et al
by permission of the JNS Publishing Group

Medial to lateral dissections

Medial to lateral dissections were carried out in a tandem manner in all specimens in
order to accurately understand the morphology and topography of the FCT. After removing the
cortex and superficial u-fibers up to the level of the marginal ramus of the cingulate sulcus, we
encounter the superior arm of the cingulum. Then, the anterior part of the cingulum and corpus
callosum are dissected away and the anatomy of the frontal horn and caudate nucleus is
appreciated. At this stage, the callosal radiations are also apparent. Upon removing the callosal
radiations we reveal the fibers of the FCT seen to radiate from the head and body of the caudate
nucleus towards the frontal area. At this last step of the entire dissection process the fibers of the
FCT are the only fibers preserved in the frontal area. The FCT and its respective termination

zone on the caudate nucleus can be dissected free from the rest of the hemisphere.
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3.4.2 SEGMENTATION AND CONNECTIVITY PATTERN OF
THE FCT

Segmentation and connectivity pattern of the FCT

We consistently identified two discrete segments of the FCT. The ventral segment
(FCTv) is formed from fibers recorded to originate from the frontal pole (BA10), fronto-orbital
region (BA11), ventrolateral prefrontal cortex (BA47) and ventral part of the anterior cingulate
cortex (BA32) and terminate on the head of the caudate nucleus (100% of the specimens). The
dorsal segment (FCTd) receives fibers from the anterior part of the pre-SMA (BA6), dorsolateral
and dorsomedial prefrontal cortex (BA8 & BA9) and dorsal anterior cingulate cortex (BA32),
travels medial to the fibers of the ATR and terminates to the body of the caudate nucleus. The
transition zone of the FCTv to FCTd corresponds to the transition area of the head to the body of
the caudate, which is located at the level of the foramen of Monro. Further, the FCTv was

consistently seen to be thicker and bulkier than the FCTd.
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Figure.3.14 Dorsal and Ventral connectivity of the FCT.

A: Advanced stage of a latero-medial dissection of a right hemisphere. The morphology of the dorsal terminations of
the FCT is illustrated. Inset: The fibers of the FCTd (dark blue) arising from the body of the caudate nucleus can be
seen radiating towards Brodmann’s areas 8 and 9 (anterior pre-SMA and DLPFC). The fibers of the FCTv (light blue)
arising from the head of the caudate can be seen terminating towards BA 10 and BA 11. The boundary between the
head and body of the caudate nucleus is marked with a dashed line.

B: Advanced stage of a latero-medial dissection of a left hemisphere. The dorsal connectivity of the FCT is again
illustrated. Inset: Appreciate the FCTd (dark blue) connecting the body of the caudate with the anterior pre-SMA
(BAS8) and DLPFC(BA9) and the FCTv (light blue) radiating from the head of the caudate towards the frontal pole
(BA10) and orbitofrontal cortex(BA 11).

C: Ventral connectivity of the FCT and its relationship to the ATR. Oblique views of advanced stages of a latero-
medial dissection of a left hemisphere. The central core of the hemisphere along with the diencephalic and
mesencephalic structures are dissected free from the rest of the hemisphere. The termination fibers of the FCT on the
head and body of the caudate have been preserved. At this step, the FCTv is seen to terminate to the head of the
caudate nucleus while the FCTd is covered by the fibers of the ATR that pass lateral to reach the thalamus. Inset: The
FCTv and ATR are highlighted with dark blue and red respectively.
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D: Ventral connectivity of the FCT. Oblique views of advanced stages of a latero-medial dissection of a left
hemisphere. The fibers of the ATR have been removed and the fibers of the FCTd are nicely illustrated to terminate
to the body of the caudate nucleus. Inset(lower): The FCTv and FCTd are highlighted in dark and light blue
respectively. Inset (upper): An arbitrary line passing through the anterior border of the anterior perforated substance
demarcates the transition between the FCTv and FCTd. A second line passing through the lateral geniculate body
defines the posterior limit of the FCTd and thus the posterior limit of the entire FCT. These lines were consistently
recorded to delineate the aforementioned boundaries in all studied specimens.

ALIC = Anterior Limb of the Internal Capsule, APS = Anterior Perforated Substance, ATR = Anterior Thalamic
Radiation, BA = Brodmann’s Area, Caud = Caudate Nucleus, Cdb = Body of the Caudate Nucleus, Cdh = Head of
the Caudate Nucleus, CR = Corona Radiata, FCTd = Dorsal component of the Fronto-caudate Tract, FCTd = Dorsal
component of the Fronto-caudate Tract, FCTdtz = Dorsal component of the Fronto-caudate Tract termination zone,
FCTv = Ventral component of the Fronto-caudate Tract, FCTv = Ventral component of the Fronto-caudate Tract,
FCTvtz = Ventral component of the Fronto-caudate Tract termination zone, GP = Globus Pallidus, IC = Internal
Capsule, Lgb = Lateral Geniculate Body, Mb = Midbrain, ON = Olfactory Nerve, OT = Optic Tract, SS = Sagittal
Stratum, Th = Thalamus Reprinted from Komaitis et al by permission of the JNS Publishing Group

3.4.3 SPATIAL RELATIONSHIPS OF THE FCT

The FCT is a deep-seated group of fibers that lies in the subventricular zone of the frontal
horn, which is located medial with respect to the CS/CR and lateral to the callosal radiations. At
the level of the superior frontal gyrus the fibers of the FCT travel medial in relation to the fibers
of the FAT. As mentioned, the FCT is documented to terminate on the superolateral margin of
the caudate nucleus at the level of the CR/ALIC transition. Therefore, the differentiation between
fibers of FCT and ALIC is accurate and reliable because in contrast to the FCT, the fibers of the
anterior limb bypass the basal ganglia and course between the head of the caudate and the globus

pallidus. Finally, as already stated, the ATR lies just lateral to the FCTd.
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Figure.3.15.
Spatial
relationship of
the FCT with
adjacent
structures.
Progressive
latero-medial
dissection of a
right
hemisphere.

Superior view:

The different

fiber layers of

the frontal

white  matter

can be

appreciated.

The respective

plane of the

Centrum

Semiovale

(CS) (above the

level of the

lateral

ventricle),

Corona Radiata

(CR) (at the

level of the

lateral

ventricle) and

Internal

Capsule (IC)

(below the level of the lateral ventricle) are marked with dashed lines. At the level of the CS and CR the different fiber

pathways cannot be differentiated. Below the level of the lateral ventricle, the different tracts can be distinguished

based on their termination area. Different colors are used for the various bundles: Yellow color for the FAT, green

color for the external capsule, red color for the internal capsule and blue color for the FCT. The frontal horn is entered

to give a perspective of depth to the reader. The FCT forms the inner layer of the CS/CR white matter before entering

the ventricle. Inset(upper): Lateral view of the same hemisphere without colored highlights. Inset(middle): Close-up

of the frontal area. Arrows are used to indicate the relative trajectory of the different tracts within the frontal white
matter.

Inferior view: The relationship of the FCT with respect to the corpus callosum and callosal radiations is illustrated.
The dorsal segment of the FCT has been removed and the frontal horn is entered. The FCT lies lateral to the fibers of
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the callosal radiations and medial to the fibers of the ATR and ALIC. Inset(lower): The corpus callosum and callosal
radiations are highlighted in green, the FCT in blue and the ATR in red.

AF = Arcuate Fasciculus, ALIC = Anterior Limb of the Internal Capsule, ATR = Anterior Thalamic Radiation, Caud
= Caudate Nucleus, CC = Corpus Callosum, Cdb = Body of the Caudate Nucleus, Cdh = Head of the Caudate
Nucleus, CR = Corona Radiata, Crad = Callosal Radiations, CS = Centrum Semiovale , ExC = External Capsule,
FAT = Frontal Aslant Tract, FCTd = Dorsal component of the Fronto-caudate Tract, FCTv = Ventral component of
the Fronto-caudate Tract, Fh = Frontal Horn, GP = Globus Pallidus, IC = Internal Capsule, Ins = Insula, Pop = Pars
Opercularis Reprinted from Komaitis et al by permission of the JNS Publishing Group

3.5 RESULTS: CTT

3.5.1 STEPWISE DISSECTIONS

Medial to Lateral Dissections

Upon removing the cortical grey matter, we reveal the superficial u-fibers along with the
cingulum bundle. Progressive dissection of the U-fibers, superior arm of the cingulum and
corpus callosum exposes the anatomy of the lateral ventricle in a way that the callosal radiations
can be appreciated. The caudate nucleus is evident and its thin ependymal covering is removed.
The grey matter of the caudate must be meticulously dissected to identify a thin layer of fibers
that lies in the white matter just lateral to the nucleus and is formed by the thalamic radiations
and the fronto-caudate tract. Following the careful removal of this white matter layer, we
gradually reveal the cortico-tegmental fibers. We follow these fibers in their dorsal direction up
to their termination area that is recorded to extend from the posteromedial part of the superior
frontal gyrus to the superior aspect of the postcentral gyrus. Following these fibers in their
ventral direction we see them entering the tegmentum posterior to the substantia nigra, in what

we define as the tegmental entry zone (TEZ).
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Along their course and trajectory, the corticotegmental fibers are seen to travel in the
white matter of the genu and posterior limb of the internal capsule with no fibers traced in the
anterior limb of the internal capsule (ALIC). The fibers of the ALIC lie anterior to the CTT and
substantia nigra when entering the cerebral peduncle. The CTT’s entry zone to the tegmentum
was consistently located at the lateral half of this area. Interestingly, during the dissections a
cortico-topic distribution of the CTT was revealed. More specifically, the majority of the CTT
fibers stemming from BAS8 were recorded to reside to the anterior part of the TEZ, the majority
of CTT fibers arising from BA4&BAG6 to the middle part and the fibers from BA1/2/3 to the

posterior part of the TEZ.

Figure.3.16 Medial
views of a left
hemisphere
showing the
morphology,
cortical
terminations and
distribution pattern
of CTT fibers in the
Tegmental Entry
Zone.

CTT fibers originate
from the middle and
posterior aspect of
the superior frontal
gyrus (BA6&S),
precentral gyrus
(BA4), postcentral
gyrus (BA1/2/3)
and paracentral
lobule
(BA4&BA1/2/3)
and exhibit an oblique fan-shaped configuration.

Lower right Inset: Segmentation of the CTT according to cortical origins: anterior segment (red color) originates

from BAS8 (preSMA, DPFC, FEF), middle segment (yellow color) stems from BA4&BA6 (DPMC and MC) and
|
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posterior segment (orange color) starts from BA1/2/3(SC). The trajectory of each component is marked with
interrupted lines.

Superior Inset: The silhouette of CTT is superimposed on the medial surface anatomy.

Lower left Inset: The Tegmental Entry Zone is illustrated. Different colors are used to highlight the distribution of
fibers according to their cortical origin. The location of the mesencephalic reticular formation, medial lemniscus,
spinal and trigeminal lemniscus and mesencephalic nucleus are also illustrated.

BA= Brodmann’s Area, CP= Cerebral Peduncle, mL= Medial lemniscus, Mn= Mesencephalic Nucleus, RF=
Reticular Formation, Rn= Red Nucleus, sL= Spinal lemniscus, Sn= Substantia Nigra, Tgm= Tegmentum, tL=
Trigeminal lemniscus. Reprinted from Komaitis et al by permission of Neurosurgical Review - Springer Nature

Publishing Group

Lateral to Medial Dissections

We included latero-medial dissections to give a complete anatomical perspective of the
CTT. Upon removing the cortical grey matter and superficial U-fibers of the frontoparietal area,
we expose the fibers of SLF. At the level of the insula and following progressive dissection of
the extreme/external capsules and claustrum, we reveal the silhouette of the lentiform nucleus.
The posterior part of the lentiform nucleus is removed to gain access to the genu of the internal
capsule that comprises the corticospinal tract (CST) as its most superficial layer. The fibers of
the CST are seen to project towards the cerebral peduncle, lying anterior to the substantia nigra.
These fibers are meticulously removed to reveal the fibers of the CTT that course in a different

trajectory, traveling in a plane posterior to the substantia nigra when entering the tegmental area.
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Figure.3.17. Lateral (left side of the photo) and medial views (right side of the photo) of an advanced dissection
stage of a left sided specimen. The spatial relationships of the CTT and CST are shown. CTT incorporates fibers
originating from a wider cortical area compared to the CST. CST travels anterior to the substantia nigra in contrast
to CTT fibers that follow a more posterior trajectory. The different orientation of the two fiber systems can be
appreciated. These two fibers tracts can be adequately dissected and differentiated in all studied hemispheres.

CP= Cerebral Peduncle, CST= Corticospinal Tract, Ctt= Corticotegmental Tract, Sn= Substantia Nigra Reprinted
from Komaitis et al by permission of Neurosurgical Review - Springer Nature Publishing Group

3.5.2 MORPHOLOGY OF THE CTT AND ITS SPATIAL
RELATIONSHIP TO ADJACENT FIBER TRACTS

As previously demonstrated, CTT fibers reside in the white matter of the genu and
posterior limb of the internal capsule. The CTT can be traced medial to the fibers of the CST and
lateral to the fibers of the thalamic radiations. While the fibers of the CST maintain a postero-
superior to antero-inferior trajectory, radiating from the precentral gyrus to the cerebral peduncle,
the trajectory of the CTT varies in the rostro-caudal axis. The caudal fibers exhibit a straight
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superior to inferior configuration while the rostral fibers adopt a lazy-S morphology, bending
caudally and then inferiorly before entering the tegmentum. Additionally, the rostral aspect of

the CTT was always bulkier in comparison to the caudal one.

Figure.3.18. Medial views of a progressive nuanced dissection of a right hemisphere. The ventral allocation of CTT
fibers and their relationships to diencephalic structures, thalamic radiations and thalamo/hypothalamotegmental
fibers are shown.

A: Medial aspect of the hemisphere and corresponding surface anatomy.

B: The cortical grey matter, superficial U-fibers and superior arm of the cingulum have been removed exposing the
callosal radiations.

C: The central core and mesencephalon are dissected free from the rest of the hemisphere. Removing the grey matter
of the caudate nucleus reveals the anterior thalamic radiation (ATR). ATR fibers are seen to bypass the caudate and
reach the thalamus at the area of the stria terminalis. Gradual dissection of the ATR exposes the fronto-caudate tract
(FCT) as it terminates in the superolateral aspect of the caudate nucleus.

D: The medial aspect of the thalamus and hypothalamus is dissected to reveal the thalamo- and hypothalamo-
tegmental fibers that project towards the medial aspect of the tegmentum. Inset (left): The thalamo-tegmental and
hypothalamo-tegmental fibers are highlighted in blue and green color respectively.
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Inset (right): The entry zone of the thalamo-tegmental and hypothalamo-tegmental fibers at the superior tegmentum
(level of the superior colliculi) is highlighted in blue and green respectively.

E: Dissecting away the fibers of the ATR and the grey matter of the caudate nucleus uncovers the CTT. Its fibers
travel posterior to the substantia nigra and enter the lateral aspect of the tegmentum.

Inset (left): The TEZ of the CTT is highlighted in red color.
Inset (right): CTT is highlighted in red color.
F: Inferomedial view of the same specimen. CTT fibers can be seen reaching the tegmentum at its lateral half.

Ac= Anterior Commissure, ATR= Anterior Thalamic Radiation, CC= Corpus Callosum, Cd= Caudate Nucleus, Cg=
Cingulate Gyrus, CgS= Cingulate Sulcus, CP= Cerebral Peduncle, Crad= Callosal Radiations, HT= Hypothalamus,
mL= Medial Lemniscus, Mn= Mesencephalic Nucleus, OC= Optic Chiasm, ON= Optic Nerve, OT= Optic Tract,
Pc= Posterior Commissure, Pv= Pulvinar, RF= Reticular Formation, Rn= Red Nucleus, SFG= Superior Frontal
Gyrus, sL= Spinal Lemniscus, Sn= Substantia Nigra, St= Stria Terminalis, Tgm(l)= Lateral Tegmental Area,
Tgm(m)= Medial Tegmental Area, Tgm= Tegmentum, Tgm= Tegmentum, Th= Thalamus, tL= Trigeminal
Lemniscus Reprinted from Komaitis et al by permission of Neurosurgical Review - Springer Nature Publishing
Group

3.5.3 CORTICAL TERMINATION AREAS OF THE CTT

The fibers of the CTT could be traced in the middle and posterior part of the superior
frontal gyrus (BAS8 and BAG6 respectively) in 100% of the studied specimens. These areas
correspond to the dorsal premotor cortex, SMA, pre-SMA and frontal eye field (FEF).
Consistent terminations (100% of the specimens) were also evident in the superior part of the
precentral gyrus and supero-anterior part of the paracentral lobule (BA 4) i.e. the primary motor
cortex. In 65% of cases, fibers of the CTT were tracked in the superior part of the postcentral
gyrus and the supero-posterior part of the paracentral lobule (BA 1/2/3), areas that functionally

correspond to the somatosensory cortex.

Interestingly, we did not observe hemispheric asymmetries regarding the CTT’s

morphology, topography or connectivity.
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3.5.4 INTRODUCING THE “TEGMENTAL ENTRY
ZONE(TEZ)” AND TRACKING THE INFRA-TEGMENTAL
DISTRIBUTION OF CTT FIBERS

In all cases, the CTT reached the superior aspect of the tegmentum (level of the superior
colliculi) in its lateral half, in contrast to the thalamo/hypothalamic-tegmental fibers that enter
this area mainly (but not solely) in its medial half. CTT fibers stemming from BA8 were located
anteriorly in this lateral tegmental zone, whereas fibers from BA4&BA6 and BA1/2/3 in the
middle and posterior parts respectively. The term Tegmental Entry Zone (TEZ) was coined for
this area and is used to stress the fact that this region does not represent the termination area of

the CTT.

