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Thesis abstract 

There are few detailed studies on the pathways through the human brainstem and 
even fewer on those through the pons. This thesis aims to address this lack of fine 
detail, and used ultra-high-field magnetic resonance imaging (MRI) of human and 
macaque brains to identify and characterise fibre tracts connecting cortical and spinal 
areas as they traverse through brainstem and thalamic structures. The material in this 
thesis is based on a unique dataset of ultra-high-field (7 Tesla – Duke and 11, 7 Tesla 
– Johns Hopkins) MRI scans on postmortem specimens, on which deterministic
tractography has been applied based on high-angular-resolution diffusion imaging
(HARDI) and subsequently higher order tensor glyph models.

The first results section of the thesis (Chapter 3) maps the descending fibre bundles 
associated with movement. From the motor cortical areas, the fibres of the internal 
capsule are traced through the crus cerebri, basilar pons and pyramids in three 
dimensions to reveal their organisation into functional and topographic subdivisions. 
While human cortico-pontine, -bulbar and -spinal tracts were traditionally considered 
to be dispersed, or a “melange”, I show here a much more discrete and defined 
organisation of these descending fibre bundles. 

Nine descending fibre bundles are identified and their anatomical location and 
terminations are described. A hitherto unknown pathway at the midline of the pons 
has been discovered and named herein as the Stria Pontis which connects the 
neocortex to the pontine tegmentum. Ten transverse fibre bundles connecting the 
pontine nuclei to the cerebellum are also identified. These newly identified tracts 
suggest possible functional subdivisions (cervical, thoracic, lumbar and sacral) and 
may aid in surgical treatment of tumours in the basilar pons.  

The second results section (Chapter 4) analyses the sensory pathways through the 
brainstem and thalamus; the dorsal column - medial lemniscus pathway, the 
spinothalamic tract, the spinal trigeminal tract and the trigeminothalamic tracts. 
These are mapped from the medulla oblongata to their respective nuclei of 
termination in the thalamus. Most particularly, the novelty of this Chapter is the fact 
that this is the first time that we have succeeded in precisely mapping the 
spinothalamic pathway through the brainstem and thalamus. This reveals the 
anatomical relationship between these sensory tracts at a resolution (50 μm) that 
approaches that of histology, thus exploiting the advantages that diffusion tensor 
imaging (DTI) and deterministic tractography can offer as investigative tools.  

The third results section (Chapter 5) analyses the dentato-rubro-thalamic tract, which 
is the afferent projection from the cerebellum to the thalamus, part of the 
cerebrocerebellar motor circuits, and which provides feedback on fine adjustments 
and control of motor acts. The mapping identifies the superior cerebellar peduncle, 
the patterning of the fibres within the superior cerebellar decussation, the patterning 
of the fibres within the red nucleus and finally the projection of the dentato-rubro-
thalamic tract from the red nucleus to the ventral lateral nucleus of the thalamus. This 



ii 

Chapter identifies the afferent component of the cerebrocerebellar circuit, that 
complements the efferent projections described above. Finally, I characterised 117 
already known anatomical parts, areas and structures of the brainstem and thalamus 
in 3D, using magnetic resonance (MR) histology. 

The ultra-high resolution mapping of the descending motor circuits and their 
cerebellar feedback loops, alongside the sensory tracts provides an improved 
diagnostic, therapeutic, and investigative tool. Clinically, these anatomical maps may 
be of value in conditions such as neurological upper or lower limb impairments 
associated with a tumour in the ventral or dorsal basilar pons respectively. Keyhole 
neurosurgery, edema drainage, pharmacological antiedema treatment and stereotactic 
radiotherapy, for example, can be more efficiently applied, thus reducing damage of 
adjacent bundles and structures. Similarly, mapping the sensory pathways may offer 
neurosurgical targets for pathologies such as mass lesions, ectatic vessels and 
trigeminal neuralgia. Finally, more accurate identification of the dentato-rubro-
thalamic tract may improve surgical treatment of pathologies such as essential 
tremor, or assist pathway mapping for deep brain stimulation. As technologies 
develop, we can learn more about the structures and pathways connecting our brain 
to our muscles and sensory systems, and this thesis takes a further step in this 
direction, complementing and enhancing the insights provided by more traditional 
techniques such as histology, viral tracing, electrophysiology and brain ablation. 
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Overview 

This thesis is composed of six Chapters. In the first Chapter I deliver an 

introduction to the anatomy of the brainstem and I analyse the brainstem pathways 

according to the orientation of the information through which it is conveyed. I 

described in total 26 pathways with particular emphasis on the corticospinal and 

spinothalamic tracts. In the last section of the first Chapter I report my final 

considerations and the aims of the present study. The scope of the literature reviewed 

in Chapter 1 is to describe the major white matter tracts through the brainstem and 

spinal cord. Given my thesis investigates the cerebrocerebellar circuit, there is 

particular emphasis on the corticospinal tract which is part of the pyramidal 

descending motor pathway; and the sensory projections that convey sensory 

information from the periphery to the neocortex and include the cuneate and gracile 

fasciculi (which are part of the dorsal column – medial lemniscus pathway), and the 

spinothalamic tract. In addition, I review the rubrospinal, vestibulospinal, medial and 

lateral reticulospinal, and tectospinal tracts, which are all part of the extrapyramidal 

system that integrates and modulates motor commands. I also review projections 

which course through the brainstem that are not specifically investigated in the 

results chapters but provide completeness and are important landmarks through the 

brainstem and thalamus. White matter tracts such as the spinoparabrachial, 

spinomesencephalic, spinohypothalamic, spino-olivary and interstitiospinal are not 

investigated in this thesis and not reviewed in Chapter 1. Therefore, the projections 

through the brainstem and thalamus have been subdivided into three major 

categories: 1) the descending spinal projections which include the corticospinal, the 

hypothalamospinal and cerebellospinal tracts; 2) the projections from the brainstem 
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to the spinal cord which comprise the vestibulospinal, tectospinal, interstitiospinal 

and medial reticulospinal tracts (Group A), as well as the rubrospinal, lateral 

reticulospinal, solitariospinal, coeruleospinal, raphespinal, spinal and principal 

trigeminospinal, gracilospinal, cuneospinal tracts, and finally the projections from the 

retroambiguus nucleus to the spinal cord (Group B); 3) the ascending spinal 

projections which comprise the dorsal column pathways such as the cuneate and 

gracile fasciculi, the postsynaptic dorsal column pathway, the projections through the 

ventrolateral funiculus such as the spinocerebellar, spinocervico thalamic, 

spinoreticular, and spinothalamic tracts. In the final sections of the introduction I 

integrate the pyramidal and extrapyramidal systems, reporting the cerebrocerebellar 

circuit as feedback loop which is crucial for motor control. Subsequently, I describe 

the functional aspects of DTI and tractography with which this research has been 

conducted. In addition, I review prior literature in DTI and tractography of the human 

brainstem, and the relationship between DTI / Tractography and Classical Tracing 

Techniques. Finally, I conclude with the research statements, overall aim and 

hypothesis of the present study. 

In the second Chapter, this thesis reports the general methods and additional 

methodological approaches by which this research has been conducted. In addition, I 

summarise the steps involved in this ultra-high-field 3D brain mapping, anatomical 

delineations and fibre tracking in 3D. 

In the third Chapter, this thesis maps the descending bundles within the 

internal capsule, crus cerebri, basilar pons and pyramids. The internal capsule has 

been subdivided into four longitudinal bundles. The three external bundles of the 



x 

internal capsule continue into the crus cerebri as cortico-pontine, -bulbar, -spinal 

projections whereas the fourth most internal fibre bundle terminates into the 

substantia nigra, pars reticulata (SNR). In addition, the crus cerebri has been 

subdivided into three groups of bundles that appear as curved lamellae (primary 

subdivisions) which contain 9 fibre bundles (secondary subdivisions). These fibre 

bundles descend into the basilar pons and finally converge into the pyramids. The 

transverse fibres of the pons have been subdivided into three main groups of bundles 

which are anatomically and functionally connected to the respective groups of the 

descending fibre bundles. Thus, this thesis presents the first study that maps the 

basilar pons and its constituent descending and transverse fibre bundles in 3D. In 

addition, I discovered a ventrodorsally elongated fibre bundle at the midline of the 

basilar pons and tegmentum which transpires from each of the transverse fibres of the 

pons, veers laterally into the tegmentum and projects in the vicinity of the cranial 

nerve nuclei. I named and anatomically described, herein, this novel pathway as the 

Stria Pontis. I suggested an architectural model that consists of 9 descending fibre 

bundles which alternate with 10 transverse fibres of the pons, although there is a 

degree of variability between the specimens and between the left and right 

hemispheres. At the midline of the pons the Stria Pontis, which is always stable, 

courses into the tegmentum vertically in respect of the other bundles in the basilar 

pons. This variability and interdigitations may provide some degree of overlap at the 

precise site of branching.  