By dissecting the brainstem in a lateral to medial direction we were able to differentiate
and classify four layers of white matter fibers. The first and most superficial layer consists of
fibers projecting towards the superior cerebellar peduncle and lateral aspect of the floor of the
fourth ventricle. These fibers were recorded to travel in 45° angle. The second layer is formed by
fibers radiating towards the superior/inferior colliculi complex and superior aspect of the floor of
the fourth ventricle (area of the locus coeruleus). These fibers share an orientation of 30°. The
third layer includes longitudinal projecting fibers running in a supero-inferior trajectory, from the
tegmental area towards the lateral funiculus. Finally, the fourth and deepest layer exhibits fibers
coming from the superior cerebellar peduncle and decussating towards the contralateral
tegmental area, in the ventral tegmental decussation. By superimposing these four layers into the
TEZ area we were able to put together a table showing the origin and projection of fibers

categorized in 11 distinct zones.
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Figure.3.19 Lateral to medial dissection of the brainstem below the level of the superior colliculi. A: Lateral view.
In the first and most superficial layer the bulk of the fibers projects towards the superior cerebellar peduncle and the
lateral part of the 4 ventricle floor. These fibers maintain an orientation of approximately 45°.

Inset: Fibers projecting to the superior cerebellar peduncle and to lateral aspect of the floor of the 4™ ventricle are
highlighted in light and dark pink respectively. The distribution of these fibers at the level of the TEZ is highlighted
in pink in the axial plane.

B: Lateral view. The second consecutive layer of fibers can be seen to project towards the tectal area (superior and
inferior colliculus) and the superior part of the 4" ventricular floor (area of the locus coeruleus). These fibers exhibit
a more horizontal configuration of approximately 30-40°.

Inset: Fibers projecting to the tectal area and superior aspect of the floor of the 4™ ventricle are highlighted in light
and dark magenta respectively. The distribution of these fibers at the level of the TEZ in the axial plane is
highlighted in magenta.

C: The 3" consecutive layer mainly consists of longitudinal descending fibers that project in a 90° angle towards the
lateral and anterior funiculus. These fibers travel at the same plane but posterior to the pyramidal fibers.

Inset: The longitudinal fibers projecting to the lower brainstem and spinal cord are highlighted in red color. The
distribution of these fibers at the level of the TEZ in the axial plane is highlighted in red.

D: The 4" and deepest fiber layer can be seen to project from the superior cerebellar peduncle and red nucleus and
contributes to the ventral tegmental decussation. These fibers take a 45° orientation towards the contralateral
tegmental area.

Inset (lower): Fibers projecting towards the ventral tegmental decussation are highlighted in green. The distribution
of these fibers at the level of the TEZ is highlighted in green.

Inset (upper): Postero-lateral view of a different specimen. The fibers originating from the superior cerebellar
peduncle can be followed towards the ventral tegmental decussation. The more superficial fibers projecting to the
tectum and locus coeruleus can be also appreciated.
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E: Axial cut of the tegmentum at the level of the superior colliculi. Left side. The aforementioned layers are
superimposed on the TEZ. In this way a diagram matching the respective cortical origins of the CTT fibers to
possible projection areas below the level of the superior colliculus is created. This diagram includes 11 different
zones that are summarized in TABLE 2. The same corresponding colors are used to illustrate the four subsequent
layers of infrategmental fibers with respect to their cortical projection from Brodmann’s Areas 1,2,3,4,6 and 8.

CP= Cerebral Peduncle, CST= Corticospinal tract, FVF(1)= Lateral aspect of the 4™ ventricle floor, FVF(m)= Medial
aspect of the 4" ventricle floor, FVF= Floor of the 4" ventricle, IC= Inferior Colliculus, Lc= Locus Coeruleus,
MCP= Middle Cerebellar Peduncle, Rn= Red Nucleus, SC= Superior Colliculus, SCP= Superior Cerebellar
Peduncle, Sn= Substantia Nigra, TST= Tegmentospinal tracts Reprinted from Komaitis et al by permission of
Neurosurgical Review - Springer Nature Publishing Group
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CHAPTER 4:
DISCUSSION

4.1 THE DORSAL COMPONENT OF THE SLF

Since its first description in non-human primates by Petrides and Pandya in 1984, the SLF-
I remains an equivocal, ill-defined anatomical structure, with unclear characteristics. Most of the
recent evidence related to this fiber pathway derives from DTI studies and provides vague
information regarding its microanatomical structure. Indeed, in 2005, Makris and colleagues,
published for the first time tractographic evidence supporting the presence of the SLF-I as a distinct
fiber tract in the human brain, interconnecting the superior parietal lobule, precuneus, central lobe,
posterior part of the superior frontal gyrus and SMA complex. According to the authors, the SLF-
I was found to lie in the dorsomedial part of the superior frontal gyrus.® Eight years later, Jang
and Hong also recruited tractographic data to confirm the presence of the SLF-I as an association
fiber tract connecting the same cortical areas.!” Kamali and colleagues moved forward and
published a DTT analysis describing the different subcomponents within the SLF system, namely
the SLF-I, SLF-II and SLF-III. According to them, the SLF-I originates in the superior and medial
parietal cortex, running within the cingulate gyrus and adjacent to the cingulum, before terminating
in the dorsal and medial aspect of the frontal cortex.® In 2014, Hecht and colleagues studied the
SLF-I both in humans and in non-human primates. They defined the SLF-I as a fiber tract
connecting the superior frontal gyrus to the superior parietal lobule and further found a wider
pattern of cortical terminations than before and a tendency of right lateralisation in non-human
primates.!'!) In a thorough tractographic analysis published in 2015, Wang and colleagues recorded
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the presence of the SLF-I as a distinct bundle interconnecting the aforementioned areas in 60% of
the patients enrolled. In the cases where the SLF-I was identified, it was encountered medial to the
corona radiata and in proximity to the cingulum within or superior to the white matter of the
cingulate gyrus.(!? To date, tractographic studies have offered a rough anatomical understanding
of this fiber tract with fluctuating however, variability on the extracted evidence and therefore no

definite conclusions can be drawn on its intrinsic architecture and microanatomical characteristics.

Blunt dissection studies, in turn, addressing the morphology and architecture of the SLF-I
are limited in the literature. In this context, a recent laboratory investigation entitled “Fiber tracts
of the dorsal language stream in the human brain” by Yagmurlu and colleagues, advocated the
presence of the SLF-I as a long association tract running parallel to the cingulum and above the
level of the cingulate sulcus.'> In the same vein, Baydin and colleagues published a paper on the
white matter architecture of the inferior and medial aspects of the cerebrum in 2017, demonstrating
this tract to course above the cingulate sulcus and medially to the callosal fibers, connecting the
anterior cingulate gyrus to the medial frontal gyrus and precuneus.('®) Bozgurt et al, in an almost
synchronous study focusing on the axonal connectivity of the SMA, confirmed these results.(!®)
Further, Monroy-Sossa et al, in their recently published paper regarding the microsurgical anatomy
of'the vertical rami of the SLF-II, reportedly encountered the SLF-I as a distinct bundle connecting
the superior frontal gyrus to the precuneus. They also draw attention on the fact that the cingulate
radiations at the level of the precuneus are located inferior and lateral to the SLF-L.¢% Evidently,
these anatomic descriptions of the SLF-I provide a general concept about the tract’s morphological
characteristics and are neither focused nor detailed due to the more generic objective of the

aforementioned studies. Furthermore, anatomic and tractographic data do not show a high degree
|
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of correspondence thus resulting in misinterpretations or misconceptions about the tract’s

architecture and axonal connectivity.

This discrepancy among anatomo-tractographic evidence has raised doubts over the
existence of the SLF-I in the human brain, paving the way for the argument that this fiber tract has
no anatomical integrity and actually represents a part of the cingulum. Indeed, Maldonado and
colleagues published in 2012 a study in which their anatomic dissections did not confirm the
existence of a discrete long association fiber tract running within the white matter of upper and
middle portion of the medial frontal gyrus, paracentral lobule and precuneus. According to the
authors, the presence of adjacent short association fibers (U-fibers) curving under the depth of the
vertical sulci of the supero-medial cerebral aspect may give the false impression of a long
association tract both in DTI and in cadaveric studies.®> In 2016, Wang et al, supported that the
SLF-I stems from the cingulum and is not related to the SLF-II and SLF-III fiber tracts.(!?) In the
same line, Wu and colleagues, while exploring the subdivisions of the cingulum through the fiber
dissection technique, revealed a group of axons arising from the cingulum and arching between
the precuneus and the SMA. They named these fibers the CBIV bundle of the cingulum and argued
that this fiber group actually represents what has been incorrectly identified in previous studies as
the SLF-I. ¥ Table 1 provides a summary of the current literature on the dorsal component of the

SLF.

Given the aforementioned diversity of findings, we aimed to shed light on the very
existence and potential morphological characteristics of the SLF-I through a focused white matter

dissection method since this is proven to be an approach of high anatomical accuracy and is
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regarded as the gold standard technique for validating data arising from DTI studies. Our results
document that the SLF-I represents a distinct white matter tract, travelling always under the
superficial U fibers of the cingulate or paracingulate gyrus, and connecting the cortical hubs of the
medial cerebral hemisphere i.e. the anterior cingulate cortex (BA 32), the medial frontal gyrus
(medial aspect of BA6,8,9), the paracentral lobule(BA1,2,3,4) and the superior parietal lobule and
precuneus (BAS and 7). In contrast to previous studies, we placed particular attention on the
variability of the regional surface anatomy and recorded the paracingulate sulcus and gyrus as
additional landmarks in 80% of cases. In our view, the presence and proper identification of this
“paracingulate cortical pattern” is crucial. When a paracingulate gyrus is evident, then the SLF-I
should always be encountered in this area and never within the white matter of the superior frontal
gyrus. Dissecting only the medial aspect of the superior frontal gyrus in quest of the SLF-I can
lead to the conclusion that this fiber tract is absent, as seen in the study by Maldonado and
colleagues. Additionally, the paracingulate sulcus can be misinterpreted as the cingulate sulcus
particularly in hemispheres with a non-prominent morphology of the anterior cingulate area. In
this event, looking for the SLF-I above the superior bank of the misinterpreted “cingulate” sulcus
will lead to false negative results. Thus, the presence of this “paracingulate cortical pattern” may
add perplexity and confusion during data extraction and in our opinion, is the main reason for the

inconsistency and ambiguity encountered across the relevant literature.

In all specimens, we further observed two discrete subcomponents with regard to the tract’s
trajectory to the cingulum: an anterior segment (SLF-Ia) and a posterior segment (SLF-Ip), with
the point of their transition recorded approximately at the level of the anterior paracentral lobule.

With respect to the relationship of SLF-I to the cingulum, we were able to develop a clear cleavage
|
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plane between the two adjacent tracts thus proving their anatomical integrity and independence
and further validating the DTTI results of Kamali et al. Interestingly, we failed to identify a direct
anatomical relationship between the SLF-I and the SLF-II/ SLF-III complex whereas the pattern

of its cortical connectivity is in line with current literature.

Since interconnecting regions such as the anterior cingulate cortex, pre-SMA, SMA proper,
paracentral and precuneal lobule, the SLF-I is believed to participate in the neural circuit involved
in the regulation of higher motor functions.®® In fact, functional studies advocate the role of the
pre-SMA in modifying learned motor behaviors based on environmental stimuli. In this regard, a
pre-planned motor response could be amended according to the circumstances.”- %8 The SMA in
turn is heavily involved in processes like motor initiation, task-sequence control and speech. Many
studies document that this region subserves bilateral initiation, sequencing and execution of motor
patterns and is allegedly regarded as a “supramotor” hub.®*7% Additionally, the precuneus is
considered to be a high order cerebral area involved in self-perception based on visual and
proprioceptive parameters. As part of the functional core of the Default Network, it integrates
visuospatial information critical for self-perception and awareness.(”>-#) According to Filimon and
colleagues, the precuneus is parcellated into an anterior part processing visual input and a posterior

part related mostly to non-visual proprioceptive afferent pathways.(>

A recent analysis by Parlatini and colleagues, which combined tractographic with meta-
analytic data, enriched our knowledge concerning the functional role of the three sub-components
of the SLF. The results further confirm the role of the SLF-I in the spatial/motor circuitry. ®? The

anatomical integrity and morphology of the SLF-I, as documented in our study, offer valuable
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insights on the structural connectivity of the aforementioned high order paralimbic areas, raising
awareness about this tract’s anatomo-functional significance. Future studies however are necessary

to elucidate its precise role in normal and pathological conditions.

4.2 THE FRONTAL LONGITUDINAL SYSTEM

The motor - premotor areas have been constantly in the epicenter of various anatomical
and functional endeavors both in human and non-human primates. Since the era of Penfield,
Jasper and Rasmussen, data stemming from micro-stimulation, cytoarchitectonic,
neurophysiologic and functional studies have paved the way towards a better and more
comprehensive understanding of the organization and connectivity of the motor/premotor
circuitry. The initial conceptualization of these regions as discrete units underpinning the pure
execution of motor actions has been overshadowed during the last decades. Various field
researchers nowadays support the notion that specific motor and cognitive functions interact and
share common anatomo-functional substrates® 2% 83-85_ Thus, the emerging hypothesis which
strongly advocates the premotor cortex to act as an intermediate hub between prefrontal and
primary motor areas has been gaining ground.®"2% 24 In this vein, the term “cognitive aspects of
motor function” was recently coined in order to denote motor behaviors such as withholding and
releasing of motor task responses, mental rotation, imagery, prediction of sequential motor,

visual and auditory patterns and motor mimicking?%).

Adding to this concept, previous studies have considered the rostral part of the premotor

cortex —primarily the rostro-dorsal premotor cortex- as an area believed to sub-serve mixed
|
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cognitive-motor functions.®> %) The dorsolateral prefrontal cortex in turn including BA 9 and 46,
which is documented 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 non-human primates and humans support

the hypothesis of an alleged circuitry serving the connectivity between the aforementioned areas.

Figure.4.1: Morphology
and connectivity of the
FLS. Antero-Superior
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 highlighted in
blue boxes. Inset: Upper-
Right: Trajectory and
terminations of the FLS
superimposed on the
superficial anatomy.
Lower-Left: Morphology
of the FLS highlighted in
green color. BA=
Brodmann’s Area, CS=
Central Sulcus, FLS=
Frontal Longitudinal
System, FP= Frontal
Pole, IFS= Inferior
Frontal Sulcus, PrC=
Precentral Sulcus, PrG =
Precentral Gyrus, PrOp=
Pars Opercularis, PrOrb=
Pars Orbitalis, PrT= Pars
Triangularis, PtC=
Postcentral Sulcus, SFG=
Superior Frontal Gyrus, SFS= Superior Frontal Sulcus, PrOrb= Pars Orbitalis, Pr'T= Pars Triangularis, PtC=
Postcentral Sulcus, SFG= Superior Frontal Gyrus, SFS= Superior Frontal Sulcus Reprinted from Komaitis et al by
permission of the JNS Publishing Group
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However, little anatomical evidence exists to support this notion in the human cerebrum.
In this context, recently 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 prefrontal/premotor circuitry. The
authors revealed, through limited anatomical dissections in one cadaveric hemisphere further
enhanced by a tailored tractographic protocol, a white matter pathway, which they named
“Frontal Longitudinal System, consisting of short and long fibers travelling 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 towards the frontal pole. This axonal connectivity
pattern lends support to a prefrontal-premotor circuitry in the human brain. Nonetheless, since
this first description, there has been no additional 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 into 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 proved to preserve the structural
integrity of the white matter axons and therefore the results obtained are of high anatomical
accuracy and reliability.?? On the contrary, although the DTI-tractographic method is a fast,

non-invasive and in vivo technique for exploring the cerebral white matter architecture, it is
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however prone to anatomical inaccuracies, which can lead even to the reconstruction of
“erroneous fiber tracts”, mainly due to the “crossing”, ‘kissing” and “bending” fiber effects and
because of the differences observed in the post processing and acquisition parameters. As a
consequence, DTI findings particularly regarding previously unrecognized or under-studied
white matter tracts have to be fully validated and confirmed by the more robust and anatomically

accurate white matter dissection technique. (See study strength and limitations section).(!8: 87 88)

Indeed, by using the fiber micro-dissection 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, middle, 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 two distinct fiber systems, representing the superior and inferior

longitudinal chains in only 13% of
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Figure.4.2: Different
morphological
patterns of the FLS
in two left and two
right hemispheres.
A: Right
hemisphere. The
FLS consists of two
discreet fiber
systems: a superior
and an inferior
frontal longitudinal
chain. Inset: The
superior and inferior
frontal longitudinal
fibers are
highlighted in dark
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 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 aspect of
the FLS are highlighted again in dark and light green respectively D: Right hemisphere. The fibers of the FLS form
a single stem. Inset: Again the superior fibers are highlighted in dark green while the inferior fibers are highlighted
in light green. FLS(I)= Frontal Longitudinal System: Inferior frontal longitudinal chain, FLS(S)= Frontal
Longitudinal System: Superior frontal longitudinal chain, FLS= Frontal Longitudinal System, FP= Frontal Pole,
PrC= Precentral Sulcus, PrOp= Pars Opercularis, PrOrb= Pars Orbitalis, Pr'T= Pars Triangularis Reprinted from
Komaitis et al by permission of the JNS Publishing Group

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 towards the
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posterior part of the middle and superior frontal gyri, which anatomically correspond to the
rostral part of the dorsal premotor cortex [BA6]), and those on the middle frontal gyrus as well as
the anterior part of the superior frontal gyrus, corresponding to the DLPFC (BA 46 and 9). This
pattern of axonal connectivity is in line with data stemming from functional studies and
documenting that the dorsolateral prefrontal cortex 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. (>

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 Superior Longitudinal
Fasciculus. The SLF has been recorded in the majority of previous DTI and fiber dissection
studies to terminate in the area of the precentral gyrus (BA 4 & 6) and posterior part of the
middle (BA 6) and inferior frontal gyri (BA 44).6: 6 12.35 Terminations extending as far as the
dorsolateral prefrontal cortex (BA 46& 9) have been also described by some authors.®>8) In a
further step, Yagmurlu and colleagues identified and recorded possible terminations of the SLF
I1 in the area of the frontal pole(BA 10) in 28% of the studied specimens.(!> Additionally, in the
extended 2018 tractographic study entitled “A Connectomic Atlas of the Human Cerebrum”,
Sughrue 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 dorsolateral prefrontal cortex.®% !
These authors further support the local functional and white matter connectivity between
adjacent frontal areas including the premotor cortex, the dorsolateral and rostrolateral prefrontal

cortices and the frontal pole.©®V
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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 his 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 hyper-
segmentation of the SLF has been advocated by previous authors.® 3% In our view, the FLS
should be treated as a separate segment within the superior longitudinal fiber system for two
reasons. First, we recorded cases where 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 to this of the SLF, as its fibers seem to be confined and terminate
exclusively in the area of the frontal lobe in contrast to the fibers of the SLF complex. In any
case, these fiber pathways possibly share a pivotal role in the connectivity of the motor/premotor
areas, with the SLF allegedly sub-serving its caudal connectivity and the FLS its rostral

connectivity.

To our knowledge this is the first focused and dedicated anatomical study which sheds
light into the exact anatomical and morphological characteristics of this frontal fiber system. Our

data could offer valuable insights into the connectivity of the premotor area and further act as a
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sound anatomical basis for the tight functional relationship revealed between the prefrontal and

premotor areas.
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4.3 THE FRONTOCAUDATE TRACT

In the neuroscientific literature, the existence of a wide fronto-striatal circuitry and its
implication in higher motor and cognitive processes have been well appreciated. The caudate
nucleus and putamen represent the main input of the basal ganglia and have been proven to
exhibit strong connections with the prefrontal area both in animals and humans. Particularly, the
head of the caudate constitutes the main target of afferent fibers stemming from both prefrontal
and frontopolar cortices. ¢% 409297 Many animal and human studies have paved the way towards
a more comprehensive understanding of this fronto-striatal complex and have offered valuable
insights into the topography and morphology of its different subcomponents. However, most of
the existing data in humans derives from sophisticated DWI protocols while there seems to be a
paucity of direct structural evidence much needed to shape a more accurate understanding of
these pathways. In addition, the nomenclature used to describe the subcomponents of this

network is inconstant, thus adding further perplexity.

Indeed, in Table 2 we provide a review of the literature focusing on the structural
evidence of the fronto-caudate connectivity. More specifically, in a DTI study Lehericy and
colleagues aimed to elucidate the SMA and pre-SMA connections to the human striatum.(98)
The authors advocate that the caudate nucleus holds strong connectivity with the pre-SMA while
the putamen is functionally relevant to the SMA and motor cortices. This pre-SMA/caudate
stream is further implicated by the authors to subserve motor preparation and sequencing. Later,
Kamali and colleagues coined the term “Prefronto-caudate pathway” to describe a group of
fibers seen to arise from the prefrontal cortex and to curve around the head of the caudate
nucleus before terminating to the thalamus.®® The authors found the so called prefronto-caudate
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tract to travel medial in relation to the Anterior Thalamic Radiation (ATR) and postulated its
functional implication in a broad spectrum of disorders including schizophrenia, Parkinson’s and
Huntington’s disease. One of the very few studies providing direct structural evidence was that
by Rigoard and colleagues.®® The authors employed focused fiber dissections to explore the
anatomy of the human accumbofrontal fasciculus and proposed three types of connections
between the orbitofrontal cortex (OFC) and the striatum: the accumbofrontal fasciculus
connecting the medial OFC with the nucleus accumbens and the intermediate and the lateral
fasciculi connecting the medial and lateral OFC respectively with the head of the caudate
nucleus. In an elegant study, Kinoshita and colleagues combined evidence from DTI and awake
subcortical mapping and provided useful insights on the structural morphology, connectivity and
function of the pre-SMA/caudate pathway.®” The term “frontostriatal tract” was used to describe
a group of fibers seen to lie medial to the Frontal Aslant Tract and to connect the pre-SMA with
the anterior part of the caudate nucleus. The authors further advocated that this pathway was an
integral part of a wider “negative motor network™ since its stimulation elicited inhibition of
motor initiation in both hemispheres and verbal fluency deficits in the dominant hemisphere. The
topography of the FST proposed in the paper by Kinoshita et al was further supported by Bozgurt
and colleagues in a DTI and fiber dissection study.'®) Again, the FST was identified as a fiber
bundle connecting the pre-SMA with the caudate nucleus. However, in contrast to this anatomo-
functional framework, recent DTI studies support the notion that the frontocaudate pathway
extends to a wider termination area than previously thought, including the dorsolateral,

orbitofrontal and ventrolateral prefrontal cortices.'%%-19?) Similarly, accumulating evidence
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advocates the theory that the fronto-caudate tract is also heavily implicated in behavioral

symptoms including apathy in patients with ADHD.

It is therefore evident that the nomenclature used across studies is variable since some
authors use the term frontocaudate or frontostriatal tract to describe the connectivity between the
pre-SMAU3:98.99) and caudate while others use the same term to include additional fibers
originating from the frontal pole and the dorsolateral, ventrolateral and orbitofrontal cortices.*
96,100-102) This lack of consistent terminology paired with the diverse structural data met among

different research groups adds confusion on the anatomy and functional significance of the

fronto-caudate tract.

In an effort to elucidate this controversial issue, we used focused fiber dissections with
the aim to offer sound evidence on the anatomy and essential characteristics of the FCT. We
intentionally employed the white matter dissection technique as our basic method of
investigation since it is documented to yield direct structural data of high accuracy and as such is
currently used as one of the “gold standards™ for validating DWI results. It needs to be stressed
that although the DWI tractographic technique is a fast and non-invasive method that allows for
real time fiber dissections, it is unfortunately prone to erroneous results mainly due to the effect
of noisy peaks and ambiguous crossing-kissing fiber populations. Therefore, it has been
repeatedly emphasized that even in ideal conditions the accuracy of such an indirect method like

the DWI is inherently limited and further validation is necessary.!% 103

Hence, by using fiber dissections we were able to consistently identify a deep-seated fiber

tract seen to connect a wide area of the prefrontal cortex with the head and anterior part of the
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body of the caudate nucleus. This tract, for which we use the name “fronto-caudate tract” after its
connectivity pattern, exhibits a fan-shaped configuration with wide axonal terminations recorded
towards the DLPFC, VLPFC, pre-SMA, OPPFC and OFC. We were also able to parcellate and
differentiate the fibers radiating from the pre-SMA and dorsolateral prefrontal cortex from those
coming from the frontopolar, orbitofrontal and ventrolateral prefrontal cortices. The former
group of fibers was invariably observed to end posterior to the point marked by the transition of
the head to the body of the caudate nucleus i.e. a point that corresponds to the foramen of Monro,
while the latter group terminated anterior to this point. In this way, we could divide the tract into
two distinct segments i.e. a dorsal one (FCTd) connecting the pre-SMA and DLPFC with the
anterior part of the body of the caudate, and a ventral one (FCTv) connecting the OFPFC,
OPPFC and VLPFC with the head of the caudate nucleus. This structural segmentation pattern is
in agreement with previous studies advocating a functional distinction between a limbic and a

cognitive fronto-striatal stream.
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Further, our findings on the topography and spatial relationships of the FCT are in line
with the relevant literature. The FCT was always encountered to reside lateral to the callosal
radiations and medial to the fibers of the Corona Radiata/Internal Capsule. Interestingly, the
FCTv was seen to lie medial to the anterior limb of the internal capsule while the FCTd was
encountered medial to the fibers of the anterior thalamic radiation that bypass the caudate
nucleus to reach the thalamus. Left — right asymmetries were not observed but instead we
recorded an asymmetry within the FCT itself, with the ventral segment being always thicker and
bulkier than the dorsal. One can therefore hypothesize that the caudate nucleus exhibits stronger
connectivity with the frontopolar and orbitofrontal cortices than with the pre-SMA and

dorsolateral prefrontal cortex.

Functional Role of the FCT.

The results of the current study lend support to traditional theories on the functional
significance of the prefrontocaudate connectivity. Alexander describes three discrete fronto-
striatal circuits: a sensorimotor circuit processing information related to somato-motor and
oculomotor function, an association (or cognitive) circuit connecting the pre-SMA and DLPFC
to the striatum and a limbic circuit connecting the orbitofrontal cortex to the striatum.®? The
association circuit is believed to orchestrate cognitive motor functions, such as visuo-motor
association, sequencing and motor learning. Awake stimulation evidence also supports the notion
that the association circuit is heavily involved in motor initiation and verbal fluency.®® The
limbic circuit in turn is implicated in behavioral inhibition, decision-making and motivation. In
this framework, the fronto-striatal loop has been linked with a wide spectrum of motor and
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behavioral clinical entities like autism, Parkinson and Huntington disease, schizophrenia and
ADHD.#2 43.47.104) Indeed, our proposed connectivity and segmentation pattern offers sound
structural basis for Alexander’s functional paradigm. In that respect, the dorsal FCT seems to

equal the association stream while the ventral FCT is homologous to the limbic stream.

Overall, the Fronto-caudate tract is documented to participate in the functional connectivity of
the caudate nucleus with premotor and prefrontal areas. Hence, it can be conceptualized as a
pathway bridging cognitive and motor behaviors. The caudate nucleus has been advocated to
participate in a plethora of motor and non-motor processes such as procedural and associative
learning and motor initiation and/or inhibition.®” Likewise, the premotor cortex, orchestrates
motor planning, sequencing and modification by integrating internal cognitive and external
sensory cues.® The SMA/pre-SMA complex in turn, controls motor sequencing, internal
generated movement, locomotion and postural stability and also plays a key-role in motor
ignition during volitional movement.”" Finally, the dorsal prefrontal, orbitofrontal and frontal
pole cortices are linked to a wide spectrum of cognitive and behavioral functions including
execution, attention, decision making, complex behavioral planning and social control.1%9) Since
one way to infer the function of subcortical pathways is to map their axonal connectivity, it can
be postulated that the FCT is implicated in integrating high order behaviors such as motor and
speech initiation, inhibition and sequencing, postural and gait stability, locomotion, attention

preservation and shift, reward/reinforcement processes, planning and motivation. It is clear
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however that more clinical data is needed for a thorough understanding of the tract’s anatomo-

functional significance.
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The role of the FCT in modern Neurosurgery

The role of the Ventral Internal Capsule/Ventral Striatum (VCVS) as an effective and
feasible target for DBS in patients with depressive and OCD related conditions has been
thoroughly addressed by recent well-designed clinical studies.(1%-19®) This surgical application
arises from the hypothesis that DBS may act indirectly on the cortex, by intervening with the
underlying white matter.!'®) Because of the wide cortical distribution pattern of fiber pathways,
stimulating a confined area of white matter can putatively affect multiple cortical territories. In
this regard, by stimulating the VCVS one could modify the activity of the orbitofrontal and
medial prefrontal cortices, which are believed to participate in cognitive processes such as that of
behavioral shaping driven by environmental cues. Hence, a better understanding of the spatial
distribution of frontal fibers and their respective termination areas could contribute to a more
effective and sophisticated DBS planning. In this framework, the confined area that the
Frontocaudate Tract converges either to the head of the caudate as the ventral FCT or to the
transition of the caudate head and body as the dorsal FCT may potentially offer novel DBS
targets for motor or psychiatric disorders. This also hold true for the newly introduced

stereotactic ablative procedures used in modern functional neurosurgery.

In modern glioma surgery, awareness should be raised with regard to the implication of
the FCT in what is known as the “negative motor modulatory network”.('!” Evidence from
awake brain mapping studies has linked the stimulation of the frontostriatal circuitry with
intraoperative unilateral or bilateral movement disorders for both hemispheres and verbal fluency
deficits for the dominant one®® Eventhough, the risk of a permanent and complete SMA
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syndrome (contralateral akinesia and mutism) is not high when resecting or transgressing
negative motor areas, indeed deficits in the control of fine motor behaviors, bimanual
coordination and dexterity may be present and should be carefully balanced in the preoperative
planning and decision making.(!'!-112) A tailored approach to achieve the optimal onco-functional
balance for a given patient taking into consideration oncological, functional, occupational and
quality of life characteristics along with the patient’s personal will and consent is the mainstay of
modern neuro-oncological treatment.(!'3) This becomes even more relevant with regard to the
emerging concept of “supratotal resections” applied both in low and high-grade lesions to extent
progression free and overall survival, where a very balanced decision should be carefully made

along the aforementioned lines.

4.4 THE CORTICOTEGMENTAL TRACT

The extrapyramidal system is typically divided in a cortical-basal ganglia-cortical loop
and a descending corticofugal component.©% !4 115 The corticofugal part is further subdivided
into components that are categorized according to their connectivity pattern. To this end, cortico-
rubro-spinal, cortico-rubro-cerebellar, cortico-reticulo-spinal, cortico-tecto-spinal and cortico-
vestibulo-spinal pathways have been identified as distinct functional units within the
extrapyramidal mosaic.(% 3657 115-119 With regard to their macroscopic anatomy, it has been
advocated by previous tractographic studies that the main bulk of the human descending
extrapyramidal fibers converge towards a confined anatomical area within the internal capsule
and form a wide cortico-tegmental system before reaching the brainstem.(!7- 118120, 121) Thig fiber

system can be therefore perceived as an extensive cortico-subcortical river that receives various
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extrapyramidal tributaries. A key anatomical observation in support of the structural relationship
of the CTT to the extrapyramidal circuitry is that the fibers of this bundle were consistently
recorded to connect the cortex with the tegmental area and cannot be allocated to any of the
major sensory pathways passing through the tegmental area since these typically synapse in the

thalamus. (122 123)

Among the most well studied cortico-tegmental subcomponents is the cortico-reticular
tract (CRT). This pathway that allegedly participates in postural control and locomotor function
has attracted special attention during the last decade. More specifically, Yeo and colleagues
published the first DTI study which provides structural evidence on the anatomy of the human
cortico-reticular tract.1?* The authors succeeded in consistently identifying the CRT as a fascicle
initially stemming from the premotor cortex (BA6) and precentral gyrus (BA4), projecting then
medially and anterior to the CST and entering the tegmental area before terminating in the
mesencephalic and pontine reticular formation. In a recent paper Jang and Seo explored the
cortical distribution of the CRT.(?> According to the authors the tract was seen to originate
predominantly from the primary motor and premotor cortex (100% of the hemispheres), with
axons traced in the somatosensory cortex in 76.2% of cases. Later on, the same authors validated
the subcortical distribution of the CRT in agreement with the pattern proposed by Yeo and

colleagues.!!'®

The cortico-rubral projections in turn have been repeatedly investigated in the non-human
primate brain. According to the seminal studies of Humphrey, Gold and Reed, the red nucleus

receives direct cortical input from areas BA4, BA6, BA8 and BA 5.54 3 Nevertheless, very
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limited evidence exists on the related anatomy and connectivity of this tract in the human brain.
Recent DTI studies support the existence of a cortico-rubral pathway connecting the superior
frontal gyrus, superior aspect of the precentral and postcentral gyri and paracentral lobule to the
red nucleus.®* 121:120) According to these reports the cortico-rubral fibers travel within the
internal capsule before reaching their target. Below the level of the red nucleus, the cortico-
rubral fibers seem to be distributed along two descending pathways: the rubro-cerebellar
pathway projecting to the ipsilateral and contralateral cerebellar hemisphere through the superior

cerebellar peduncle and the rubro-spinal entering the lateral funiculus.

While the direct connectivity between the cortex, reticular formation and red nucleus has
been more or less documented, cortical projections to the tectum and oculomotor nuclei have
only been advocated by studies in non-human primates. The term cortico-mesencephalic tract
has been used by Levin in 1936 to describe projections from BAS to the tegmental area. Forty
years later, Astruc and colleagues validated the presence of relevant fibers that originate from
BAS and travel within the internal capsule towards the tegmental area, again in the brain of non-
human primates.('?” However, the presence of a cortico-tectal or cortico-mesencephalic pathway
involved in oculomotor function has not been adequately supported by relevant structural

evidence in humans.

It can be well argued that tractographic studies have offered a crucial yet generic
anatomical perspective of the various fiber tracts that contribute to the corticotegmental
connectivity and therefore it is difficult to draw definite conclusions on the topography and

architecture of the fibers of this system. It is for this reason that we opted to explore the
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structural characteristics of the descending extrapyramidal pathway through a direct anatomical
method like the white matter fiber dissection technique, which as meticulously proven provides
data of high accuracy. Hence, our results reveal that the CTT can be consistently traced as a
distinct white matter pathway traveling in the deep layer of the genu and posterior limb of the
internal capsule. It is always located medial to the CST and exhibits a different fiber orientation,
maintaining a clear but tight cleavage plane from the CST, which aids in their proper
differentiation. In addition, we were able to systematically map the cortical termination pattern
of the CTT. This area includes the superior aspect of motor, premotor, dorsal prefrontal and
somatosensory cortices and coincides with the cortical origin of the various extrapyramidal tracts

as illustrated by previous tractographic studies.