In the fourth Chapter of my thesis, I analyse the sensory pathways such as the 

dorsal column-medial lemniscus pathway (dcml), the spinothalamic (spth), the 

ventral and dorsal trigeminothalamic tracts (vtt & dtt). In addition, the trajectories of 
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the sensory root of the trigeminal nerve (s5) and the spinal trigeminal tract (sp5) are 

also identified. This new information reveals the anatomical relationship of the above 

pain pathways and furthermore provides a detailed anatomical description of the 

trajectories of the pain pathways in three dimensions. Finally, I precisely map the 

spth from the spinal cord to ventral posterolateral nucleus (VPL) of the thalamus. 

Again, such information provides a valuable tool for surgery or other interventions, 

and for better diagnosing neuropathic symptoms. 

In the fifth Chapter of this work I report a novel approach towards descriptive 

anatomy based on the unique ultra-high-resolution magnetic resonance 

imaging/diffusion tensor imaging (MRI/DTI) data. The ultra-high-field scanner and 

advanced post-processing enabled me to use deterministic tractography and to create 

tensor glyphs to anatomically investigate the superior cerebellar peduncle (scp). In 

addition, I identified the pattern of the fibres within the superior cerebellar 

decussation (xscp), and I described how the dentato-rubral and dentato-thalamic 

tracts project within the red nucleus. Finally, I demonstrated the projection of the 

cerebellothalamic tract as far as the ventral tier of the thalamus. This work provides 

an ultra-high-resolution tool that may assist in pathologies such as essential tremor. 

Finally, in the sixth Chapter, I provide some overall conclusions of the major 

findings and the clinical applications that may benefit from these ultra-high-

resolution delineations due to the fact that there is a lack of precise anatomical 

information in the literature about the brainstem pathways analysed herein, and most 

particularly referring to the pattern of the fibres within the same pathways. 
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List of abbreviations  

117 anatomical parts, areas, structures: 

10n: vagus nerve 

12N: hypoglossal nucleus 

3n: oculomotor nerve 

3V: third ventricle 

4n: trochlear nerve 

4N: trochlear nucleus 

4V: fourth ventricle 

5n: trigeminal nerve 

6n: abducens nerve 

7n: facial nerve 

8n: vestibulocochlear nerve 

ac: anterior commissure 

AD: axial diffusivity 

ami: amiculum 

Aq: cerebral aqueduct 
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Ar: arcuate nucleus 

AV: anteroventral nucleus of the thalamus 

bic: brachium of the inferior colliculus 

CC: central canal  

CIC: central nucleus of the inferior colliculus 

cp: cerebral peduncle 

csc: commissure of the superior colliculus  

ct: cerebellothalamic tract 

ctg: central tegmental tract 

cu: cuneate fasciculus 

Cu: cuneate nucleus   

DH: dorsal horn of the spinal cord 

drt: dentato-rubro-thalamic tract  

dsc: dorsal spinocerebellar tract 

DTI: diffusion tensor imaging 

dtt: dorsal trigeminothalamic tract 

DWI: diffusion weighted imaging 

E: ependyma 
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ECu: external cuneate nucleus  

f: fornix 

FA: fractional anisotropy 

FAC: fractional anisotropy colour 

fr: fasciculus retroflexus 

gr: gracile fasciculus 

Gr: gracile nucleus 

GRE: gradient recalled echo 

H1: field H1 of Forel 

H2: field H2 of Forel (lenticular fasciculus) 

Hb: habenula 

Hy: hypothalamus 

ia: internal arcuate fibres 

IC: inferior colliculus 

ic: internal capsule 

icp: inferior cerebellar peduncle  

IOPr: inferior olive, principal nucleus 

IRt: intermediate reticular nucleus  
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isRt: isthmic reticular formation   

lcs: lateral corticospinal tract 

lfp: longitudinal fibres of the pons (which are the descending fibre bundles through 

the basilar pons) 

ll: lateral lemniscus 

LPCu: lateral pericuneate nucleus 

LPGi: lateral paragigantocellular nucleus 

LRt: lateral reticular nucleus  

MB: mammillary body 

mcp: middle cerebellar peduncle 

MD: mean diffusivity 

MdD: medullary reticular nucleus, dorsal part 

MdV: medullary reticular nucleus, ventral part 

MG: medial geniculate nucleus 

ml: medial lemniscus 

mlf: medial longitudinal fasciculus 

MRI: magnetic resonance imaging 

mRt: mesencephalic reticular formation  
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mt: mammillothalamic tract 

mtg: mammillotegmental tract 

MVe: medial vestibular nucleus 

oc: olivocerebellar tract  

opt: optic tract 

p1Rt: prosomere 1 reticular formation 

PBP: parabrachial pigmented nucleus  

pc: posterior commissure 

PCRt: parvicellular reticular nucleus 

Pi: pineal gland 

Pn: pontine nuclei 

PnC: pontine reticular nucleus, caudal part 

PnO: pontine reticular nucleus, oral part 

Pr5: principal sensory trigeminal nucleus  

Pul: pulvinar 

py: pyramidal tract 

pyx: pyramidal decussation 

R: red nucleus 
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RD: radial diffusivity 

RLi: rostral linear nucleus  

RMC: red nucleus, magnocellular part 

RPC: red nucleus, parvicellular part 

rs: rubrospinal tract 

Rt: reticular nucleus 

SC: superior colliculus 

scp: superior cerebellar peduncle 

smv: superior medullary velum 

SN: substantia nigra 

SNCD: substantia nigra, pars compacta dorsalis 

SNR: substantia nigra, pars reticulata 

sol: solitary tract  

SolI: solitary nucleus, interstitial part  

sp5: spinal trigeminal tract 

Sp5C,1,2,3/4: spinal trigeminal nucleus, caudal part, laminae one to four 

Sp5C: spinal trigeminal nucleus, caudal part 

Sp5I: spinal trigeminal nucleus, interpolar part 
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Sp5O: spinal trigeminal nucleus, oral part    

spth: spinothalamic tract 

SpVe: spinal vestibular nucleus  

STh: subthalamic nucleus of Luys  

tfp: transverse fibres of the pons  

tfp1: most ventral transverse fibre of the pons (ventral arcuate) 

tfp10: most dorsal transverse fibre of the pons (dorsal arcuate) 

Thal: thalamus  

ts: tectospinal tract 

tth: trigeminothalamic tract  

tz: trapezoid body 

vfu: ventral funiculus 

VH: ventral horn of the spinal cord 

VLTg: ventrolateral tegmental area 

VPL: ventral posterolateral nucleus 

VPM: ventral posteromedial nucleus 

vsc: ventral spinocerebellar tract 

VTA: ventral tegmental area 

vtt: ventral trigeminothalamic tract 
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x4n: decussation of the trochlear nerve 

xml: sensory decussation 

xscp: decussation of the superior cerebellar peduncle 

ZI: zona incerta 

The abbreviations reported in this research are consistent with what was established 

by Paxinos et al. (2020). 
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CHAPTER 1: 
General introduction 
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1.1     Historical approaches to neuroanatomy are defined by available    

experimental techniques 

 Since the origins of neuroanatomy, the development of increasingly 

sophisticated techniques for neural network visualisation such as Golgi, Nissl and 

myelin staining has contributed to unravel the enigma of the central nervous system. 

The first known written document of neuroanatomy is an ancient Egyptian 

manuscript (circa 1600 BCE), which describes 48 case histories of tumours, head 

injuries and therapeutic procedures, called the Edwin Smith Papyrus (Atta, 1999). 

The next ground-breaking discovery in neuroanatomy was made from the Greek pre-

Hippocratic writer and thinker Alcmaeon of Croton, who understood that the brain 

and not the heart controlled the body functions, and that the various senses were 

connected to the brain (Rose, 2009). Throughout the centuries considerable 

contributions in the field of neuroanatomy were made (Galen, Herophilus, and 

Erasistratus of Alexandria). However, it was not until Pope Sixtus IV that 

neuroanatomy was reanimated by changing the papal policy to allow human 

dissection. This successively led to an explosion of cadaver-centric studies during the 

Renaissance in Italian cities such as Bologna, Florence, Padua and Messina 

(Giovanni Alfonso Borrelli, Marcello Malpighi); (Nanda et al., 2016).  

More recently, the use of scientific methods such as Wallerian degeneration, 

silver staining (Golgi), aniline dyes (Nissl), Luxol fast blue stain (myelin); (Pearce, 

2000) significantly contributed to brain mapping but it was not until pioneers such as 

Alf Brodal (1910-88) who generated extensive academic work using biological 
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tracers in experimental animals such as monkeys, cats and dogs, that brain mapping 

took on a new dimension (Holck, 2001).  

However, there was a lack of studies in humans due to the fact that viral 

tracing is permitted only in non-human primates and most significantly all the above 

methods do not permit the study of brain structures in its natural 3D space. Over the 

last decades, major advances in neuroimaging shed light into brain anatomy and 

provided sophisticated techniques such as diffusion tensor imaging (DTI), 

tractography and higher order techniques based on mathematical principles (tensor 

glyphs); (Basser et al., 1994b).  

Only the advent of ultra-high-field magnetic resonance imaging (MRI) made 

it possible for the application of the aforementioned fledgling techniques to 

investigate the brain pathways in an unprecedented level of spatial isotropic 

resolution that approaches that of histology. Note that current ultra-high-field MRI 

has a resolution almost ten-fold higher than that obtained from clinical MRI 

(Calabrese et al. (2015b); see Chapter 5.1). 

This thesis exploits the opportunities given by this powerful tool to shed light 

into the brainstem pathways and most importantly to reveal the pattern of fibres 

within the various bundles and components of these pathways.  

1.2    Synopsis of the nervous system 

The nervous system is a highly specialised network in animals, which 

coordinates movement and sensory information by transmitting nerve impulses 
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between parts of the body. In vertebrates, the nervous system consists of two parts. 

The central nervous system which contains the brain and spinal cord and the 

peripheral nervous system which is made of nerves connecting the central nervous 

system to every other part of the body (Catala and Kubis, 2013). The brain is the 

central organ (of approximately 1.3 kilograms in weight) of the nervous system, 

which controls all functions of the body, the brain enclosed and protected within the 

skull consists of the cerebrum, cerebellum and brainstem (Hartmann et al., 1994). 

During the early development of the nervous system, three primary brain vesicles 

begin to form which are, from rostral to caudal, 1) the forebrain (prosencephalon), 2) 

the midbrain (mesencephalon) and 3) the hindbrain (rhombencephalon). 

Subsequently, these develop into five secondary brain vesicles. At this five-vesicle 

stage, the forebrain separates into the telencephalon and diencephalon. The 

telencephalon develops into the cerebrum. The cerebrum is the largest part of the 

brain which contains the two cerebral hemispheres, and subcortical structures such as 

the hippocampus, basal ganglia and olfactory bulb (De Lahunta et al., 2016, Hébert 

and Fishell, 2008). According to traditional subdivisions the diencephalon consists of 

the thalamus, hypothalamus, subthalamus and epithalamus. However, modern gene-

marker based conceptions by Martinez-de-la-Torre et al. (2018) exclude the 

hypothalamus from the diencephalon. The hypothalamus is more properly considered 

part of the telencephalon. The midbrain is the most rostral part of the brainstem (see 

below) and consists of the tectum, the cerebral aqueduct, tegmentum and the cerebral 

peduncles. The hindbrain is the last developmental categorisation of the central 

nervous system, in vertebrates, and includes the medulla oblongata, pons Varolii, and 

cerebellum (Stiles and Jernigan, 2010). 
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The brainstem is of significance because it regulates cardiac and respiratory 

function, movement and arousal, as well as cognition and emotion through its 

numerous groups of neurons, or nuclei, that integrate afferent and efferent 

information. It also controls the activation or inhibition of the neocortex via the 

reticular formation, thus playing an important role in maintaining arousal and 

consciousness. The brainstem is the caudal part of the brain which connects to the 

diencephalon rostrally, and to the spinal cord caudally. Hence, it is both a key relay 

structure and an important homeostatic control centre. Traditionally the brainstem is 

subdivided into three parts: the midbrain, the pons and the medulla oblongata (Fig. 

1.1). The brainstem has specific motor and sensory functions associated with the 

head and neck, innervating important facial and throat muscles and receiving 

important sensory input from these same regions. Moreover, a vast number of 

pathways pass through the brainstem en route to the neocortex on one hand, and to 

the spinal cord on the other (Angeles Fernández-Gil et al., 2010). In this literature 

review, the major pathways of the brainstem and their connections to autonomic 

regulatory centres will be described. 
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Fig. 1.1. A sagittal section of the head and neck obtained from a mainstream 

MRI (courtesy by C. Skliros, top, right) showing the main parts of the central 

nervous system such as the neocortex, cerebellum, thalamus, brainstem and 

spinal cord. The magnified inset shows the 3D morphology of the brainstem and 

thalamus (courtesy by the Duke Center for In Vivo Microscopy). Abbreviations: 

Thal: thalamus, cp: cerebral peduncle, Pons: pons Varolii, mcp: middle 

cerebellar peduncle, IOPr: inferior principal olivary nucleus, Medulla: medulla 

oblongata.  
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1.3   The brainstem pathways 

The brainstem pathways can be classified based on the direction of 

transmission of the information which is conveyed in relation to other structures of 

the central nervous system. In this review I provide three broad categories: 1) the 

descending spinal projections which originate from supraspinal centres and terminate 

in the spinal cord, 2) the projections from the brainstem to the spinal cord which 

originate from nuclei in the brainstem and project to the spinal cord, and 3) the 

ascending spinal projections which carry somatic and visceral information to 

supraspinal centres (brainstem, thalamus and neocortex). This review Chapter is 

subdivided so each of these categories is described separately. I emphasise 

particularly the corticospinal and spinothalamic tracts. 

1.4     Descending spinal projections 

The 1st category of fibre tracts through the brainstem are the descending spinal 

projections. These projections originate in the cerebral cortex and the cerebellum. In 

this section I will briefly describe: the corticospinal tract, the hypothalamospinal and 

cerebellospinal tracts.  

These descending spinal projections are responsible for eliciting voluntary motor 

functions and for control of muscle tone, reflexes, balance and for autonomic 

responses (Aravamuthan et al., 2007). 



8 

Corticospinal Tract: Overview in Rodents and Humans 

The corticospinal tract, as the name suggests, is composed of fibres with 

origins in the neocortex and with terminal projections towards the spinal cord. The 

corticospinal tract is formed by axons of the pyramidal cells located in the cerebral 

cortex, and principally in the primary motor cortex. These axons originate from 

across the full lateral to medial extent of the cortex and hence fibres of the 

corticospinal tract descend from multiple directions as they converge into the internal 

capsule and then towards the brainstem. The fibres converge and travel on the 

anterior surface of the medulla, giving the impression of an inverted pyramid 

protruding from the surface (the “medullary pyramids”). This feature and the fact that 

its fibres arise from the pyramidal cells gives rise to the alternate name for the 

corticospinal tract, as the pyramidal tract (Davidoff, 1990). The pyramidal tract also 

contains the corticobulbar tract which carries information to the medulla oblongata 

(Canedo, 2003). 

Marked differences in the pyramidal tract exist between primates and rodents. 

For example, the pyramidal tract may be relatively small in the rodents compared to 

the pyramidal tract observed in the primates (Paxinos, 2015). Furthermore, there is a 

major difference in the course of the corticospinal tract (Heffner and Masterton, 

1983). In the spinal cord white matter, the corticospinal tract can be subdivided into 

two parts: the ventral or anterior; and the dorsal (rat) or lateral (human) corticospinal 

tracts. For the rat, the dorsal pathway is located in the dorsal column of the spinal 

cord and is the largest subdivision in rodents. In contrast, in primates it is a major 

fibre bundle in the lateral column. 
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Function of the corticospinal tract 

The ventral corticospinal tract is primarily responsible for postural movement 

of the trunk and axial muscles. The cortical control is both ipsilateral and 

contralateral.  