We further went on and tried to parcellate these fibers according to their corresponding
cortical -and therefore functional- origin. As analyzed in the Results section, the fibers
originating from BAS8, BA4/6 and BA1/2/3 share an antero-posterior spatial orientation. Hence,
the CTT can be perceived as a fiber tract composed of 3 distinct anatomo-functional segments:
an anterior segment stemming from the pre-SMA/FEF/DPMC, a middle segment descending
from the DPMC and PMC and a posterior segment carrying fibers from the SC. In a step further,
we meticulously defined the infra-tegmental distribution of these fibers among various
descending pathways projecting to the tectal area (cortico-tectal pathway, cortico-mesencephalic
pathway), superior cerebellar peduncle (cortico-rubro-cerebellar pathway), floor of the fourth
ventricle (projections to locus coeruleus, vestibular nuclei and oculomotor nuclei) and tegmento-
spinal connections towards the anterior(anterior reticulo-spinal) and lateral (lateral reticulo-

spinal and rubro-spinal tracts) funiculus.
|
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The results of this study lend support to the hypothesis that the CTT serves primarily as
an extrapyramidal “conduit”, although it cannot be excluded that fibers conveying different
functions are also included. As such the CTT allegedly represents a carrier of multimodal cues
related to locomotion, postural control, tone adjustment, motor inhibition, organization of

complex movements and reflex control.

Towards a dynamic, hodotopical and delocalized model for motor
behavior: Anatomo-functional substrates and clinical

repercussions.

In neuroscience, the corticospinal and corticobulbar tracts have attracted special interest
and have been extensively studied as key-components for the preservation of motor function. In
this vein and mainly driven by the advent of awake brain mapping techniques, numerous studies
have offered important online data with regard to the function and neural correlates of the
pyramidal circuitry by means of MEPs, direct cortical stimulation of the primary motor cortex
and subcortical stimulation of the corticospinal fibers.(!?8-133) Further and in the same context,
tractographic representations of the CST’s topography have also been used in intraoperative
neuronavigation systems during image guided neurosurgical procedures as a method to preserve
the primary motor circuit and to correlate anatomical, functional and radiological data.(!34-137)

Nonetheless, the same spirit did not apply for the extrapyramidal component of the human motor

network mainly because its structural architecture was for a long period ill defined.
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However, a paradigm-shift is emerging. Our perception of the neural correlates of fine
motor behaviors has significantly changed primarily due to the results of awake brain mapping
studies in combination with novel structural data stemming from white matter dissection and
tractographic techniques.('% 13- 138) [n essence, the role and relationship of the human pyramidal
and extrapyramidal systems in motor organization and execution have been reassessed in the
light of converging anatomo-functional evidence focusing on extrapyramidal pathways like the
fronto-caudate tract, the frontostriatal pathway, the frontal aslant tract, the frontal longitudinal

system etc. and pave the way towards a parallel, delocalized and dynamic model for motor

behavior (48,99, 139, 140)

To this end, clarifying the anatomical architecture of the extrapyramidal system is crucial
to the development of methods to map and further appreciate the role of this network in
programming and execution of movement. The present endeavor is one of the limited studies
offering sound structural evidence on the morphological characteristics of the descending human
extrapyramidal pathway that could be employed intraoperatively to assess its function and

clinical significance. Future studies are definitely needed to further link the spatial structural

distribution with the functional sub-specialization of the human extrapyramidal pathways.
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CHAPTER 5:
COCLUSIONS

5.1 THE DORSAL COMPONENT OF THE SLF

Although the SLF-I has been investigated through a number of sophisticated DTI
protocols and anatomical studies, indeed ambiguity remains not only regarding its exact
structural architecture but also as to whether it represents a discrete anatomical entity or instead
an intrinsic part of the cingulum. Through a focused fiber micro-dissection technique, we were
able to record the SLF-I as a distinct fiber pathway of the medial cerebral aspect in all cases and
elucidate its precise morphological characteristics. Further studies focusing on the axonal
connectivity and functional significance of the SLF-I both in normal and in pathologic conditions

will add on a more refined concept of the cerebral anatomo-functional organization.

5.2 THE FRONTAL LONGITUDINAL SYSTEM

We were able to consistently identify and record the Frontal Longitudinal System as a
group of fibers that reside within the frontal area and run between the prefrontal and premotor
cortices. We additionally managed to elucidate its exact anatomical characteristics including its
morphology, correlative anatomy and termination pattern and readily differentiate it from
adjacent group of fibers such as the Superior Longitudinal Fasciculus. 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 aspect of motor behavior.
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Future studies are definitely needed in order to refine the FLS structure to function relationship

and offer a more sophisticated concept of the circuitry conveying motor actions.

5.2 THE FRONTOCAUDATE TRACT

Literature on the structure of the human fronto-caudate tract (FCT) has been not only
scarce but also vague and at times inconsistent. With the fiber micro-dissection technique in our
armamentarium, we were able provide direct evidence of high accuracy on the topography,
morphology and axonal connectivity of the FCT. We therefore consistently recorded the FCT as
a discrete group of fibers stemming from a wide cortical area, including the pre-SMA, prefrontal
cortex and frontal pole and terminating to the head and anterior part of the body of the caudate
nucleus. The tract could be divided into two segments - dorsal and ventral- according to the
respective connectivity pattern observed. These findings seem to be in agreement with the
putative functional significance attributed to the frontostriatal circuitry in the neuroscientific
literature and can potentially inform current surgical practice in the area of neuro-oncology and

functional neurosurgery.

5.3 THE CORTICOTEGMENTAL TRACT

We were able to readily identify the Corticotegmental Tract(CTT), a group of fibers
connecting the frontal and parietal cortex to the tegmental area. The fibers of the CTT are
putatively assigned to the descending component of the extrapyramidal pathway and are
allegedly implicated in complex motor behavior. In the current study, the intrahemispheric

architecture, morphology and correlative anatomy of the CTT is elucidated for the first time in
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the current literature. Our results provide sound structural evidence on the anatomy of the
descending extrapyramidal system and at the same time offer anatomical information that can be
integrated in the preoperative and intraoperative planning in neuro-oncological cases. Future

studies are needed in order to gain new insights on the CTT structure to function relationship and

to offer a more sophisticated concept of the possible clinical repercussions of this fiber tract.
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CHAPTER 6

INSET OF WHITE MATTER PATHWAYS
IMPLICATED IN THE MOTOR/PREMOTOR

CONNECTIVITY

SPYRIDON G. KOMAITIS MD, MSC 146



SURFACE ANATOMY AND WHITE MATTER CONNECTIVITY OF THE PREMOTOR AND MOTOR AREAS

SLE I

SUPERIOR LONGITUDINAL FASCICULUS I

MOTOR/PREMOTOR/SMA/PRECUNEUS/ANTERIOR CINGULATE

CORTEX CONNECTIVITY
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FL

FRONTAL LONGITUDINAL SYSTEM

PREMOTOR / PREFRONTAL CONNECTIVITY
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FCT/EST

FRONTOCAUDATE TRACT/FRONTOSTRIATAL TRACTS

MOTOR/PREMOTOR / PREFRONTAL/CAUDATE CONNECTIVITY
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FRONTAL ASLANT TRACT

SMA/preSMA/PREMOTOR CONNECTIVITY
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CTT/CST

CORTICOTEGMENTAL TRACT/ CORTICOSPINAL TRACT

MOTOR/SMA/preSMA/PREMOTOR/PREFRONTAL/SOMATOSENSORY/

TEGMENTAL CONNECTIVITY

SPYRIDON G. KOMAITIS MD, MSC 161



SURFACE ANATOMY AND WHITE MATTER CONNECTIVITY OF THE PREMOTOR AND MOTOR AREAS

____________________________________________________________________________________________________|
SPYRIDON G. KOMAITIS MD, MSC 162



SURFACE ANATOMY AND WHITE MATTER CONNECTIVITY OF THE PREMOTOR AND MOTOR AREAS

____________________________________________________________________________________________________|
SPYRIDON G. KOMAITIS MD, MSC 163



SURFACE ANATOMY AND WHITE MATTER CONNECTIVITY OF THE PREMOTOR AND MOTOR AREAS

____________________________________________________________________________________________________|
SPYRIDON G. KOMAITIS MD, MSC 164



SURFACE ANATOMY AND WHITE MATTER CONNECTIVITY OF THE PREMOTOR AND MOTOR AREAS

____________________________________________________________________________________________________|
SPYRIDON G. KOMAITIS MD, MSC 165



SURFACE ANATOMY AND WHITE MATTER CONNECTIVITY OF THE PREMOTOR AND MOTOR AREAS

____________________________________________________________________________________________________|
SPYRIDON G. KOMAITIS MD, MSC 166



SURFACE ANATOMY AND WHITE MATTER CONNECTIVITY OF THE PREMOTOR AND MOTOR AREAS

____________________________________________________________________________________________________|
SPYRIDON G. KOMAITIS MD, MSC 167



SURFACE ANATOMY AND WHITE MATTER CONNECTIVITY OF THE PREMOTOR AND MOTOR AREAS

____________________________________________________________________________________________________|
SPYRIDON G. KOMAITIS MD, MSC 168



SURFACE ANATOMY AND WHITE MATTER CONNECTIVITY OF THE PREMOTOR AND MOTOR AREAS

THE KLINGLER’S WHITE MATTER FIBER MICRO-
DISSECTION TECHNIQUE: STRENGTHS AND LIMITATIONS

The Klingler’s preparation entails the fixation of cerebral hemispheres in a formalin solution
followed by a freeze-thaw process.('*!) The ice crystals that form during the freezing process
separate the white matter fibers apart and therefore one can subsequently identify and dissect
them in the setting of a micro-neurosurgical laboratory. As recently documented by Zemmoura
and colleagues this procedure preserves the structural integrity of the nerve axons, and therefore
the direct anatomical evidence provided is of high sensitivity and accuracy.®? Furthermore, the
three-dimensional architecture of the subcortical pathways and their spatial relationships are
maintained and can be explored. For these reasons, the fiber dissection technique is one of the
“gold standard” direct anatomical methods used to validate indirect structural data coming from

DWI tractographic protocols.(!®)

The fiber micro-dissection method is however an expensive, time-consuming, operator
dependent and in vitro technique. The spatial resolution of the data provided is lower in
comparison to histology, optical coherence tomography and polarized light imaging while there
are also limitations when simultaneously exploring fiber tracts with intermingling perpendicular

trajectories because the proper dissection of the one can result in the destruction of the other.(4%

143)

____________________________________________________________________________________________________|
SPYRIDON G. KOMAITIS MD, MSC 169



SURFACE ANATOMY AND WHITE MATTER CONNECTIVITY OF THE PREMOTOR AND MOTOR AREAS

____________________________________________________________________________________________________|
SPYRIDON G. KOMAITIS MD, MSC 170



SURFACE ANATOMY AND WHITE MATTER CONNECTIVITY OF THE PREMOTOR AND MOTOR AREAS

REFERENCES (BY ORDER OF APPEARANCE)

1. Krestel H, Annoni JM, Jagella C. White matter in aphasia: a historical review of the
Dejerines' studies. Brain Lang. 2013;127(3):526-32.

2. Petrides M, Pandya DN. Projections to the frontal cortex from the posterior parietal
region in the rhesus monkey. J Comp Neurol. 1984;228(1):105-16.

3. Makris N, Kennedy DN, Mclnerney S, Sorensen AG, Wang R, Caviness VS, Jr., et al.
Segmentation of subcomponents within the superior longitudinal fascicle in humans: a
quantitative, in vivo, DT-MRI study. Cereb Cortex. 2005;15(6):854-69.

4. Dick AS, Bernal B, Tremblay P. The language connectome: new pathways, new
concepts. Neuroscientist. 2014;20(5):453-67.

5. Kamali A, Flanders AE, Brody J, Hunter JV, Hasan KM. Tracing superior longitudinal
fasciculus connectivity in the human brain using high resolution diffusion tensor tractography.
Brain Struct Funct. 2014;219(1):269-81.

6. Martino J, De Lucas EM. Subcortical anatomy of the lateral association fascicles of the
brain: A review. Clin Anat. 2014;27(4):563-9.

7. Koutsarnakis C, Liakos F, Kalyvas AV, Sakas DE, Stranjalis G. A Laboratory Manual for
Stepwise Cerebral White Matter Fiber Dissection. World Neurosurg. 2015;84(2):483-93.

8. Yagmurlu K, Vlasak AL, Rhoton AL, Jr. Three-dimensional topographic fiber tract

anatomy of the cerebrum. Neurosurgery. 2015;11 Suppl 2:274-305; discussion

____________________________________________________________________________________________________|
SPYRIDON G. KOMAITIS MD, MSC 171



SURFACE ANATOMY AND WHITE MATTER CONNECTIVITY OF THE PREMOTOR AND MOTOR AREAS

9. Schmahmann JD, Pandya DN, Wang R, Dai G, D'Arceuil HE, de Crespigny AlJ, et al.
Association fibre pathways of the brain: parallel observations from diffusion spectrum imaging
and autoradiography. Brain. 2007;130(Pt 3):630-53.

10.  Jang SH, Hong JH. The anatomical characteristics of superior longitudinal fasciculus I in
human brain: Diffusion tensor tractography study. Neurosci Lett. 2012;506(1):146-8.

11. Hecht EE, Gutman DA, Bradley BA, Preuss TM, Stout D. Virtual dissection and
comparative connectivity of the superior longitudinal fasciculus in chimpanzees and humans.
Neuroimage. 2015;108:124-37.

12. Wang X, Pathak S, Stefaneanu L, Yeh FC, Li S, Fernandez-Miranda JC. Subcomponents
and connectivity of the superior longitudinal fasciculus in the human brain. Brain Struct Funct.
2016;221(4):2075-92.

13. Bozkurt B, Yagmurlu K, Middlebrooks EH, Karadag A, Ovalioglu TC, Jagadeesan B, et
al. Microsurgical and Tractographic Anatomy of the Supplementary Motor Area Complex in
Humans. World Neurosurg. 2016;95:99-107.

14. Wu Y, Sun D, Wang Y, Wang Y, Ou S. Segmentation of the Cingulum Bundle in the
Human Brain: A New Perspective Based on DSI Tractography and Fiber Dissection Study. Front
Neuroanat. 2016;10:84.

15. Yagmurlu K, Middlebrooks EH, Tanriover N, Rhoton AL, Jr. Fiber tracts of the dorsal
language stream in the human brain. J Neurosurg. 2016;124(5):1396-405.

16. Baydin S, Gungor A, Tanriover N, Baran O, Middlebrooks EH, Rhoton AL, Jr. Fiber

Tracts of the Medial and Inferior Surfaces of the Cerebrum. World Neurosurg. 2017;98:34-49.

____________________________________________________________________________________________________|
SPYRIDON G. KOMAITIS MD, MSC 172



SURFACE ANATOMY AND WHITE MATTER CONNECTIVITY OF THE PREMOTOR AND MOTOR AREAS

17. Agrawal A, Kapfhammer JP, Kress A, Wichers H, Deep A, Feindel W, et al. Josef
Klingler's models of white matter tracts: influences on neuroanatomy, neurosurgery, and
neuroimaging. Neurosurgery. 2011;69(2):238-52; discussion 52-4.

18. Thomas C, Ye FQ, Irfanoglu MO, Modi P, Saleem KS, Leopold DA, et al. Anatomical
accuracy of brain connections derived from diffusion MRI tractography is inherently limited.
Proc Natl Acad Sci U S A.2014;111(46):16574-9.

19.  Liakos F, Koutsarnakis C. The role of white matter dissection technique in modern
neuroimaging: can neuroradiologists benefit from its use? Surg Radiol Anat. 2016;38(2):275-6.
20. Zemmoura I, Blanchard E, Raynal PI, Rousselot-Denis C, Destrieux C, Velut S. How
Klingler's dissection permits exploration of brain structural connectivity? An electron
microscopy study of human white matter. Brain Struct Funct. 2016;221(5):2477-86.

21.  Hoshi E. Functional specialization within the dorsolateral prefrontal cortex: a review of
anatomical and physiological studies of non-human primates. Neurosci Res. 2006;54(2):73-84.
22. Abe M, Hanakawa T, Takayama Y, Kuroki C, Ogawa S, Fukuyama H. Functional
coupling of human prefrontal and premotor areas during cognitive manipulation. J Neurosci.
2007;27(13):3429-38.

23. Duque J, Labruna L, Verset S, Olivier E, Ivry RB. Dissociating the role of prefrontal and
premotor cortices in controlling inhibitory mechanisms during motor preparation. J Neurosci.
2012;32(3):806-16.

24. Lu MT, Preston JB, Strick PL. Interconnections between the prefrontal cortex and the

premotor areas in the frontal lobe. J Comp Neurol. 1994;341(3):375-92.

____________________________________________________________________________________________________|
SPYRIDON G. KOMAITIS MD, MSC 173



SURFACE ANATOMY AND WHITE MATTER CONNECTIVITY OF THE PREMOTOR AND MOTOR AREAS

25.  Hanakawa T. Rostral premotor cortex as a gateway between motor and cognitive
networks. Neurosci Res. 2011;70(2):144-54.