The lateral corticospinal tract sends fibres to innervate motoneurons which 

are responsible for the extremity muscles of the contralateral upper and lower limbs 

(contralateral cortical innervation); (Nathan et al., 1990). On the other hand, there is 

currently compelling evidence from studies using transcranial magnetic stimulation 

that both hemispheres are involved in control of each limb, suggesting the possibility 

of compensatory recovery of function after lesions such as strokes (Jankowska and 

Edgley, 2006, Wassermann et al., 1991). 

Finally, the corticospinal tract is responsible for modulating sensory 

information from the body due to the fact that also the somatosensory cortex 

(postcentral gyrus) participates in the formation of its fibres (Mollet, 2008). 

Origin of the corticospinal tract 

Brodmann (1909) used a staining method (Nissl) to classify different cell 

morphologies within the cortex and thereby subdivide the cortex into different areas. 

The Primary motor cortex was labelled as area 4, and the Premotor cortex as area 6. 

Kuypers (1981) showed that area 4 and 6 gave rise to 60% of the corticospinal tract 

fibres in non-human primates whereas the other 40% had their cell bodies in the 

postcentral gyrus and parietal areas. In humans, about 80% of the corticospinal tract 

originates in areas 4 and 6. The laminar origin of the corticospinal tract is cortical 
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layer 5, where the pyramidal cells are clustered in groups of varied size - the largest 

neurons (giant pyramidal or Betz cells) are found in the precentral cortex. The human 

corticospinal tract is composed of over one million axons, three quarters of which are 

myelinated. The dimensions of the axons vary, with 80 % less than 2 microns in 

diameter and the rest ranging from 5 to about 22 microns (Lassek and Evans, 1946, 

Lassek, 1940).  

Passage through the internal capsule and brainstem 

In the internal capsule, the fibres of the corticospinal tract condense to form 

the major part of its posterior limb. At the level of the midbrain they pass through 

what was originally labelled as the basis pedunculi, but what is now more commonly 

called the cerebral peduncle, to enter into the basilar pons. The fibre tracts maintain 

some relationship to the topography observed at the motor cortex (the motor 

homunculus), with fibres related to muscles of the hand found in the antero-medial 

part of the longitudinal fibres of the pons (lfp), whereas fibres controlling the leg 

muscles are found postero-laterally (Hong et al., 2010a).  

Collaterals to brainstem 

It should be appreciated that the fibres of the corticospinal tract give rise to a 

vast number of collaterals, and these collaterals branch off at multiple levels through 

both brainstem and spinal cord. These collaterals branch off to innervate different 

nuclei within the brainstem, including those associated with ascending sensory 

systems; those that form the descending bulbospinal systems; and finally to the 
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precerebellar nuclei such as the pontine nuclei and the inferior olive, principal 

nucleus (Kuypers, 1981, Armand, 1982). At the level of the spinal cord, histological 

studies have demonstrated that fibres of the corticospinal tract can branch off to 

innervate the ventral horn across multiple spinal segments (Sengul and Watson, 

2012). Many neurons from primary, premotor and supplementary areas of the motor 

cortex that form the corticospinal tract also have collaterals that terminate into the 

different nuclei of the reticular formation from which the reticulospinal tract 

originates (see below), thus exerting the pyramidal control on extrapyramidal 

systems.  

Collaterals to the vestibulospinal neurons have also been identified; In this 

case the projections derive mainly from premotor and parietal cortical areas 

(Jankowska and Edgley, 2006). According to Keizer and Kuypers (1984), there are 

more projections to vestibular nuclei originating from cortical areas which control the 

proximal rather than distal muscle groups. These collaterals also terminate into the 

bulbar reticular formation and onto interneurons in the spinal cord. The same 

projections terminate in brainstem and spinal interneurons, thus exerting a two-way 

control over the extrapyramidal systems. Finally, experiments in monkeys have 

demonstrated a severe deficit in precision grip tasks following lesions of the 

corticospinal tract. This has been confirmed by other studies where collaterals have 

been traced from the corticospinal tract to dorsal column nuclei, suggesting that they 

also control distal movements in relation to somaesthetic inputs (Canedo, 1997). 
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Pyramidal decussation 

As we follow the corticospinal fibres pass the pons to the medulla, they 

converge ventrally to form discrete bundles known as the medullary pyramids.  

At the most caudal part of the medullary pyramids some fibres cross, or 

decussate to the other side forming the lateral corticospinal tract. The lateral 

corticospinal tract in primates is formed after the pyramidal decussation which was 

considered to be in the caudal medulla. However, more recent rhombomeric analyses 

examined the distribution of AZIN2 (antizyme inhibitor 2) expression in adult mouse 

hindbrain (rhombomeric segmentation of the hindbrain) and concluded that the 

decussation occurs more caudally, within a zone defined as part of the spinal cord 

(Martinez-de-la-Torre et al., 2018). It is worth noting that, on the other hand, this 

study was conducted in mice. Therefore, this topography may not be applicable in 

humans. The extent of fibres which decussate and which remain in the ipsilateral side 

is also debated. Up to 30% of the corticospinal fibres in humans have been reported 

to descend ipsilaterally, as demonstrated from cases with lesions above the spinal 

cord, following anterolateral cordotomies where the cord was sectioned in the 

anterolateral quadrant, and from causes of motor neuron disease (Nathan et al., 1990, 

Armand et al., 1997). The fibres that do cross over form the lateral corticospinal tract 

that continues to its termination in the spinal ventral horn. The lateral corticospinal 

tract is located in the lateral funiculus of the spinal cord (Fig. 1.2a, 1.2b). 

Topographically, this tract is placed medial to the dorsal spinocerebellar tract until 

the end of its route in the lumbar and sacral segments (Nakanishi et al., 2004, Souma 

et al., 2009). The ipsilateral fibres form the ventral corticospinal tract and these 

instead descend in the ventral funiculus which is the white matter lying between the 
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ventral median fissure (Fig. 1.2a, 1.2b) and the ventral roots of the spinal nerves. 

These fibres are all thought to cross at the level of termination in the spinal cord, in a 

transverse bundle termed the ventral white commissure.  
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Fig. 1.2. Schematic representation of a cross section of the spinal cord showing 

the longitudinal subdivisions of white matter. In (a) are reported the ventral, 

lateral and dorsal columns or funiculi which subdivide the spinal cord into 

longitudinal areas of white matter. Note the somatotopic organisation of the 

spinothalamic and lateral corticospinal tracts as well as that of the gracile and 

cuneate fasciculi (picture in (a) extensively modified by original taken from: 

http://kypho.com/dorsal-column.html). In (b) are reported the descending (motor 

system) and ascending (sensory system) tracts, in relation to their somatotopy. 

Note the somatotopy of the lateral corticospinal tract in relation to the dorsal 

column pathway. Abbreviations: C: cervical, Th: thoracic, L: lumbar, S: sacral 

(picture in (b) extensively modified by original taken from: 

https://www.orthobullets.com/spine/2004/spinal-cord-anatomy). 
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Again, this is based on isolated lesions in the corticospinal tract fibres as well 

as from studies of Wallerian degeneration in living (MRI) and postmortem human 

specimens (Szymanski et al., 2020, Becerra et al., 1995). As more fibres decussate 

moving caudally through the medulla and spinal cord, the ventral corticospinal tract 

diminishes in size as it travels down to the levels of the lower thoracic cord 

(Brösamle and Schwab, 1997). The areas of termination of this ventral corticospinal 

pathway interestingly overlap with the areas of termination of the crossed (lateral 

corticospinal) pathway. Indeed, a number of fibres that form the ventral corticospinal 

tract overlap with the contralateral lateral corticospinal fibre projections (Nathan et 

al., 1990, Galea and Darian-Smith, 1994).   