26.  Rizzolatti G, Fogassi L, Gallese V. Motor and cognitive functions of the ventral premotor
cortex. Curr Opin Neurobiol. 2002;12(2):149-54.

27. Desrochers TM, Chatham CH, Badre D. The Necessity of Rostrolateral Prefrontal Cortex
for Higher-Level Sequential Behavior. Neuron. 2015;87(6):1357-68.

28. Schubotz RI, Anwander A, Knosche TR, von Cramon DY, Tittgemeyer M. Anatomical
and functional parcellation of the human lateral premotor cortex. Neuroimage. 2010;50(2):396-
408.

29.  Hardwick RM, Rottschy C, Miall RC, Eickhoff SB. A quantitative meta-analysis and
review of motor learning in the human brain. Neuroimage. 2013;67:283-97.

30.  Levy BJ, Wagner AD. Cognitive control and right ventrolateral prefrontal cortex:
reflexive reorienting, motor inhibition, and action updating. Ann N 'Y Acad Sci. 2011;1224:40-
62.

31.  Pilacinski A, Wallscheid M, Lindner A. Human posterior parietal and dorsal premotor
cortex encode the visual properties of an upcoming action. PLoS One. 2018;13(10):e0198051.
32. Bozkurt B, Yagmurlu K, Middlebrooks EH, Cayci Z, Cevik OM, Karadag A, et al. Fiber
Connections of the Supplementary Motor Area Revisited: Methodology of Fiber Dissection,
DTI, and Three Dimensional Documentation. J Vis Exp. 2017(123).

33. Catani M, Dell'acqua F, Vergani F, Malik F, Hodge H, Roy P, et al. Short frontal lobe

connections of the human brain. Cortex. 2012;48(2):273-91.

____________________________________________________________________________________________________|
SPYRIDON G. KOMAITIS MD, MSC 174



SURFACE ANATOMY AND WHITE MATTER CONNECTIVITY OF THE PREMOTOR AND MOTOR AREAS

34. Martino J, De Witt Hamer PC, Berger MS, Lawton MT, Arnold CM, de Lucas EM, et al.
Analysis of the subcomponents and cortical terminations of the perisylvian superior longitudinal
fasciculus: a fiber dissection and DTI tractography study. Brain Struct Funct. 2013;218(1):105-
21.

35.  Bernal B, Altman N. The connectivity of the superior longitudinal fasciculus: a
tractography DTI study. Magn Reson Imaging. 2010;28(2):217-25.

36.  Meynert T, Sachs B. Psychiatry : a clinical treatise on diseases of the fore-brain based
upon a study of its structure, functions, and nutrition. Pt. I, Pt. I. New York: G.P. Putnam's Sons;
1885.

37.  Muratoff V. Secundare Degenerationen nach Durchschneidung des Balkens.
Neurologisches Centralblatt, 12: 714-729. 1893.

38. Yakovlev PI, Locke S. Limbic nuclei of thalamus and connections of limbic cortex. III.
Corticocortical connections of the anterior cingulate gyrus, the cingulum, and the subcallosal
bundle in monkey. Arch Neurol. 1961;5:364-400.

39.  Alexander GE, Crutcher MD. Functional architecture of basal ganglia circuits: neural
substrates of parallel processing. Trends Neurosci. 1990;13(7):266-71.

40. Webster KE. The Cortico-Striatal Projection in the Cat. J Anat. 1965;99:329-37.

41. Graff-Radford J, Williams L, Jones DT, Benarroch EE. Caudate nucleus as a component
of networks controlling behavior. Neurology. 2017;89(21):2192-7.

42. Zgaljardic DJ, Borod JC, Foldi NS, Mattis P. A review of the cognitive and behavioral
sequelae of Parkinson's disease: relationship to frontostriatal circuitry. Cogn Behav Neurol.

2003;16(4):193-210.

____________________________________________________________________________________________________|
SPYRIDON G. KOMAITIS MD, MSC 175



SURFACE ANATOMY AND WHITE MATTER CONNECTIVITY OF THE PREMOTOR AND MOTOR AREAS

43, Schneider MF, Krick CM, Retz W, Hengesch G, Retz-Junginger P, Reith W, et al.
Impairment of fronto-striatal and parietal cerebral networks correlates with attention deficit
hyperactivity disorder (ADHD) psychopathology in adults - a functional magnetic resonance
imaging (fMRI) study. Psychiatry Res. 2010;183(1):75-84.

44, Rothemund Y, Buchwald C, Georgiewa P, Bohner G, Bauknecht HC, Ballmaier M, et al.
Compulsivity predicts fronto striatal activation in severely anorectic individuals. Neuroscience.
2011;197:242-50.

45, Quide Y, Morris RW, Shepherd AM, Rowland JE, Green MJ. Task-related fronto-striatal
functional connectivity during working memory performance in schizophrenia. Schizophr Res.
2013;150(2-3):468-75.

46. Nakamae T, Sakai Y, Abe Y, Nishida S, Fukui K, Yamada K, et al. Altered fronto-striatal
fiber topography and connectivity in obsessive-compulsive disorder. PLoS One.
2014;9(11):e112075.

47. De Paepe AE, Sierpowska J, Garcia-Gorro C, Martinez-Horta S, Perez-Perez J,
Kulisevsky J, et al. White matter cortico-striatal tracts predict apathy subtypes in Huntington's
disease. Neuroimage Clin. 2019;24:101965.

48. Komaitis S, Kalyvas AV, Skandalakis GP, Drosos E, Lani E, Liouta E, et al. The frontal
longitudinal system as revealed through the fiber microdissection technique: structural evidence
underpinning the direct connectivity of the prefrontal-premotor circuitry. J Neurosurg. 2019:1-
13.

49.  de Oliveira-Souza R, Tovar-Moll F. The unbearable lightness of the extrapyramidal

system. J Hist Neurosci. 2012;21(3):280-92.

____________________________________________________________________________________________________|
SPYRIDON G. KOMAITIS MD, MSC 176



SURFACE ANATOMY AND WHITE MATTER CONNECTIVITY OF THE PREMOTOR AND MOTOR AREAS

50. Rossi GF, Brodal A. Corticofugal fibres to the brain-stem reticular formation; an
experimental study in the cat. J Anat. 1956;90(1):42-62.

51. Nathan PW, Smith MC. The rubrospinal and central tegmental tracts in man. Brain.
1982;105(Pt 2):223-69.

52.  Yang HS, Kwon HG, Hong JH, Hong CP, Jang SH. The rubrospinal tract in the human
brain: diffusion tensor imaging study. Neurosci Lett. 2011;504(1):45-8.

53. Cacciola A, Milardi D, Basile GA, Bertino S, Calamuneri A, Chillemi G, et al. The
cortico-rubral and cerebello-rubral pathways are topographically organized within the human red
nucleus. Sci Rep. 2019;9(1):12117.

54. Humphrey DR, Gold R, Reed DJ. Sizes, laminar and topographic origins of cortical
projections to the major divisions of the red nucleus in the monkey. J Comp Neurol.
1984;225(1):75-94.

55. Humphrey DR, Rietz RR. Cells of origin of corticorubral projections from the arm area
of primate motor cortex and their synaptic actions in the red nucleus. Brain Res.
1976;110(1):162-9.

56. Fregosi M, Contestabile A, Badoud S, Borgognon S, Cottet J, Brunet JF, et al.
Corticotectal Projections From the Premotor or Primary Motor Cortex After Cortical Lesion or
Parkinsonian Symptoms in Adult Macaque Monkeys: A Pilot Tracing Study. Front Neuroanat.
2019;13:50.

57.  Fries W. Inputs from motor and premotor cortex to the superior colliculus of the macaque

monkey. Behav Brain Res. 1985;18(2):95-105.

____________________________________________________________________________________________________|
SPYRIDON G. KOMAITIS MD, MSC 177



SURFACE ANATOMY AND WHITE MATTER CONNECTIVITY OF THE PREMOTOR AND MOTOR AREAS

58. Koutsarnakis C, Liakos F, Liouta E, Themistoklis K, Sakas D, Stranjalis G. The cerebral
isthmus: fiber tract anatomy, functional significance, and surgical considerations. J Neurosurg.
2016;124(2):450-62.

59. Mayka MA, Corcos DM, Leurgans SE, Vaillancourt DE. Three-dimensional locations
and boundaries of motor and premotor cortices as defined by functional brain imaging: a meta-
analysis. Neuroimage. 2006;31(4):1453-74.

60.  Preuss TM, Stepniewska I, Kaas JH. Movement representation in the dorsal and ventral
premotor areas of owl monkeys: a microstimulation study. J Comp Neurol. 1996;371(4):649-76.
61. Fornito A, Yucel M, Wood S, Stuart GW, Buchanan JA, Proffitt T, et al. Individual
differences in anterior cingulate/paracingulate morphology are related to executive functions in
healthy males. Cereb Cortex. 2004;14(4):424-31.

62. Fornito A, Malhi GS, Lagopoulos J, Ivanovski B, Wood SJ, Saling MM, et al.
Anatomical abnormalities of the anterior cingulate and paracingulate cortex in patients with
bipolar I disorder. Psychiatry Res. 2008;162(2):123-32.

63. Wei X, Yin Y, Rong M, Zhang J, Wang L, Wu Y, et al. Paracingulate Sulcus Asymmetry
in the Human Brain: Effects of Sex, Handedness, and Race. Sci Rep. 2017;7:42033.

64. Monroy-Sosa A, Jennings J, Chakravarthi S, Fukui MB, Celix J, Kojis N, et al.
Microsurgical Anatomy of the Vertical Rami of the Superior Longitudinal Fasciculus: An
Intraparietal Sulcus Dissection Study. Oper Neurosurg (Hagerstown). 2018.

65. Maldonado IL, Mandonnet E, Duffau H. Dorsal fronto-parietal connections of the human
brain: a fiber dissection study of their composition and anatomical relationships. Anat Rec

(Hoboken). 2012;295(2):187-95.

____________________________________________________________________________________________________|
SPYRIDON G. KOMAITIS MD, MSC 178



SURFACE ANATOMY AND WHITE MATTER CONNECTIVITY OF THE PREMOTOR AND MOTOR AREAS

66. Thiebaut de Schotten M, Dell' Acqua F, Forkel SJ, Simmons A, Vergani F, Murphy DG,
et al. A lateralized brain network for visuospatial attention. Nat Neurosci. 2011;14(10):1245-6.
67. Hikosaka O, Sakai K, Miyauchi S, Takino R, Sasaki Y, Putz B. Activation of human
presupplementary motor area in learning of sequential procedures: a functional MRI study. J
Neurophysiol. 1996;76(1):617-21.

68.  Roberts RE, Husain M. A dissociation between stopping and switching actions following
a lesion of the pre-supplementary motor area. Cortex. 2015;63:184-95.

69.  TanjiJ, Shima K. Role for supplementary motor area cells in planning several
movements ahead. Nature. 1994;371(6496):413-6.

70.  Cunnington R, Windischberger C, Deecke L, Moser E. The preparation and execution of
self-initiated and externally-triggered movement: a study of event-related fMRI. Neuroimage.
2002;15(2):373-85.

71.  Toyokura M, Muro I, Komiya T, Obara M. Activation of pre-supplementary motor area
(SMA) and SMA proper during unimanual and bimanual complex sequences: an analysis using
functional magnetic resonance imaging. J Neuroimaging. 2002;12(2):172-8.

72.  Picard N, Strick PL. Activation of the supplementary motor area (SMA) during
performance of visually guided movements. Cereb Cortex. 2003;13(9):977-86.

73. Chung GH, Han YM, Jeong SH, Jack CR, Jr. Functional heterogeneity of the
supplementary motor area. AJNR Am J Neuroradiol. 2005;26(7):1819-23.

74. Cavina-Pratesi C, Connolly JD, Monaco S, Figley TD, Milner AD, Schenk T, et al.
Human neuroimaging reveals the subcomponents of grasping, reaching and pointing actions.

Cortex. 2018;98:128-48.

____________________________________________________________________________________________________|
SPYRIDON G. KOMAITIS MD, MSC 179



SURFACE ANATOMY AND WHITE MATTER CONNECTIVITY OF THE PREMOTOR AND MOTOR AREAS

75.  Filimon F, Nelson JD, Huang RS, Sereno MI. Multiple parietal reach regions in humans:
cortical representations for visual and proprioceptive feedback during on-line reaching. J
Neurosci. 2009;29(9):2961-71.

76. Dohle C, Stephan KM, Valvoda JT, Hosseiny O, Tellmann L, Kuhlen T, et al.
Representation of virtual arm movements in precuneus. Exp Brain Res. 2011;208(4):543-55.
77.  Zhang S, Li CS. Functional connectivity mapping of the human precuneus by resting
state fMRI. Neuroimage. 2012;59(4):3548-62.

78. Rossit S, McAdam T, McLean DA, Goodale MA, Culham JC. fMRI reveals a lower
visual field preference for hand actions in human superior parieto-occipital cortex (SPOC) and
precuneus. Cortex. 2013;49(9):2525-41.

79. Tosoni A, Shulman GL, Pope AL, McAvoy MP, Corbetta M. Distinct representations for
shifts of spatial attention and changes of reward contingencies in the human brain. Cortex.
2013;49(6):1733-49.

80. Utevsky AV, Smith DV, Huettel SA. Precuneus is a functional core of the default-mode
network. J Neurosci. 2014;34(3):932-40.

81. Bruner E, Preuss TM, Chen X, Rilling JK. Evidence for expansion of the precuneus in
human evolution. Brain Struct Funct. 2017;222(2):1053-60.

82. Parlatini V, Radua J, Dell'Acqua F, Leslie A, Simmons A, Murphy DG, et al. Functional
segregation and integration within fronto-parietal networks. Neuroimage. 2017;146:367-75.

83.  Chouinard PA, Paus T. The primary motor and premotor areas of the human cerebral

cortex. Neuroscientist. 2006;12(2):143-52.

____________________________________________________________________________________________________|
SPYRIDON G. KOMAITIS MD, MSC 180



SURFACE ANATOMY AND WHITE MATTER CONNECTIVITY OF THE PREMOTOR AND MOTOR AREAS

84.  Schubotz RI, von Cramon DY . Functional-anatomical concepts of human premotor
cortex: evidence from fMRI and PET studies. Neuroimage. 2003;20 Suppl 1:5S120-31.

85. Lee JH, van Donkelaar P. The human dorsal premotor cortex generates on-line error
corrections during sensorimotor adaptation. J Neurosci. 2006;26(12):3330-4.

86. Simon SR, Meunier M, Piettre L, Berardi AM, Segebarth CM, Boussaoud D. Spatial
attention and memory versus motor preparation: premotor cortex involvement as revealed by
fMRI. J Neurophysiol. 2002;88(4):2047-57.

87. Le Bihan D, Poupon C, Amadon A, Lethimonnier F. Artifacts and pitfalls in diffusion
MRI. J Magn Reson Imaging. 2006;24(3):478-88.

88. Vos SB, Jones DK, Viergever MA, Leemans A. Partial volume effect as a hidden
covariate in DTT analyses. Neuroimage. 2011;55(4):1566-76.

89. Schmahmann JD, Smith EE, Eichler FS, Filley CM. Cerebral white matter:
neuroanatomy, clinical neurology, and neurobehavioral correlates. Ann N 'Y Acad Sci.
2008;1142:266-309.

90.  Baker CM, Burks JD, Briggs RG, Conner AK, Glenn CA, Morgan JP, et al. A
Connectomic Atlas of the Human Cerebrum-Chapter 2: The Lateral Frontal Lobe. Oper
Neurosurg (Hagerstown). 2018;15(suppl_1):S10-S74.

91. Conner AK, Briggs RG, Rahimi M, Sali G, Baker CM, Burks JD, et al. A Connectomic
Atlas of the Human Cerebrum-Chapter 10: Tractographic Description of the Superior
Longitudinal Fasciculus. Oper Neurosurg (Hagerstown). 2018;15(suppl_1):S407-S22.

92. Hattori T, McGeer EG, McGeer PL. Fine structural analysis of the cortico-striatal

pathway. J Comp Neurol. 1979;185(2):347-53.

____________________________________________________________________________________________________|
SPYRIDON G. KOMAITIS MD, MSC 181



SURFACE ANATOMY AND WHITE MATTER CONNECTIVITY OF THE PREMOTOR AND MOTOR AREAS

93.  Kamali A, Kramer LA, Hasan KM. Feasibility of prefronto-caudate pathway
tractography using high resolution diffusion tensor tractography data at 3T. J Neurosci Methods.
2010;191(2):249-54.

94, Leh SE, Ptito A, Chakravarty MM, Strafella AP. Fronto-striatal connections in the human
brain: a probabilistic diffusion tractography study. Neurosci Lett. 2007;419(2):113-8.

95. Puglisi G, Howells H, Sciortino T, Leonetti A, Rossi M, Conti Nibali M, et al. Frontal
pathways in cognitive control: direct evidence from intraoperative stimulation and diffusion
tractography. Brain. 2019;142(8):2451-65.

96. Rigoard P, Buffenoir K, Jaafari N, Giot JP, Houeto JL, Mertens P, et al. The
accumbofrontal fasciculus in the human brain: a microsurgical anatomical study. Neurosurgery.
2011;68(4):1102-11; discussion 11.

97. Robinson JL, Laird AR, Glahn DC, Blangero J, Sanghera MK, Pessoa L, et al. The
functional connectivity of the human caudate: an application of meta-analytic connectivity
modeling with behavioral filtering. Neuroimage. 2012;60(1):117-29.

98. Lehericy S, Ducros M, Krainik A, Francois C, Van de Moortele PF, Ugurbil K, et al. 3-D
diffusion tensor axonal tracking shows distinct SMA and pre-SMA projections to the human
striatum. Cereb Cortex. 2004;14(12):1302-9.

99. Kinoshita M, de Champfleur NM, Deverdun J, Moritz-Gasser S, Herbet G, Duffau H.
Role of fronto-striatal tract and frontal aslant tract in movement and speech: an axonal mapping
study. Brain Struct Funct. 2015;220(6):3399-412.

100. Lin HY, Gau SS, Huang-Gu SL, Shang CY, Wu YH, Tseng WY. Neural substrates of

behavioral variability in attention deficit hyperactivity disorder: based on ex-Gaussian reaction

____________________________________________________________________________________________________|
SPYRIDON G. KOMAITIS MD, MSC 182



SURFACE ANATOMY AND WHITE MATTER CONNECTIVITY OF THE PREMOTOR AND MOTOR AREAS

time distribution and diffusion spectrum imaging tractography. Psychol Med. 2014;44(8):1751-
64.

101.  Shang CY, Wu YH, Gau SS, Tseng WY . Disturbed microstructural integrity of the
frontostriatal fiber pathways and executive dysfunction in children with attention deficit
hyperactivity disorder. Psychol Med. 2013;43(5):1093-107.

102. Chiang HL, Chen YJ, Lo YC, Tseng WY, Gau SS. Altered white matter tract property
related to impaired focused attention, sustained attention, cognitive impulsivity and vigilance in
attention-deficit/ hyperactivity disorder. J Psychiatry Neurosci. 2015;40(5):325-35.

103. Maier-Hein KH, Neher PF, Houde JC, Cote MA, Garyfallidis E, Zhong J, et al. The
challenge of mapping the human connectome based on diffusion tractography. Nat Commun.
2017;8(1):1349.

104. Langen M, Leemans A, Johnston P, Ecker C, Daly E, Murphy CM, et al. Fronto-striatal
circuitry and inhibitory control in autism: findings from diffusion tensor imaging tractography.
Cortex. 2012;48(2):183-93.

105. Otani S. Prefrontal cortex function, quasi-physiological stimuli, and synaptic plasticity. J
Physiol Paris. 2003;97(4-6):423-30.

106. Senova S, Clair AH, Palfi S, Yelnik J, Domenech P, Mallet L. Deep Brain Stimulation
for Refractory Obsessive-Compulsive Disorder: Towards an Individualized Approach. Front
Psychiatry. 2019;10:905.

107. Denys D, Graat I, Mocking R, de Koning P, Vulink N, Figee M, et al. Efficacy of Deep
Brain Stimulation of the Ventral Anterior Limb of the Internal Capsule for Refractory Obsessive-

Compulsive Disorder: A Clinical Cohort of 70 Patients. Am J Psychiatry. 2020;177(3):265-71.

____________________________________________________________________________________________________|
SPYRIDON G. KOMAITIS MD, MSC 183



SURFACE ANATOMY AND WHITE MATTER CONNECTIVITY OF THE PREMOTOR AND MOTOR AREAS

108. van der Wal JM, Bergfeld 10, Lok A, Mantione M, Figee M, Notten P, et al. Long-term
deep brain stimulation of the ventral anterior limb of the internal capsule for treatment-resistant
depression. J Neurol Neurosurg Psychiatry. 2020;91(2):189-95.

109.  Widge AS, Zorowitz S, Basu I, Paulk AC, Cash SS, Eskandar EN, et al. Deep brain
stimulation of the internal capsule enhances human cognitive control and prefrontal cortex
function. Nat Commun. 2019;10(1):1536.

110. Rech F, Herbet G, Gaudeau Y, Mezieres S, Moureau JM, Moritz-Gasser S, et al. A
probabilistic map of negative motor areas of the upper limb and face: a brain stimulation study.
Brain. 2019;142(4):952-65.

111.  Vilasboas T, Herbet G, Duffau H. Challenging the Myth of Right Nondominant
Hemisphere: Lessons from Corticosubcortical Stimulation Mapping in Awake Surgery and
Surgical Implications. World Neurosurg. 2017;103:449-56.

112. Rech F, Herbet G, Moritz-Gasser S, Duffau H. Somatotopic organization of the white
matter tracts underpinning motor control in humans: an electrical stimulation study. Brain Struct
Funct. 2016;221(7):3743-53.

113. Rech F, Duffau H, Pinelli C, Masson A, Roublot P, Billy-Jacques A, et al. Intraoperative
identification of the negative motor network during awake surgery to prevent deficit following
brain resection in premotor regions. Neurochirurgie. 2017;63(3):235-42.

114. Hassler R. Fiber connections within the extrapyramidal system. Confin Neurol.
1974;36(4-6):237-55.

115. Brodal A. Some Data and Perspectives on the Anatomy of the So-Called "Extrapyramidal

System". Acta Neurol Scand Suppl. 1963;39(4):SUPPL 4:17-38.

____________________________________________________________________________________________________|
SPYRIDON G. KOMAITIS MD, MSC 184



SURFACE ANATOMY AND WHITE MATTER CONNECTIVITY OF THE PREMOTOR AND MOTOR AREAS

116. Jang SH, Chang CH, Jung YJ, Seo YS. Restoration of the corticoreticular pathway
following shunt operation for hydrocephalus in a stroke patient. Medicine (Baltimore).
2018;97(4):e9512.

117.  Jang SH, Lee SJ. Corticoreticular Tract in the Human Brain: A Mini Review. Front
Neurol. 2019;10:1188.

118. Jang SH, Seo JP. The anatomical location of the corticoreticular pathway at the
subcortical white matter in the human brain: A diffusion tensor imaging study. Somatosens Mot
Res. 2015;32(2):106-9.

119.  Yeo SS, Jang SH, Son SM. The different maturation of the corticospinal tract and
corticoreticular pathway in normal brain development: diffusion tensor imaging study. Front
Hum Neurosci. 2014;8:573.

120. Milardi D, Cacciola A, Cutroneo G, Marino S, Irrera M, Cacciola G, et al. Red nucleus
connectivity as revealed by constrained spherical deconvolution tractography. Neurosci Lett.
2016;626:68-73.

121. Habas C, Cabanis EA. Cortical projections to the human red nucleus: a diffusion tensor
tractography study with a 1.5-T MRI machine. Neuroradiology. 2006;48(10):755-62.

122.  Kamali A, Kramer LA, Butler 1J, Hasan KM. Diffusion tensor tractography of the
somatosensory system in the human brainstem: initial findings using high isotropic spatial
resolution at 3.0 T. Eur Radiol. 2009;19(6):1480-8.

123.  McCormick DA, Bal T. Sensory gating mechanisms of the thalamus. Curr Opin

Neurobiol. 1994;4(4):550-6.

____________________________________________________________________________________________________|
SPYRIDON G. KOMAITIS MD, MSC 185



SURFACE ANATOMY AND WHITE MATTER CONNECTIVITY OF THE PREMOTOR AND MOTOR AREAS

124.  Yeo SS, Chang MC, Kwon YH, Jung YJ, Jang SH. Corticoreticular pathway in the
human brain: diffusion tensor tractography study. Neurosci Lett. 2012;508(1):9-12.

125.  Jang SH, Seo JP. The distribution of the cortical origin of the corticoreticular pathway in
the human brain: a diffusion tensor imaging study. Somatosens Mot Res. 2014;31(4):204-8.
126. Palmer C, Schmidt EM, McIntosh JS. Corticospinal and corticorubral projections from
the supplementary motor area in the monkey. Brain Res. 1981;209(2):305-14.

127. Wagman IH, Mehler WR. Physiology and anatomy of the cortico-oculomotor
mechanism. Prog Brain Res. 1972;37:619-35.

128. Moiyadi A, Velayutham P, Shetty P, Seidel K, Janu A, Madhugiri V, et al. Combined
Motor Evoked Potential Monitoring and Subcortical Dynamic Mapping in Motor Eloquent
Tumors Allows Safer and Extended Resections. World Neurosurg. 2018;120:e259-e68.

129. Han SJ, Morshed RA, Troncon I, Jordan KM, Henry RG, Hervey-Jumper SL, et al.
Subcortical stimulation mapping of descending motor pathways for perirolandic gliomas:
assessment of morbidity and functional outcome in 702 cases. J Neurosurg. 2018;131(1):201-8.
130. Shiban E, Krieg SM, Haller B, Buchmann N, Obermueller T, Boeckh-Behrens T, et al.
Intraoperative subcortical motor evoked potential stimulation: how close is the corticospinal
tract? J Neurosurg. 2015;123(3):711-20.

131.  Duffau H. Recovery from complete hemiplegia following resection of a retrocentral
metastasis: the prognostic value of intraoperative cortical stimulation. J Neurosurg.
2001;95(6):1050-2.

132.  Lehericy S, Duffau H, Cornu P, Capelle L, Pidoux B, Carpentier A, et al.

Correspondence between functional magnetic resonance imaging somatotopy and individual

____________________________________________________________________________________________________|
SPYRIDON G. KOMAITIS MD, MSC 186



SURFACE ANATOMY AND WHITE MATTER CONNECTIVITY OF THE PREMOTOR AND MOTOR AREAS

brain anatomy of the central region: comparison with intraoperative stimulation in patients with
brain tumors. J Neurosurg. 2000;92(4):589-98.

133.  Deletis V, Sala F. Subcortical stimulation (mapping) of the corticospinal tract. Clin
Neurophysiol. 2011;122(7):1275-6.

134.  Flouty O, Reddy C, Holland M, Kovach C, Kawasaki H, Oya H, et al. Precision surgery
of rolandic glioma and insights from extended functional mapping. Clin Neurol Neurosurg.
2017;163:60-6.

135.  Munnich T, Klein J, Hattingen E, Noack A, Herrmann E, Seifert V, et al. Tractography
Verified by Intraoperative Magnetic Resonance Imaging and Subcortical Stimulation During
Tumor Resection Near the Corticospinal Tract. Oper Neurosurg (Hagerstown). 2019;16(2):197-
210.

136. Javadi SA, Nabavi A, Giordano M, Faghihzadeh E, Samii A. Evaluation of Diffusion
Tensor Imaging-Based Tractography of the Corticospinal Tract: A Correlative Study With
Intraoperative Magnetic Resonance Imaging and Direct Electrical Subcortical Stimulation.
Neurosurgery. 2017;80(2):287-99.

137. Ostry S, Belsan T, Otahal J, Benes V, Netuka D. Is intraoperative diffusion tensor
imaging at 3.0T comparable to subcortical corticospinal tract mapping? Neurosurgery.
2013;73(5):797-807; discussion 6-7.

138. Filevich E, Kuhn S, Haggard P. Negative motor phenomena in cortical stimulation:

implications for inhibitory control of human action. Cortex. 2012;48(10):1251-61.

____________________________________________________________________________________________________|
SPYRIDON G. KOMAITIS MD, MSC 187



SURFACE ANATOMY AND WHITE MATTER CONNECTIVITY OF THE PREMOTOR AND MOTOR AREAS

139. Komaitis S, Skandalakis GP, Kalyvas AV, Drosos E, Lani E, Emelifeonwu J, et al.
Dorsal component of the superior longitudinal fasciculus revisited: novel insights from a focused
fiber dissection study. J Neurosurg. 2019:1-14.

140. Budisavljevic S, Dell'Acqua F, Djordjilovic V, Miotto D, Motta R, Castiello U. The role
of the frontal aslant tract and premotor connections in visually guided hand movements.
Neuroimage. 2017;146:419-28.

141. Klingler J, Klingler J, Klingler J. Erleichterung der makroskopischen Priparation des
Gehirn durch den Gefrierprozess. 1935.

142.  Dammers J, Axer M, Grassel D, Palm C, Zilles K, Amunts K, et al. Signal enhancement
in polarized light imaging by means of independent component analysis. Neuroimage.
2010;49(2):1241-8.

143.  Magnain C, Augustinack JC, Reuter M, Wachinger C, Frosch MP, Ragan T, et al.
Blockface histology with optical coherence tomography: a comparison with Nissl staining.

Neuroimage. 2014;84:524-33.

____________________________________________________________________________________________________|
SPYRIDON G. KOMAITIS MD, MSC 188



SURFACE ANATOMY AND WHITE MATTER CONNECTIVITY OF THE PREMOTOR AND MOTOR AREAS

REFERENCES (BY ALPHABETICAL ORDER)

Abe M, Hanakawa T, Takayama Y, Kuroki C, Ogawa S, Fukuyama H: Functional coupling
of human prefrontal and premotor areas during cognitive manipulation. J Neurosci 27:3429-

3438, 2007

Agrawal A, Kapfhammer JP, Kress A, Wichers H, Deep A, Feindel W, et al: Josef Klingler's
models of white matter tracts: influences on neuroanatomy, neurosurgery, and neuroimaging.

Neurosurgery 69:238-252; discussion 252-234, 2011

Alexander GE, Crutcher MD. Functional architecture of basal ganglia circuits: neural

substrates of parallel processing. Trends Neurosci. 1990;13(7):266-271.

Baker CM, Burks JD, Briggs RG, Conner AK, Glenn CA, Morgan JP, et al: A Connectomic
Atlas of the Human Cerebrum-Chapter 2: The Lateral Frontal Lobe. Oper Neurosurg

(Hagerstown) 15:S10-S74, 2018

Baydin S, Gungor A, Tanriover N, Baran O, Middlebrooks EH, Rhoton AL, Jr.: Fiber Tracts
of the Medial and Inferior Surfaces of the Cerebrum. World Neurosurg 98:34-49,2017
Bernal B, Altman N: The connectivity of the superior longitudinal fasciculus: a tractography

DTI study. Magn Reson Imaging 28:217-225, 2010

____________________________________________________________________________________________________|
SPYRIDON G. KOMAITIS MD, MSC 189



SURFACE ANATOMY AND WHITE MATTER CONNECTIVITY OF THE PREMOTOR AND MOTOR AREAS

Bozkurt B, Yagmurlu K, Middlebrooks EH, Cayci Z, Cevik OM, Karadag A, et al: Fiber
Connections of the Supplementary Motor Area Revisited: Methodology of Fiber Dissection,

DTI, and Three Dimensional Documentation. J Vis Exp, 2017

Bozkurt B, Yagmurlu K, Middlebrooks EH, et al. Microsurgical and Tractographic Anatomy
of the Supplementary Motor Area Complex in Humans. World Neurosurg. 2016;95:99-107.
Bozkurt B, Yagmurlu K, Middlebrooks EH, Karadag A, Ovalioglu TC, Jagadeesan B, et al:
Microsurgical and Tractographic Anatomy of the Supplementary Motor Area Complex in

Humans. World Neurosurg 95:99-107, 2016

Brodal A. Some Data and Perspectives on the Anatomy of the So-Called "Extrapyramidal

System". Acta Neurol Scand Suppl. 1963;39(4):SUPPL 4:17-38.

Bruner E, Preuss TM, Chen X, Rilling JK: Evidence for expansion of the precuneus in human

evolution. Brain Struct Funct 222:1053-1060, 2017

Budisavljevic S, Dell'Acqua F, Djordjilovic V, Miotto D, et al. The role of the frontal aslant
tract and premotor connections in visually guided hand movements. Neuroimage.

2017;146:419-428.

____________________________________________________________________________________________________|
SPYRIDON G. KOMAITIS MD, MSC 190



SURFACE ANATOMY AND WHITE MATTER CONNECTIVITY OF THE PREMOTOR AND MOTOR AREAS

Cacciola A, Milardi D, Basile GA, Bertino S, et al. The cortico-rubral and cerebello-rubral

pathways are topographically organized within the human red nucleus. Sci Rep.

2019;9(1):12117.

Catani M, Dell'acqua F, Vergani F, et al. Short frontal lobe connections of the human brain.

Cortex.2012;48(2):273-291.

Catani M, Dell'acqua F, Vergani F, Malik F, Hodge H, Roy P, et al: Short frontal lobe
connections of the human brain. Cortex 48:273-291, 2012
Cavina-Pratesi C, Connolly JD, Monaco S, Figley TD, Milner AD, Schenk T, et al: Human

neuroimaging reveals the subcomponents of grasping, reaching and pointing actions. Cortex

98:128-148,2018

Chiang HL, Chen YJ, Lo YC, Tseng WY, Gau SS. Altered white matter tract property related
to impaired focused attention, sustained attention, cognitive impulsivity and vigilance in

attention-deficit/ hyperactivity disorder. J Psychiatry Neurosci.2015;40(5):325-335.

Chouinard PA, Paus T: The primary motor and premotor areas of the human cerebral cortex.

Neuroscientist 12:143-152, 2006

Chung GH, Han YM, Jeong SH, Jack CR, Jr.: Functional heterogeneity of the supplementary

motor area. AINR Am J Neuroradiol 26:1819-1823, 2005

____________________________________________________________________________________________________|
SPYRIDON G. KOMAITIS MD, MSC 191



SURFACE ANATOMY AND WHITE MATTER CONNECTIVITY OF THE PREMOTOR AND MOTOR AREAS

Conner AK, Briggs RG, Rahimi M, Sali G, Baker CM, Burks JD, et al: A Connectomic Atlas
of the Human Cerebrum-Chapter 10: Tractographic Description of the Superior Longitudinal

Fasciculus. Oper Neurosurg (Hagerstown) 15:S407-S422,2018

Cunnington R, Windischberger C, Deecke L, Moser E: The preparation and execution of self-
initiated and externally-triggered movement: a study of event-related fMRI. Neuroimage

15:373-385, 2002

Dammers J, Axer M, Grassel D, Palm C, Zilles K, Amunts K, et al: Signal enhancement in
polarized light imaging by means of independent component analysis. Neuroimage 49:1241-
1248,2010

De Oliveira-Souza R, Tovar-Moll F. The unbearable lightness of the extrapyramidal system.