Termination in spinal cord 

The recognised sites of termination of the corticospinal tract in humans are: a) 

the lateral parts of laminae 5-7, b) the dorsolateral motor neuron column (lamina 9), 

and c) the lateral parts of the central and ventrolateral motor neurons (lamina 9) (Fig. 

1.3c). A minority (but up to 20%) of the fibres that form the human corticospinal 

tract terminate directly on motor neuron dendrites in lamina 9. Similarly, in non-

human primates, lamina 8 (interneurons) and the medial part of lamina 7 (the 

intermediate region) receive the bulk of terminal projections of the corticospinal tract 

(Kuypers, 1981, Li and Martin, 2000, Sengul and Watson, 2012).  
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Fig. 1.3. The spinal cord is a tubular part of the central nervous 

system which extends from the medulla oblongata to the lumbar 

region of the spine. Information that travels to and from (blue and 

red arrows respectively) supraspinal centres such as the neocortex, 

diencephalon, brainstem and cerebellum traverses through the pons 

Varolii which is designated as a relay centre (a). The descending 

pathways such as the lateral corticospinal and rubrospinal, the 

reticulospinal and vestibulospinal are located within the various 

columns and convey information associated with balance and 

postural control (picture in (b) extensively modified by original from 

Carl B Spinner, 2015, Spinal Cord Medial Lemniscus Pathway). 

Spinal neurons are organised into laminae and nuclei (c). The 

laminae of Rexed consist of ten layers (I to X) of grey matter that 

form vertical columns through the spinal cord. The nuclear group of 

cell columns on the other hand, are groups of cell bodies in the 

spinal cord which can be subdivided from dorsal to ventral as seen 

in (c). Picture in (c) extensively modified from original Biswas 2015. 

Image at the top right taken from: Blause.com staff (2004). “Medical 

gallery of Blausen Medical 2014. Image at the top in the middle 

taken from: www.3d-brain.ki.se/atlas/medulla_oblongata.html. 

Image at the top left taken from: https://www.lead-

dbs.org/helpsupport/knowledge-base/atlasesresources/cortical-atlas-

parcellations-mni-space/. Image in (a) taken from: 

https://www.anatomyatlases.org/MicroscopicAnatomy/Section17/Pla

te17336.shtml  
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Variability of the corticospinal pathway 

As indicated earlier, some marked differences exist between rodent and 

primate in the location of the corticospinal tract in the spinal cord, but other aspects 

of the course of the corticospinal tract are variable, even within the same species. 

Variations of the trajectory of the fibres, particularly at the pyramidal decussation 

such as aberrant pyramidal bundles or even absent pyramidal decussation, have been 

identified anatomically. Some of the variability occurs in different sides of the 

brainstem, which is of particular interest given that different people (and rodents) 

show hand dominance. For example, the fibres in the left pyramid usually decussate 

at a more rostral level in comparison with those of the right pyramid (Nathan and 

Smith, 1955, Yakovlev and Rakic, 1966). The right side of the cervical spinal cord in 

humans also typically receives more fibres from both cerebral hemispheres, as 

compared to left segments (Nathan et al., 1990). However, the same authors 

suggested this is not connected to handedness, but rather to the anatomical feature 

that in 75% of the cases the corticospinal tract decussates at a more rostral level from 

left to right compared to the right fibres. Half of the fibres that form the corticospinal 

tract are not detectible beyond the cervical spine. The remaining continues into the 

thoracic, lumbar and sacral spine. Consistently, a clear decrease in quantity of the 

axons that form the lateral corticospinal tract is observed in transverse sections 

throughout the spinal cord from the cervical to the sacral segments.  

Development of the corticospinal tract 

In humans, the corticospinal tract is relatively slow to develop in terms of 

reaching its targets. At 8 weeks of conception, the axons can be identified elongating 
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towards the pyramidal decussation and by 24 weeks post-conceptional age they reach 

the lower part of the cervical spina (Eyre et al., 2000). By 40 weeks post-conception, 

myelination can also be detected, although it does not reach adult levels until at least 

ages of 2-3 years. Fine gestures such as independent finger movements are evident 

within the first year postnatally. Finally, a decrease in the number of corticospinal 

axons has also been observed with age with a concomitant decrease in conduction 

velocity (ten Donkelaar et al., 2004, Eyre et al., 2000, Eyre, 2007). 

Hypothalamospinal Tract 

The fibres that originate from the ipsilateral paraventricular hypothalamic 

nuclear complex and from the lateral hypothalamus and the parafornical area 

constitute a descending central autonomic pathway known as the hypothalamospinal 

tract (Basbaum and Fields, 1979, ten Donkelaar et al., 1980, Holstege, 1987). These 

fibres descend in the dorsal part of the lateral funiculus (Saper et al., 1976) to 

synapse in laminae 1, 2, 9, 10 (Fig. 1.3c) of the spinal cord, as well as in the sacral 

parasympathetic and intermediolateral nuclei. This pathway is thought to be involved 

in the regulation of blood pressure and the stress response. Several neuropeptides 

(e.g. oxytocin, vasopressin and met-enkephalin) have been identified by Sofroniew 

(1985) in the spinal cord projections from the paraventricular nucleus. 

Cerebellospinal Tract 

The fastigial nucleus in the cerebellum gives rise to fibres that cross the 

midline and leave the cerebellum as part of the uncinate fasciculus (Fukushima et al., 

1977). These fibres descend in the ventral part of the lateral funiculus (Fig. 1.2a) to 
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synapse on ventral horn neurons of the cervical spinal cord (Fig. 1.3c). These fibres 

are activated by somatic and labyrinthine stimuli and are thought to be involved in 

the coordination of balance. 

In summary, there are three major descending pathways that course through the 

brainstem to terminate in the spinal cord. The pyramidal, the hypothalamospinal and 

the cerebellospinal tracts which originate in the cerebral cortex, hypothalamus and 

cerebellum, respectively. 

1.5    Projections from the brainstem to the spinal cord 

Apart from the corticospinal tract, the hypothalamic and the cerebellospinal 

tracts, the rest of the fibres that project to the spinal cord originate from nuclei found 

within the brainstem. Kuypers (1981) has subdivided the descending projections 

originating from the brainstem into groups A and B.  

Group A comprises the vestibulospinal, tectospinal, interstitiospinal and 

medial reticulospinal tracts, all descending via the ventral and ventrolateral funiculi 

of the spinal cord. They terminate on neurons in spinal laminae 5-7 (Fig. 1.3c) 

ventromedially on both sides of the cord, presenting a vast degree of collateral fibres. 

Their projections control and adjust posture, co-ordinate limb and trunk movements, 

correct orientation of the head in relation to the body and play a significant role in 

coordinating the limb muscles synergistically (Green and Angelaki, 2010, Allen, 

2008, Baker and Perez, 2017). 
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Group B comprises the rubrospinal and lateral reticulospinal tracts. They 

descend through the dorsolateral funiculus (Fig. 1.2a, 1.3b) presenting low 

collateralisation, and terminating on the dorsolateral parts of spinal laminae 5, 6 and 

7 (Fig. 1.3c) as well as the motor neurons that innervate the distal limb muscles (Fig. 

1.3c). The projections originating from group B finalise and supplement the motor 

control in association with group A and are responsible for flexion movements of the 

distal and proximal muscles of the limbs, particularly of the elbow and hand (Fig. 

1.3c); (Nathan and Smith, 1982, Brownstone and Chopek, 2018, Peterson and 

Barnes, 1984). 

Group A 

Vestibulospinal Tract 

The vestibular nuclei of the rhombencephalon give rise to the vestibulospinal 

tract. Most significantly, the lateral vestibular nucleus is the origin of the large lateral 

vestibulospinal tract, whereas the medial and spinal vestibular nuclei give rise to the 

medial vestibulospinal tract. The lumbosacral spinal segments receive afferent input 

from cells found in the dorsolateral part of the vestibular nuclear complex, whereas 

the thoracic and cervical segments receive fibres from the rostroventral parts of the 

nuclear group (Jang et al., 2018). 

Fibres of the lateral vestibulospinal tract (lvs) descend in the ventral and 

lateral funiculi without any crossing throughout the spinal cord. At the level of 

laminae 7-8 (Fig. 1.3c) of the ventral horn, lvs fibres enter to synapse on both α- and 
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γ- motor neurons of lamina 9. Axons of lvs have an excitatory effect on motor 

neurons which innervate extensor muscles of the neck, back and extremities, whereas 

an inhibitory effect is applied to flexor muscles (Fig. 1.3c); (Grillner et al., 1970, 

Hongo et al., 1975). 