J Hist Neurosci.2012;21(3):280-292.

De Paepe AE, Sierpowska J, Garcia-Gorro C, et al. White matter cortico-striatal tracts predict

apathy subtypes in Huntington's disease. Neuroimage Clin.2019;24:101965.

Deletis V, Sala F. Subcortical stimulation (mapping) of the corticospinal tract. Clin

Neurophysiol.2011;122(7):1275-1276.

____________________________________________________________________________________________________|
SPYRIDON G. KOMAITIS MD, MSC 192



SURFACE ANATOMY AND WHITE MATTER CONNECTIVITY OF THE PREMOTOR AND MOTOR AREAS

Denys D, Graat I, Mocking R, et al. Efficacy of Deep Brain Stimulation of the Ventral
Anterior Limb of the Internal Capsule for Refractory Obsessive-Compulsive Disorder: A

Clinical Cohort of 70 Patients. Am J Psychiatry.2020;177(3):265-271.

Desrochers TM, Chatham CH, Badre D: The Necessity of Rostrolateral Prefrontal Cortex for

Higher-Level Sequential Behavior. Neuron 87:1357-1368, 2015

Dick AS, Bernal B, Tremblay P: The language connectome: new pathways, new concepts.

Neuroscientist 20:453-467, 2014

Dohle C, Stephan KM, Valvoda JT, Hosseiny O, Tellmann L, Kuhlen T, et al: Representation

of virtual arm movements in precuneus. Exp Brain Res 208:543-555, 2011

Duffau H. Recovery from complete hemiplegia following resection of a retrocentral
metastasis: the prognostic value of intraoperative cortical stimulation. J Neurosurg.
2001;95(6):1050-1052.

Duque J, Labruna L, Verset S, Olivier E, Ivry RB: Dissociating the role of prefrontal and
premotor cortices in controlling inhibitory mechanisms during motor preparation. J Neurosci

32:806-816, 2012

Filevich E, Kuhn S, Haggard P. Negative motor phenomena in cortical stimulation:

implications for inhibitory control of human action. Cortex. 2012;48(10):1251-1261.

____________________________________________________________________________________________________|
SPYRIDON G. KOMAITIS MD, MSC 193



SURFACE ANATOMY AND WHITE MATTER CONNECTIVITY OF THE PREMOTOR AND MOTOR AREAS

Filimon F, Nelson JD, Huang RS, Sereno MI: Multiple parietal reach regions in humans:
cortical representations for visual and proprioceptive feedback during on-line reaching. J

Neurosci 29:2961-2971, 2009

Flouty O, Reddy C, Holland M, Kovach C, et al. Precision surgery of rolandic glioma and

insights from extended functional mapping. Clin Neurol Neurosurg.2017;163:60-66.

Fornito A, Malhi GS, Lagopoulos J, Ivanovski B, Wood SJ, Saling MM, et al: Anatomical
abnormalities of the anterior cingulate and paracingulate cortex in patients with bipolar I

disorder. Psychiatry Res 162:123-132, 2008

Fornito A, Yucel M, Wood S, Stuart GW, Buchanan JA, Proffitt T, et al: Individual differences
in anterior cingulate/paracingulate morphology are related to executive functions in healthy

males. Cereb Cortex 14:424-431, 2004

Fregosi M, Contestabile A, Badoud S, Borgognon S, et al. Corticotectal Projections From the
Premotor or Primary Motor Cortex After Cortical Lesion or Parkinsonian Symptoms in Adult

Macaque Monkeys: A Pilot Tracing Study. Front Neuroanat.2019;13:50.

Fries W. Inputs from motor and premotor cortex to the superior colliculus of the macaque

monkey. Behav Brain Res. 1985;18(2):95-105.

____________________________________________________________________________________________________|
SPYRIDON G. KOMAITIS MD, MSC 194



SURFACE ANATOMY AND WHITE MATTER CONNECTIVITY OF THE PREMOTOR AND MOTOR AREAS

Goergen CJ, Radhakrishnan H, Sakadzic S, Mandeville ET, Lo EH, Sosnovik DE, et al:
Optical coherence tractography using intrinsic contrast. Opt Lett 37:3882-3884, 2012
Graff-Radford J, Williams L, Jones DT, Benarroch EE. Caudate nucleus as a component of

networks controlling behavior. Neurology.2017;89(21):2192-2197.

Habas C, Cabanis EA. Cortical projections to the human red nucleus: a diffusion tensor
tractography study with a 1.5-T MRI machine. Neuroradiology. 2006;48(10):755-762.

Han SJ, Morshed RA, Troncon I, Jordan KM, et al. Subcortical stimulation mapping of
descending motor pathways for perirolandic gliomas: assessment of morbidity and functional

outcome in 702 cases. J Neurosurg.2018;131(1):201-208.

Hanakawa T: Rostral premotor cortex as a gateway between motor and cognitive networks.

Neurosci Res 70:144-154, 2011

Hardwick RM, Rottschy C, Miall RC, Eickhoff SB: A quantitative meta-analysis and review

of motor learning in the human brain. Neuroimage 67:283-297,2013

Hassler R. Fiber connections within the extrapyramidal system. Confin Neurol. 1974;36(4-

6):237-255.

____________________________________________________________________________________________________|
SPYRIDON G. KOMAITIS MD, MSC 195



SURFACE ANATOMY AND WHITE MATTER CONNECTIVITY OF THE PREMOTOR AND MOTOR AREAS

Hattori T, McGeer EG, McGeer PL. Fine structural analysis of the cortico-striatal pathway. J

Comp Neurol. 1979;185(2):347-353.

Hecht EE, Gutman DA, Bradley BA, Preuss TM, Stout D: Virtual dissection and comparative

connectivity of the superior longitudinal fasciculus in chimpanzees and humans. Neuroimage

108:124-137,2015

Hikosaka O, Sakai K, Miyauchi S, Takino R, Sasaki Y, Putz B: Activation of human

presupplementary motor area in learning of sequential procedures: a functional MRI study. J

Neurophysiol 76:617-621, 1996

Hoshi E: Functional specialization within the dorsolateral prefrontal cortex: a review of
anatomical and physiological studies of non-human primates. Neurosci Res 54:73-84, 2006
Humphrey DR, Gold R, Reed DJ. Sizes, laminar and topographic origins of cortical
projections to the major divisions of the red nucleus in the monkey. J Comp Neurol.

1984:225(1):75-94.

Humphrey DR, Rietz RR. Cells of origin of corticorubral projections from the arm area of
primate motor cortex and their synaptic actions in the red nucleus. Brain Res.

1976;110(1):162-169.

SPYRIDON G. KOMAITIS MD, MSC 196



SURFACE ANATOMY AND WHITE MATTER CONNECTIVITY OF THE PREMOTOR AND MOTOR AREAS

Jang SH, Chang CH, Jung YJ, Seo YS. Restoration of the corticoreticular pathway following
shunt operation for hydrocephalus in a stroke patient. Medicine (Baltimore).

2018;97(4):€9512.

Jang SH, Hong JH: The anatomical characteristics of superior longitudinal fasciculus I in

human brain: Diffusion tensor tractography study. Neurosci Lett 506:146-148, 2012

Jang SH, Lee SJ. Corticoreticular Tract in the Human Brain: A Mini Review. Front Neurol.

2019;10:1188.

Jang SH, Seo JP. The anatomical location of the corticoreticular pathway at the subcortical
white matter in the human brain: A diffusion tensor imaging study. Somatosens Mot Res.

2015;32(2):106-109.

Jang SH, Seo JP. The distribution of the cortical origin of the corticoreticular pathway in the
human brain: a diffusion tensor imaging study. Somatosens Mot Res. 2014;31(4):204-208.
Javadi SA, Nabavi A, Giordano M, Faghihzadeh E, et al. Evaluation of Diffusion Tensor
Imaging-Based Tractography of the Corticospinal Tract: A Correlative Study With
Intraoperative Magnetic Resonance Imaging and Direct Electrical Subcortical Stimulation.

Neurosurgery. 2017;80(2):287-299.

____________________________________________________________________________________________________|
SPYRIDON G. KOMAITIS MD, MSC 197



SURFACE ANATOMY AND WHITE MATTER CONNECTIVITY OF THE PREMOTOR AND MOTOR AREAS

Kamali A, Flanders AE, Brody J, Hunter JV, Hasan KM: Tracing superior longitudinal
fasciculus connectivity in the human brain using high resolution diffusion tensor tractography.

Brain Struct Funct 219:269-281, 2014

Kamali A, Kramer LA, Butler 1J, Hasan KM. Diffusion tensor tractography of the
somatosensory system in the human brainstem: initial findings using high isotropic spatial

resolution at 3.0 T. Eur Radiol. 2009;19(6):1480-1488.

Kamali A, Kramer LA, Hasan KM. Feasibility of prefronto-caudate pathwaytractography
using high resolution diffusion tensor tractography data at 3T. J Neurosci Methods.

2010;191(2):249-254.

Kinoshita M, de Champfleur NM, Deverdun J, Moritz-Gasser S, et al. Role of fronto-striatal
tract and frontal aslant tract in movement and speech: an axonal mapping study. Brain Struct

Funct.2015;220(6):3399-3412.

Kinoshita M, de Champfleur NM, Deverdun J, Moritz-Gasser S, Herbet G, Duffau H. Role of
fronto-striatal tract and frontal aslant tract in movement and speech: an axonal mapping

study. Brain Struct Funct. 2015;220(6):3399-3412.

Klingler J: Erleichterung der makrokopischen Priparation des Gehirns durch den

Gefrierprozess: Orell Fiissli, 1935

____________________________________________________________________________________________________|
SPYRIDON G. KOMAITIS MD, MSC 198



SURFACE ANATOMY AND WHITE MATTER CONNECTIVITY OF THE PREMOTOR AND MOTOR AREAS

Komaitis S, Kalyvas AV, Skandalakis GP, Drosos E, et al. The frontal longitudinal system as
revealed through the fiber microdissection technique: structural evidence underpinning the

direct connectivity of the prefrontal-premotor circuitry. J Neurosurg.2019:1-13.

Komaitis S, Skandalakis GP, Kalyvas AV, Drosos E, Lani E, Emelifeonwu J, et al: Dorsal
component of the superior longitudinal fasciculus revisited: novel insights from a focused

fiber dissection study. J Neurosurg:1-14,2019

Koutsarnakis C, Kalyvas AV, Komaitis S, Liakos F, Skandalakis GP, Anagnostopoulos C, et
al: Defining the relationship of the optic radiation to the roof and floor of the ventricular

atrium: a focused microanatomical study. J Neurosurg:1-12,2018

Koutsarnakis C, Kalyvas AV, Skandalakis GP, et al. Sledge runner fasciculus: anatomic
architecture and tractographic morphology. Brain Struct Funct.2019;224(3):1051-1066.
Koutsarnakis C, Kalyvas AV, Skandalakis GP, Karavasilis E, Christidi F, Komaitis S, et al:
Sledge runner fasciculus: anatomic architecture and tractographic morphology. Brain Struct

Funct, 2019

Koutsarnakis C, Liakos F, Kalyvas AV, Sakas DE, Stranjalis G: A Laboratory Manual for

Stepwise Cerebral White Matter Fiber Dissection. World Neurosurg 84:483-493,2015

____________________________________________________________________________________________________|
SPYRIDON G. KOMAITIS MD, MSC 199



SURFACE ANATOMY AND WHITE MATTER CONNECTIVITY OF THE PREMOTOR AND MOTOR AREAS

Koutsarnakis C, Liakos F, Kalyvas AV, Skandalakis GP, Komaitis S, Christidi F, et al: The
Superior Frontal Transsulcal Approach to the Anterior Ventricular System: Exploring the

Sulcal and Subcortical Anatomy Using Anatomic Dissections and Diffusion Tensor Imaging

Tractography. World Neurosurg 106:339-354, 2017

Koutsarnakis C, Liakos F, Liouta E, Themistoklis K, Sakas D, Stranjalis G: The cerebral
isthmus: fiber tract anatomy, functional significance, and surgical considerations. J

Neurosurg 124:450-462, 2016

Krestel H, Annoni JM, Jagella C: White matter in aphasia: a historical review of the Dejerines'
studies. Brain Lang 127:526-532, 2013
Langen M, Leemans A, Johnston P, et al. Fronto-striatal circuitry and inhibitory control in

autism: findings from diffusion tensor imaging tractography. Cortex. 2012;48(2):183-193.

Le Bihan D, Poupon C, Amadon A, Lethimonnier F: Artifacts and pitfalls in diffusion MRI. J

Magn Reson Imaging 24:478-488, 2006

Lee JH, van Donkelaar P: The human dorsal premotor cortex generates on-line error

corrections during sensorimotor adaptation. J Neurosci 26:3330-3334, 2006

Leh SE, Ptito A, Chakravarty MM, Strafella AP. Fronto-striatal connections in the human

brain: a probabilistic diffusion tractography study. Neurosci Lett. 2007;419(2):113-118.

SPYRIDON G. KOMAITIS MD, MSC 200



SURFACE ANATOMY AND WHITE MATTER CONNECTIVITY OF THE PREMOTOR AND MOTOR AREAS

Lehericy S, Ducros M, Krainik A, et al. 3-D diffusion tensor axonal tracking shows distinct
SMA and pre-SMA projections to the human striatum. Cereb Cortex. 2004;14(12):1302-

1309.

Lehericy S, Duffau H, Cornu P, Capelle L, et al. Correspondence between functional
magnetic resonance imaging somatotopy and individual brain anatomy of the central region:
comparison with intraoperative stimulation in patients with brain tumors. J Neurosurg.

2000;92(4):589-598.

Levy BJ, Wagner AD: Cognitive control and right ventrolateral prefrontal cortex: reflexive

reorienting, motor inhibition, and action updating. Ann N 'Y Acad Sci 1224:40-62, 2011

Liakos F, Koutsarnakis C: The role of white matter dissection technique in modern

neuroimaging: can neuroradiologists benefit from its use? Surg Radiol Anat 38:275-276,2016

Lin HY, Gau SS, Huang-Gu SL, Shang CY, Wu YH, Tseng WY. Neural substrates of
behavioral variability in attention deficit hyperactivity disorder: based on ex-Gaussian

reaction time distribution and diffusion spectrum imaging tractography. Psychol Med.

2014;44(8):1751-1764.

SPYRIDON G. KOMAITIS MD, MSC 201



SURFACE ANATOMY AND WHITE MATTER CONNECTIVITY OF THE PREMOTOR AND MOTOR AREAS

Lu MT, Preston JB, Strick PL: Interconnections between the prefrontal cortex and the

premotor areas in the frontal lobe. J Comp Neurol 341:375-392, 1994

Magnain C, Augustinack JC, Reuter M, Wachinger C, Frosch MP, Ragan T, et al: Blockface
histology with optical coherence tomography: a comparison with Nissl staining. Neuroimage

84:524-533,2014

Maier-Hein KH, Neher PF, Houde JC, et al. The challenge of mapping the human

connectome based on diffusion tractography. Nat Commun. 2017;8(1):1349.

Makris N, Kennedy DN, Mclnerney S, Sorensen AG, Wang R, Caviness VS, Jr., et al:
Segmentation of subcomponents within the superior longitudinal fascicle in humans: a

quantitative, in vivo, DT-MRI study. Cereb Cortex 15:854-869, 2005

Maldonado IL, Mandonnet E, Duffau H: Dorsal fronto-parietal connections of the human
brain: a fiber dissection study of their composition and anatomical relationships. Anat Rec

(Hoboken) 295:187-195, 2012

Martino J, De Lucas EM: Subcortical anatomy of the lateral association fascicles of the

brain: A review. Clin Anat 27:563-569, 2014

____________________________________________________________________________________________________|
SPYRIDON G. KOMAITIS MD, MSC 202



SURFACE ANATOMY AND WHITE MATTER CONNECTIVITY OF THE PREMOTOR AND MOTOR AREAS

Martino J, De Witt Hamer PC, Berger MS, Lawton MT, Arnold CM, de Lucas EM, et al:
Analysis of the subcomponents and cortical terminations of the perisylvian superior
longitudinal fasciculus: a fiber dissection and DTI tractography study. Brain Struct Funct

218:105-121,2013

Mayka MA, Corcos DM, Leurgans SE, Vaillancourt DE: Three-dimensional locations and
boundaries of motor and premotor cortices as defined by functional brain imaging: a meta-

analysis. Neuroimage 31:1453-1474, 2006

McCormick DA, Bal T. Sensory gating mechanisms of the thalamus. Curr Opin Neurobiol.

1994:4(4):550-556.

Meynert T, Sachs B. Psychiatry : a clinical treatise on diseases of the fore-brain based upon
a study of its structure, functions, and nutrition. Pt. I, Pt. [. New York: G.P. Putnam's Sons;

1885.

Milardi D, Cacciola A, Cutroneo G, Marino S, et al. Red nucleus connectivity as revealed by

constrained spherical deconvolution tractography. Neurosci Lett. 2016;626:68-73.