Nathan et al. (1996) have identified degenerating fibres of the lateral 

vestibulospinal tract after spinal cord transections and cordotomies. These axons lie 

only on the periphery of the spinal cord at the level of the first three cervical 

segments, but shift laterally relative to the anterior roots before settling in the 

sulcomarginal angle for the rest of the cervical segments. More caudally, lvs fibres 

descend lateral to the ventral roots at the level of the thoracic spinal cord. 

Neurons originating from the ipsilateral and contralateral medial vestibular 

nucleus, as well as from the spinal vestibular nucleus, give rise to the medial 

vestibulospinal tract (mvs). As Nyberg-Hansen (1966) pointed out the mvs occupies 

the ventral column adjacent to the sulcomarginal fasciculus. The mvs terminates in 

laminae 7-8 (Fig. 1.3c) at the level of the cervical and upper thoracic spinal cord. Its 

effect is inhibitory by monosynaptic and polysynaptic terminations on motor neurons 

that innervate muscles of the upper back and neck (Fig. 1.3c). 

Tectospinal Tract 

It has been demonstrated experimentally, in monkeys, cats and rats, that the 

tectospinal tract (ts) originates from the intermediate and deep layers of the 

posterolateral superior colliculus in the brainstem and projects to the upper cervical 

spinal segments (Castiglioni et al., 1978). It has been hypothesised by Castiglioni et 

al. (1978) that an ipsilateral tectospinal bundle arises from the anteromedial superior 
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colliculus. As Watson et al. (2008) noted, the superior colliculus receives inputs from 

the visual auditory and somatosensory systems. The ts fibres cross in the dorsal 

tegmental decussation throughout the length of the pons and medulla to reach the 

ventral funiculus at the level of the spinal cord (Fig. 1.2a, 1.3b). The ts projections 

terminate on interneurons in laminae 5-8 (Fig. 1.3c) and innervate motor neurons of 

the neck through polysynaptic connections, thereby inhibiting ipsilateral muscles 

while having an excitatory effect on the contralateral muscles. The major function of 

the ts is to coordinate neck movements and reflex postural control of the head in 

connection with visual information (Nyberg-Hansen, 1964). 

Medial reticulospinal Tract 

Phylogenetically, the reticulospinal tracts (medial and lateral reticulospinal; 

mrs, lrs) are among the oldest pathways of the vertebrate brain. The reticular 

formation of the pons and medulla is the site of origin of these neurons and the 

pathways are believed to take part in postural control, movement regulation and 

modulation of autonomic and sensory inputs (Peterson et al., 1975). These neurons 

receive multiple afferents such as vestibular, tectal, cerebellar and somatosensory 

inputs. They are believed to have an integrative role to coordinate whole-body 

movement as Drew and Rossignol (1990) have shown from experiments with 

microstimulation of the reticular formation. 

The medial reticulospinal tract arises from the medial tegmental fields of the 

pons and medulla, originating from the ipsilateral rostral gigantocellular reticular 

nucleus and pontine caudal reticular nucleus. The mrs descends ipsilaterally in 

proximity to the medial longitudinal fasciculus to reach the ventral funiculus in the 
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spinal cord (Fig. 1.2a, 1.3b); (Baker, 2011). It synapses in laminae 6-9 (Fig. 1.3c) 

throughout the entire length of the spinal cord. Fibres from the pons descend more 

ventrally and have a more excitatory effect on axial and limb muscles compared to 

those arising from the medulla. The mrs is also excitatory to axial muscles (Nyberg-

Hansen, 1965). 

Group B 

Rubrospinal Tract 

The red nucleus (principally the caudal magnocellular section) gives rise to 

the rubrospinal tract as Massion (1967) and Murray and Gurule (1979) stated. 

According to ten Donkelaar (1988), the rubrospinal tract (and by extension its site of 

origin the magnocellular part of the red nucleus) regressed in size during primate 

evolution (Onodera and Hicks, 2009). In a comparative study made by Padel et al. 

(1981) it has been demonstrated that the number of axons that constitute the 

rubrospinal tract is about twice as large in the quadrupedal baboon as the bipedal 

gibbon. As ten Donkelaar (1988) reported this could be the consequence of the 

corticospinal systems taking greater control during the evolution of forelimb muscles 

in bipedal species. 

The human rubrospinal tract (rs) originates from 150-200 giant neurons in the 

magnocellular part of the red nucleus, and contains fibres that are highly myelinated. 

They project to the brainstem and to the first three segments of the cervical spinal 

cord (Nathan and Smith, 1982). Axons of the rs decussate at the level of the ventral 

mesencephalic tegmentum and lie in proximity to the corticospinal tract as they 
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descend in the dorsolateral funiculus of the spinal cord (Fig. 1.2a, 1.3b). Antal et al. 

(1992) and Kuchler et al. (2002) found that the rodent rs terminates ipsilaterally on 

laminae 5-7 (Fig. 1.3c) at the level of the cervical and lumbosacral enlargements.  

A topographic organisation has also been described for this pathway, whereby 

the axons terminating in the cervical enlargement (Fig. 1.3c) originate from the 

caudal part of the red nucleus and most particularly the dorsomedial region, whereas 

the fibres that terminate at the level of the lumbrosacral enlargement originate from 

the ventrolateral region of the red nucleus (rat - Strominger et al. (1987), monkey - 

Larsen and Yumiya (1980). 

The rubrospinal tract exerts an excitatory effect on the flexor α- motor 

neurons and an inhibitory effect on the extensor α- motor neurons of the limbs (Fig. 

1.3c), so that there is a synergistic effect between intralimb and interlimb 

coordination (Lavoie and Drew, 2002). 

Lateral reticulospinal Tract 

The medial part of the gigantocellular reticular nucleus of the pons gives rise 

to fibres that form the lateral reticulospinal tract (lrs). Its axons descend ipsilaterally 

and ventrally in the lateral funiculus in proximity to the ventral horn (Fig. 1.3b). 

Nyberg-Hansen (1965) demonstrated that in cats that lrs fibres end in laminae 1,5 

and 6 as well as in laminae 7-9 (Fig. 1.3c) throughout the entire length of the spinal 

cord. 

Its function is crucial in the phenomenon called ‘diffuse noxious inhibitory 

control’. Villanueva and Le Bars (1995) have shown with combined physiological 

measurements and provoked nociceptive reflexes that the reticular nuclei form 
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negative feedback spino-bulbo-spinal loops so that neurons in the dorsal horn of the 

spinal cord (Fig. 1.3c) are intensely inhibited after nociceptive pain. 

Solitariospinal Tract 

The ventrolateral part of the nucleus of the solitary tract in the medulla 

oblongata is the site of origin for the solitary tract and the solitariospinal tract. These 

fibres cross and descend in the contralateral ventral funiculus and ventrally in the 

lateral funiculus. Its role is respiratory regulation, emesis and micturition. Its fibres 

synapse on the phrenic nucleus at the level of C4-C6 and in laminae 9 (Fig. 1.3c) at 

the level of the thoracic spinal cord (Loewy and Burton, 1978). 

Coeruleospinal Tract 

Noradrenergic A4 and A6 cell groups in the locus coeruleus give rise to 

coeruleospinal projections in the spinal cord. These axons synapse on ventral horn 

neurons (Fig. 1.3c), the sacral parasympathetic nucleus and the deep dorsal horn as 

well as on intermediate grey. In addition, the nucleus subcoeruleus A7 group gives 

rise to descending fibres through the dorsolateral funiculus that synapse on laminae 

1-3 (Fig. 1.3c). The latter is thought to be one of the centrifugal pain control systems

that plays a crucial role in spinal nociceptive processing through the induction of 

antinociception at the level of the spinal cord (Tsuruoka et al., 2012). 