Moiyadi A, Velayutham P, Shetty P, Seidel K, et al. Combined Motor Evoked Potential
Monitoring and Subcortical Dynamic Mapping in Motor Eloquent Tumors Allows Safer and

Extended Resections. World Neurosurg. 2018;120:€259-268.

____________________________________________________________________________________________________|
SPYRIDON G. KOMAITIS MD, MSC 203



SURFACE ANATOMY AND WHITE MATTER CONNECTIVITY OF THE PREMOTOR AND MOTOR AREAS

Monroy-Sosa A, Jennings J, Chakravarthi S, Fukui MB, Celix J, Kojis N, et al: Microsurgical
Anatomy of the Vertical Rami of the Superior Longitudinal Fasciculus: An Intraparietal Sulcus

Dissection Study. Oper Neurosurg (Hagerstown), 2018

Munnich T, Klein J, Hattingen E, Noack A, et al. Tractography Verified by Intraoperative
Magnetic Resonance Imaging and Subcortical Stimulation During Tumor Resection Near the

Corticospinal Tract. Oper Neurosurg (Hagerstown). 2019;16(2):197-210.

Muratoff V. Secundare Degenerationen nach Durchschneidung des Balkens. Neurologisches

Centralblatt, 12: 714-729. 1893.

Nakamae T, Sakai Y, Abe Y, et al. Altered fronto-striatal fiber topography and connectivity

in obsessive-compulsive disorder. PLoS One. 2014;9(11):e112075.

Nathan PW, Smith MC. The rubrospinal and central tegmental tracts in man. Brain.

1982;105(Pt 2):223-269.

Ostry S, Belsan T, Otahal J, Benes V, et al. Is intraoperative diffusion tensor imaging at 3.0T
comparable to subcortical corticospinal tract mapping? Neurosurgery. 2013;73(5):797-807;

discussion 806-797.

____________________________________________________________________________________________________|
SPYRIDON G. KOMAITIS MD, MSC 204



SURFACE ANATOMY AND WHITE MATTER CONNECTIVITY OF THE PREMOTOR AND MOTOR AREAS

Otani S. Prefrontal cortex function, quasi-physiological stimuli, and synaptic plasticity. J

Physiol Paris. 2003;97(4-6):423-430.

Palm C, Axer M, Grassel D, Dammers J, Lindemeyer J, Zilles K, et al: Towards ultra-high
resolution fibre tract mapping of the human brain - registration of polarised light images and

reorientation of fibre vectors. Front Hum Neurosci 4:9, 2010

Palmer C, Schmidt EM, Mclntosh JS. Corticospinal and corticorubral projections from the

supplementary motor area in the monkey. Brain Res. 1981;209(2):305-314.

Parlatini V, Radua J, Dell'Acqua F, Leslie A, Simmons A, Murphy DG, et al: Functional

segregation and integration within fronto-parietal networks. Neuroimage 146:367-375,2017

Petrides M, Pandya DN: Projections to the frontal cortex from the posterior parietal region in

the rhesus monkey. J Comp Neurol 228:105-116, 1984

Picard N, Strick PL: Activation of the supplementary motor area (SMA) during performance

of visually guided movements. Cereb Cortex 13:977-986, 2003

Pilacinski A, Wallscheid M, Lindner A: Human posterior parietal and dorsal premotor cortex

encode the visual properties of an upcoming action. PLoS One 13:e0198051, 2018

____________________________________________________________________________________________________|
SPYRIDON G. KOMAITIS MD, MSC 205



SURFACE ANATOMY AND WHITE MATTER CONNECTIVITY OF THE PREMOTOR AND MOTOR AREAS

Preuss TM, Stepniewska I, Kaas JH: Movement representation in the dorsal and ventral
premotor areas of owl monkeys: a microstimulation study. J Comp Neurol 371:649-676,

1996

Puglisi G, Howells H, Sciortino T, et al. Frontal pathways in cognitive control: direct
evidence from intraoperative stimulation and diffusion tractography. Brain.

2019;142(8):2451-2465.

Quide Y, Morris RW, Shepherd AM, Rowland JE, Green MJ. Task-related fronto-striatal
functional connectivity during working memory performance in schizophrenia. Schizophr

Res. 2013;150(2-3):468-475.

Rech F, Duffau H, Pinelli C, et al. Intraoperative identification of the negative motor network
during awake surgery to prevent deficit following brain resection in premotor regions.

Neurochirurgie. 2017;63(3):235-242.

Rech F, Herbet G, Gaudeau Y, et al. A probabilistic map of negative motor areas of the upper

limb and face: a brain stimulation study. Brain. 2019;142(4):952-965.

Rech F, Herbet G, Moritz-Gasser S, Duffau H. Somatotopic organization of the white matter
tracts underpinning motor control in humans: an electrical stimulation study. Brain Struct

Funct. 2016;221(7):3743-3753.

____________________________________________________________________________________________________|
SPYRIDON G. KOMAITIS MD, MSC 206



SURFACE ANATOMY AND WHITE MATTER CONNECTIVITY OF THE PREMOTOR AND MOTOR AREAS

Rigoard P, Buffenoir K, Jaafari N, et al. The accumbofrontal fasciculus in the human brain: a

microsurgical anatomical study. Neurosurgery.2011;68(4):1102-1111; discussion 1111.

Rizzolatti G, Fogassi L, Gallese V: Motor and cognitive functions of the ventral premotor

cortex. Curr Opin Neurobiol 12:149-154, 2002

Roberts RE, Husain M: A dissociation between stopping and switching actions following a

lesion of the pre-supplementary motor area. Cortex 63:184-195, 2015

Robinson JL, Laird AR, Glahn DC, et al. The functional connectivity of the human caudate:
an application of meta-analytic connectivity modeling with behavioral filtering. Neuroimage.

2012;60(1):117-129.

Rossi GF, Brodal A. Corticofugal fibres to the brain-stem reticular formation; an

experimental study in the cat. J Anat. 1956;90(1):42-62.

Rossit S, McAdam T, McLean DA, Goodale MA, Culham JC: fMRI reveals a lower visual
field preference for hand actions in human superior parieto-occipital cortex (SPOC) and

precuneus. Cortex 49:2525-2541, 2013

____________________________________________________________________________________________________|
SPYRIDON G. KOMAITIS MD, MSC 207



SURFACE ANATOMY AND WHITE MATTER CONNECTIVITY OF THE PREMOTOR AND MOTOR AREAS

Rothemund Y, Buchwald C, Georgiewa P, et al. Compulsivity predicts fronto striatal

activation in severely anorectic individuals. Neuroscience.2011;197:242-250.

Sarubbo S, De Benedictis A, Maldonado IL, Basso G, Duffau H: Frontal terminations for the
inferior fronto-occipital fascicle: anatomical dissection, DTI study and functional

considerations on a multi-component bundle. Brain Struct Funct 218:21-37, 2013

Schmahmann JD, Pandya DN, Wang R, Dai G, D'Arceuil HE, de Crespigny AJ, et al:
Association fibre pathways of the brain: parallel observations from diffusion spectrum imaging

and autoradiography. Brain 130:630-653, 2007

Schmahmann JD, Smith EE, Eichler FS, Filley CM: Cerebral white matter: neuroanatomy,

clinical neurology, and neurobehavioral correlates. Ann N'Y Acad Sci 1142:266-309, 2008

Schneider MF, Krick CM, Retz W, et al. Impairment of fronto-striatal and parietal cerebral
networks correlates with attention deficit hyperactivity disorder (ADHD) psychopathology in
adults - a functional magnetic resonance imaging (fMRI) study. Psychiatry Res.

2010;183(1):75-84.

Schubotz RI, Anwander A, Knosche TR, von Cramon DY, Tittgemeyer M: Anatomical and

functional parcellation of the human lateral premotor cortex. Neuroimage 50:396-408,2010

____________________________________________________________________________________________________|
SPYRIDON G. KOMAITIS MD, MSC 208



SURFACE ANATOMY AND WHITE MATTER CONNECTIVITY OF THE PREMOTOR AND MOTOR AREAS

Schubotz RI, von Cramon DY: Functional-anatomical concepts of human premotor cortex:

evidence from fMRI and PET studies. Neuroimage 20 Suppl 1:S120-131, 2003

Senova S, Clair AH, Palfi S, Yelnik J, Domenech P, Mallet L. Deep Brain Stimulation for
Refractory Obsessive-Compulsive Disorder: Towards an Individualized Approach. Front

Psychiatry.2019;10:905.

Shang CY, Wu YH, Gau SS, Tseng WY . Disturbed microstructural integrity of the
frontostriatal fiber pathways and executive dysfunction in children with attention deficit

hyperactivity disorder. Psychol Med. 2013;43(5):1093-1107.

Shiban E, Krieg SM, Haller B, Buchmann N, et al. Intraoperative subcortical motor evoked
potential stimulation: how close is the corticospinal tract? J Neurosurg. 2015;123(3):711-

720.

Simon SR, Meunier M, Piettre L, Berardi AM, Segebarth CM, Boussaoud D: Spatial
attention and memory versus motor preparation: premotor cortex involvement as revealed by

fMRI. J Neurophysiol 88:2047-2057, 2002

Tanji J, Shima K: Role for supplementary motor area cells in planning several movements

ahead. Nature 371:413-416, 1994

____________________________________________________________________________________________________|
SPYRIDON G. KOMAITIS MD, MSC 209



SURFACE ANATOMY AND WHITE MATTER CONNECTIVITY OF THE PREMOTOR AND MOTOR AREAS

Thiebaut de Schotten M, Dell'Acqua F, Forkel SJ, Simmons A, Vergani F, Murphy DG, et al:

A lateralized brain network for visuospatial attention. Nat Neurosci 14:1245-1246, 2011

Thomas C, Ye FQ, Irfanoglu MO, Modi P, Saleem KS, Leopold DA, et al: Anatomical
accuracy of brain connections derived from diffusion MRI tractography is inherently limited.

Proc Natl Acad Sci U S A 111:16574-16579, 2014

Tosoni A, Shulman GL, Pope AL, McAvoy MP, Corbetta M: Distinct representations for shifts

of spatial attention and changes of reward contingencies in the human brain. Cortex 49:1733-

1749,2013

Toyokura M, Muro I, Komiya T, Obara M: Activation of pre-supplementary motor area (SMA)
and SMA proper during unimanual and bimanual complex sequences: an analysis using

functional magnetic resonance imaging. J Neuroimaging 12:172-178, 2002

Utevsky AV, Smith DV, Huettel SA: Precuneus is a functional core of the default-mode

network. J Neurosci 34:932-940, 2014

van der Wal JM, Bergfeld IO, Lok A, et al. Long-term deep brain stimulation of the ventral
anterior limb of the internal capsule for treatment-resistant depression. J Neurol Neurosurg

Psychiatry. 2020;91(2):189-195.

____________________________________________________________________________________________________|
SPYRIDON G. KOMAITIS MD, MSC 210



SURFACE ANATOMY AND WHITE MATTER CONNECTIVITY OF THE PREMOTOR AND MOTOR AREAS

Vilasboas T, Herbet G, Duffau H. Challenging the Myth of Right Nondominant Hemisphere:
Lessons from Corticosubcortical Stimulation Mapping in Awake Surgery and Surgical

Implications. World Neurosurg.2017;103:449-456.

Vos SB, Jones DK, Viergever MA, Leemans A: Partial volume effect as a hidden covariate

in DTT analyses. Neuroimage 55:1566-1576, 2011

Wagman IH, Mehler WR. Physiology and anatomy of the cortico-oculomotor mechanism.

Prog Brain Res. 1972;37:619-635.

Wang H, Black AJ, Zhu J, Stigen TW, Al-Qaisi MK, Netoff TI, et al: Reconstructing
micrometer-scale fiber pathways in the brain: multi-contrast optical coherence tomography

based tractography. Neuroimage 58:984-992, 2011

Wang X, Pathak S, Stefaneanu L, Yeh FC, Li S, Fernandez-Miranda JC: Subcomponents and
connectivity of the superior longitudinal fasciculus in the human brain. Brain Struct Funct

221:2075-2092,2016

Webster KE. The Cortico-Striatal Projection in the Cat. J Anat. 1965;99:329-337.

____________________________________________________________________________________________________|
SPYRIDON G. KOMAITIS MD, MSC 211



SURFACE ANATOMY AND WHITE MATTER CONNECTIVITY OF THE PREMOTOR AND MOTOR AREAS

Wei X, Yin Y, Rong M, Zhang J, Wang L, Wu Y, et al: Paracingulate Sulcus Asymmetry in

the Human Brain: Effects of Sex, Handedness, and Race. Sci Rep 7:42033, 2017

Widge AS, Zorowitz S, Basu I, et al. Deep brain stimulation of the internal capsule enhances

human cognitive control and prefrontal cortex function. Nat Commun. 2019;10(1):1536.

Wu Y, Sun D, Wang Y, Wang Y, Ou S: Segmentation of the Cingulum Bundle in the Human
Brain: A New Perspective Based on DSI Tractography and Fiber Dissection Study. Front

Neuroanat 10:84, 2016

Yagmurlu K, Middlebrooks EH, Tanriover N, Rhoton AL, Jr.: Fiber tracts of the dorsal

language stream in the human brain. J Neurosurg 124:1396-1405, 2016

Yagmurlu K, Vlasak AL, Rhoton AL, Jr.: Three-dimensional topographic fiber tract anatomy

of the cerebrum. Neurosurgery 11 Suppl 2:274-305; discussion 305, 2015

Yakovlev PI, Locke S. Limbic nuclei of thalamus and connections of limbic cortex. III.
Corticocortical connections of the anterior cingulate gyrus, the cingulum, and the subcallosal

bundle in monkey. Arch Neurol. 1961;5:364-400.

Yang HS, Kwon HG, Hong JH, Hong CP, et al. The rubrospinal tract in the human brain:

diffusion tensor imaging study. Neurosci Lett. 2011;504(1):45-48.

SPYRIDON G. KOMAITIS MD, MSC 212



SURFACE ANATOMY AND WHITE MATTER CONNECTIVITY OF THE PREMOTOR AND MOTOR AREAS

Yeo SS, Chang MC, Kwon YH, Jung YJ, et al. Corticoreticular pathway in the human brain:

diffusion tensor tractography study. Neurosci Lett. 2012;508(1):9-12.

Yeo SS, Jang SH, Son SM. The different maturation of the corticospinal tract and
corticoreticular pathway in normal brain development: diffusion tensor imaging study. Front

Hum Neurosci.2014;8:573.

Zemmoura I, Blanchard E, Raynal PI, Rousselot-Denis C, Destrieux C, Velut S: How
Klingler's dissection permits exploration of brain structural connectivity? An electron

microscopy study of human white matter. Brain Struct Funct 221:2477-2486,2016

Zgaljardic DJ, Borod JC, Foldi NS, Mattis P. A review of the cognitive and behavioral
sequelae of Parkinson's disease: relationship to frontostriatal circuitry. Cogn Behav Neurol.

2003;16(4):193-210.

Zhang S, Li CS: Functional connectivity mapping of the human precuneus by resting state

fMRI. Neuroimage 59:3548-3562, 2012

____________________________________________________________________________________________________|
SPYRIDON G. KOMAITIS MD, MSC 213



SURFACE ANATOMY AND WHITE MATTER CONNECTIVITY OF THE PREMOTOR AND MOTOR AREAS

____________________________________________________________________________________________________|
SPYRIDON G. KOMAITIS MD, MSC 214



SURFACE ANATOMY AND WHITE MATTER CONNECTIVITY OF THE PREMOTOR AND MOTOR AREAS

LIST OF REUSED/REPRINTED ARTICLES WITH PERMISSIONS

[1] Material reused from Komaitis S, Skandalakis GP, Kalyvas AV, Drosos E, Lani E, Emelifeonwu
J, Liakos F, Piagkou M, Kalamatianos T, Stranjalis G, Koutsarnakis C. Dorsal component of the
superior longitudinal fasciculus revisited: novel insights from a focused fiber dissection study. J
Neurosurg. 2019 Mar 1;132(4):1265-1278. by non-exclusive permission granted from JNS publishing

group

[2] Material reused from Komaitis S, Kalyvas AV, Skandalakis GP, Drosos E, Lani E, Liouta E,
Liakos F, Kalamatianos T, Piagkou M, Emelifeonwu JA, Stranjalis G, Koutsarnakis C. The frontal
longitudinal system as revealed through the fiber microdissection technique: structural evidence
underpinning the direct connectivity of the prefrontal-premotor circuitry. J Neurosurg. 2019 Oct
4:1-13. by non-exclusive permission granted from JNS publishing group

[3] Material reused from Komaitis S, Koutsarnakis C, Lani E, Kalamatianos T, Drosos E,
Skandalakis GP, Liakos F, Liouta E, Kalyvas AV, Stranjalis G. Deciphering the frontostriatal
circuitry through the fiber dissection technique: direct structural evidence on the morphology and
axonal connectivity of the fronto-caudate tract. J Neurosurg. 2021 Jan 1:1-13.by non-exclusive
permission granted from JNS publishing group

[4] Material reused from Komaitis S, Liakos F, Kalyvas AV, Drosos E, Skandalakis GP, Neromyliotis
E, Gerogiannis A, Troupis T, Stranjalis G, Koutsarnakis C. The corticotegmental connectivity as
an integral component of the descending extrapyramidal pathway: novel and direct structural
evidence stemming from focused fiber dissections. Neurosurg Rev. 2021 Feb 10. by permission
granted from Springer-Verlag GmbH Germany, part of Springer Nature, Neurosurgical Review

____________________________________________________________________________________________________|
SPYRIDON G. KOMAITIS MD, MSC 215