Raphespinal Tract 

Neurons in the raphe magnus, raphe obscurus and raphe pallidus nuclei give 

rise to serotoninergic fibres that run throughout the length of the dorsolateral 
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funiculus in proximity to the lateral corticospinal tract (Fig. 1.2b). These axons 

synapse in laminae 1, 2 and 5 (Fig. 1.3c) of the dorsal horn (Skagerberg and 

Bjorklund, 1985). According to Mason (1999), this fibre tract is crucial in controlling 

nociception through bulbospinal serotoninergic neurons and descending pain 

modulation at the level of the spinal cord and it is also involved in modulating 

reproductive, autonomic and excretory function. 

Spinal and Principal Trigeminospinal Tracts – Gracilospinal and Cuneospinal 

Tracts 

Leong et al. (1984) identified descending fibres from the spinal and principal 

trigeminal nuclei as well as from the gracile and cuneate nuclei named gracilospinal 

and cuneospinal tracts. These projections synapse in the dorsal horn at the level of 

the cervical spinal cord (Fig. 1.3c). The authors identified the above projections in 

adult albino rats, by injecting horseradish peroxidase into the cervical and 

lumbosacral segments of the spinal cord.  

Retroambiguus Nucleus to the Spinal Cord 

VanderHorst et al. (2001) identified spinal projections from the nucleus 

retroambiguus that descend in the contralateral ventral funiculus and ventrally in the 

lateral funiculus before innervating the laryngeal motor neurons. 

In summary, a variety of different tracts descend from brainstem nuclei to the 

spinal cord in order to integrate motor control, nociception, autonomic, excretory 

function, and respiratory regulation. 
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1.6    Ascending spinal projections 

These ascending pathways transfer somatic and visceral information such as 

touch and thermal sense, kinaesthesia and nociception. 

Dorsal Column Pathways 

The dorsal column pathways are ascending sensory spinal projections of the 

central nervous system that convey sensation of fine touch, proprioception, two-point 

discrimination and vibration (Leonard et al., 1992).   

 These pathways convey information from sensory mechanoreceptors in the 

periphery. This information travels through the first order-neuron the body of which 

is located in the dorsal root ganglion. The signal will travel through the axon of the 

neuron through the posterior root of the spinal cord, into the posterior horn, and then 

through the posterior column towards the medulla oblongata. Therefore, information 

from the lower body, below the level of the thoracic vertebra T6 will be conveyed 

through axons located in the medial part of the posterior column called the gracile 

fasciculus. Information from the upper body is conveyed by peripheral sensory axons 

that enter at or above T6 and are located in the lateral part of the posterior column 

called the cuneate fasciculus. Moreover, additional refined forms of proprioception 

such precision grasping is conveyed in the cuneate fasciculus (Glendinning et al., 

1992). 

The cuneate and gracile fasciculi ascend throughout the spinal cord until the 

medulla oblongata where upper body neurons (cuneate fasciculus) synapse with 

neurons in the cuneate nucleus and lower body neurons (gracile fasciculus) synapse 

with neurons in the gracile nucleus. These second order sensory neurons then project 
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through the brainstem and further to the thalamus and to the primary somatosensory 

cortex in the postcentral gyrus of the parietal lobe (Nosek, 1998, Barrett et al., 2015); 

(Figs 1.2 & 1.3). 

Cuneate and Gracile Fasciculi 

These two large ascending pathways (the direct dorsal column pathways) 

ascend in a region of the spinal cord known as the dorsal funiculus and is divided 

into two by the posterior intermediate septum. The cuneate fasciculus or tract of 

Burdach is situated lateral to the gracile fasciculus and conveys information from the 

upper truck and extremities from the sixth thoracic until the first cervical segment.  

The gracile fasciculus or tract of Goll can be identified within the entire 

length of the spinal cord and conveys inputs from the lower trunk and extremities 

until the sixth thoracic segment (Figs. 1.2 & 1.3); (Luria and Laufer, 2007, Mai and 

Paxinos, 2012).  

Hughes (1976), showed that the two fasciculi emerge as distinct fibre bundles 

in proximity to the midline during the ninth week of gestation. Their fibres ascend 

ipsilaterally to synapse on neurons in the gracile and cuneate nuclei within the 

medulla oblongata, respectively. The fibres are highly myelinated, with myelination 

complete by 36 weeks of gestation (Tanaka et al., 1995). The cuneate and gracile 

fasciculi originate from the central processes of dorsal root ganglion cells, which 

enter through the dorsal roots in the spinal cord and ascend towards the brainstem. 

The more caudal the fibres enter the spinal cord, the more medial are located within 

the dorsal funiculus and fibres from each segment are progressively shifted medially 

by fibres entering at more rostral levels. This topographical anatomy of the posterior 
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columns within the dorsal funiculus (Smith and Deacon, 1984) is also preserved in 

the dorsal column nuclei (gracile and cuneate nuclei) in the medulla oblongata. The 

internal arcuate fibres (second order neurons that project rostralwards) which 

originate from the cuneate and gracile nuclei, cross the midline and ascend as the 

medial lemniscus, which then synapses in the ventroposterolateral nucleus of the 

thalamus.  

The entire projection can be identified as the dorsal column-medial lemniscus 

pathway.  

The Postsynaptic Dorsal Column Pathway 

A considerable number of first order neurons do not project directly to the 

gracile and cuneate nuclei in the medulla oblongata, instead they terminate on spinal 

neurons in the posterior columns whose axons then ascend and synapse into the 

gracile and cuneate nuclei (Tracey, 2004). This is the indirect Postsynaptic Dorsal 

Column Pathway whose cells are second order relay neurons in the spinal cord. The 

postsynaptic dorsal column pathway is the major pathway that conveys cutaneous 

mechanical and visceral nociceptive stimuli. Clinical studies conducted by Becker et 

al. (1999), Nauta et al. (1997), Hirshberg et al. (1996) on patients affected by visceral 

cancer showed that a midline myelotomy at the level of the thoracic spinal cord 

achieved considerable pain relief. Experiments in rats with chemically induced 

pancreatitis (Houghton et al., 1997) and colorectal distension (Palecek et al., 2002) 

demonstrated that dorsal column lesions significantly diminish certain behavioural 

responses after nociception. 
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Neurons of the postsynaptic dorsal column pathway lie in laminae 3-4, 5-7 

(Fig. 1.3c) and primarily lamina 4 and adjacent laminae (Rustioni et al., 1979) and 

lamina 10 (Bennett et al., 1983). In monkeys, the postsynaptic dorsal column 

pathway arises from only 1000 neurons at the level of the cervical and lumbar 

enlargements (Fig. 1.3c). These axons synapse ipsilaterally in the gracile and cuneate 

nuclei. According to Rustioni et al. (1979), there is a somatotopic representation 

where projections from lumbar segments of the spinal cord terminate in the rostral 

part of the gracile nucleus, whereas afferents from the cervical enlargement (Fig. 

1.3c) synapse in the cuneate and external cuneate nuclei. More rostrally, these axons 

form part of the medial lemniscus, transmitting inputs to the contralateral thalamus. 

Ventrolateral Funiculus 

 Anatomically, the white matter of the spinal cord is divided into regions 

referred to as funiculi. Each half of the spinal cord contains a dorsal funiculus, a 

dorsolateral, a ventrolateral and a ventral funiculus. The ventrolateral funiculus 

contains multiple ascending projections. These include the spino-cerebellar, -

parabrachial, -mesencephalic, -hypothalamic, -olivary, -cervicothalamic, -reticular, 

and finally, -thalamic tracts (Fig. 1.3b). Information such as non-discriminative 

touch, pressure, thermal stimuli and nociception is transmitted by axons found within 

the ventrolateral funiculus. The tracts which play a pivotal role in nociception are the 

spino-thalamic, -mesencephalic, -reticular, -cervicothalamic and the postsynaptic 

dorsal column pathway (see above); (Reed et al., 2006). 

The most significant pathways in this region of spinal cord white matter are 

the spinothalamic tracts, which mediates sensory-discriminative pain (see below); 
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and the spinomesencephalic and spinoreticular tracts, which process motivational-

affective aspects of nociception (Willis, 1985). Other tracts that form part of the 

ventral funiculus are often referred to as spinolimbic tracts, because they play a 

pivotal role in autonomic, endocrine and affective-motivational responses of 

nociception and contribute to affective behaviours such as arousal and attention. 

These pathways are the spinoreticular, spinoamygdalar and spinohypothalamic tracts 

(Ammons, 1987, Menétrey and De Pommery, 1991). 

Spinocerebellar Tracts 

Proprioceptive and cutaneous information from Golgi tendon organs and 

muscle spindles is conveyed through the dorsal and ventral spinocerebellar tracts 

(muscle afferent pathways). The cuneocerebellar and rostral spinocerebellar tracts 

transfer inputs from the upper limbs to the cerebellum for the coordination of 

movement. For muscles of the upper cervical segments (where the central cervical 

nucleus is located) the indirect spinoreticulocerebellar and olivocerebellar projections 

relay information to the cerebellum (Fig. 1.3b); (Stecina et al., 2013).  

The dorsal spinocerebellar tract (dsc) is formed by neurons of the ipsilateral 

dorsal nucleus (Fig. 1.3c, Clarke’s column) which is found from T1-L2 segments in 

the spinal cord (Smith (1976). The dsc occupies the dorsal part of the lateral 

funiculus in proximity to the lateral corticospinal tract (Fig. 1.2b, 1.3b). They 

originate in the intermediate and dorsal laminae at the level of the thoracic and 

lumbosacral segments and, in the rat and cat at least, this tract projects to the vermis 

and paravermal regions of the cerebellum (Matsushita et al., 1979). The dsc conveys 
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information for fine coordination of separate hindlimb muscles (Edgley and 

Gallimore, 1988, Kim et al., 1986). 

The ventral spinocerebellar tract (vsc) is located more ventrally on the margin 

of the lateral funiculus (Fig. 1.3b), arising from laminae 5-7 of the thoracic and 

lumbar spinal segments (Fig. 1.3c); (Xu and Grant, 2005). Yaginuma and Matsushita 

(1989) demonstrated that the majority of spinal border cells (anterior horn neurons 

L5 to T12) give rise to axons that cross the midline, at the same spinal level, to 

ascend as the ventral spinocerebellar tract, although there is a small number of fibres 

that ascend ipsilaterally. The vsc axons pass through the medulla and pons to traverse 

the dorsal part of the superior cerebellar peduncle and recross to synapse in the 

ipsilateral lobe of the cerebellum. The vsc mediates information related to 

coordinated movement and posture of the lower limb (Kim et al., 1986, Yaginuma 

and Matsushita, 1989). 

The rostral spinocerebellar tract arises from laminae 5-7 of the cervical spinal 

cord (Fig. 1.3c). It functionally corresponds to the ventral spinocerebellar tract, but 

for the upper extremities. The tract ascends ipsilaterally in the ventral part of the 

lateral funiculus to pass through both the superior and inferior cerebellar peduncles 

and terminate in the cerebellum (Kayalioglu, 2009). 

Proprioception, touch and pressure from the upper trunk, neck and upper 

limbs are transmitted to the cerebellum through the spinocuneocerebellar or 

cuneocerebellar tract. This pathway is functionally similar to the dorsal 

spinocerebellar tract but serves these more rostral regions. The afferents travel 

through the cuneate fasciculus before terminating in the external or accessory cuneate 
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nucleus. From here the cuneocerebellar tract is formed and terminates in the 

ipsilateral cerebellum via the inferior cerebellar peduncle (Cooke et al., 1971). 

Concerning other ascending projections towards the cerebellum, Matsushita 

and Yaginuma (1995) demonstrated that the central cervical nucleus located laterally 

to area 10 in C1-C4 segments, receives information from both the labyrinth and deep 

dorsal neck muscles. Its axons cross the midline at the same spinal level to ascend in 

the ventral funiculus, passing mainly through the superior cerebellar peduncle to 

terminations in the cerebellum. 

Spinocervico thalamic Pathway 

Light cutaneous and noxious stimuli are also transmitted by another fibre-

tract which consists of two parts, the spinocervical and cervicothalamic tracts (Fig. 

1.3b). The spinocervical tract arises from lamina 1-3, 4 and 5, mainly at the cervical 

enlargement (Fig. 1.3c) but also throughout the entire spinal cord as Bryan et al. 

(1974), Brown et al. (1980) and Craig and Tapper (1978) demonstrated. It ascends 

ipsilaterally through the dorsolateral part of the lateral funiculus and terminates in the 

lateral cervical nucleus, which lies in the lateral funiculus close to the dorsal horn of 

the C1-C4 spinal cord segments (Fig. 1.3c); (Truex et al., 1970). Craig and Burton 

(1979) highlighted a somatotopic organisation in the cat such that rostral parts of the 

body are represented in the medial part of the lateral cervical nucleus, whereas caudal 

parts are found in the lateral part. Subsequently neurons, originating in the lateral 

cervical nucleus, form the cervicothalamic tract and decussate at the level of the 

upper cervical segments of the spinal cord where the ventral white commissure is 

located before ascending to reach the contralateral thalamus. Berkley et al. (1980) 
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identified that these projections terminate in the medial part of posterior thalamic 

nucleus and the ventroposterolateral nucleus of the contralateral thalamus. 

It has been hypothesised that the function of the spinocervical tract is to 

transmit nociceptive stimuli. Hamann et al. (1978) found that a variety of axons 

constituting the spinocervical tract are activated by noxious muscle stimulation. 

Those axons from cutaneous receptors are activated by noxious mechanical stimuli, 

thermal energy and light touch such as hair movement (Cervero et al., 1977). Craig 

(1978) identified that dorsal column nuclei project to the lateral cervical nucleus after 

they receive spinocervical collateral projections. Cao et al. (1993) and Djouhri and 

Jankowska (1998) demonstrated that spinocervical tract collaterals terminate with 

excitatory synaptic inputs on neurons which form the spinothalamic, spinoreticular, 

spinomesencephalic and postsynaptic dorsal column pathways. In turn, neurons of 

the periaqueductal grey, cuneiform nuclei and raphe magnus are found to exert a 

tonically inhibitory effect on these spinocervical tract neurons (Dostrovsky, 1984).  

Broman and Blomqvist (1989) showed that the lateral cervical nucleus of rat and cat 

is subject to serotoninergic innervation, leading them to hypothesise the existence of 

a descending pathway capable of modulating the transmission of somatosensory 

information. The same authors pointed out that although there are few GABA-

immunoreactive neurons in the lateral cervical nucleus compared to other 

somatosensory relay nuclei, their presence in the monkey indicates that there is an 

extrinsic GABAergic input or that the collaterals containing GABA ramify widely in 

the lateral cervical nucleus. 
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Spinoreticular Tract 

The highly myelinated spinoreticular tract arises from laminae 7-8, the lateral 

reticulated part of lamina 5 and more sparsely in lamina 1, and area 10 (Fig. 1.3c), 

and the lateral spinal nucleus. The spinoreticular tract ascends intertwined with 

spinothalamic fibres in the ventrolateral funiculus (Fig. 1.3b). In fact, some of its 

axons are collaterals of the spinothalamic tract. A vast number of nuclei such as the 

dorsal, gigantocellular and lateral reticular nuclei, the oral and caudal reticular nuclei 

in the pons, the central reticular and raphe magnus nucleus as well as the dorsal and 

lateral paragigantocellularis nuclei receive afferents from this spinoreticular tract 

(Mehler et al., 1960).  

The reticular formation of the brainstem and the spinoreticular tract play a 

pivotal role in conditioned pain modulation. Menetrey et al. (1980) demonstrated that 

the nucleus raphe magnus and the reticular formation in the medulla act as a 

descending inhibitory control on spinoreticular tract afferents. Hence, this system 

controls motivational-affective aspects of nociception as well as motor and 

neurovegetative responses to nociceptive stimuli (Millan, 1999). 

Spinothalamic Tract 

The somatosensory region of the thalamus receives afferents conveying 

nociception and temperature as well as pressure and non-discriminative touch (crude 

touch). These afferents constitute the spinothalamic tract, which can be subdivided 

into a ventral or anterior (the paleospinothalamic) and a lateral (or neospinothalamic) 

tracts (Fig. 1.2a, 1.2b & 1.3b); (Kevetter and Willis, 1984). Apkarian and Hodge 

(1989b) and Ralston and Ralston (1992) also identified a separate pathway in 
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primates named the dorsolateral spinothalamic tract. At the level of the spinal cord, 

the ventral and lateral spinothalamic tracts are intermingled with the 

spinohypothalamic, spinoreticular, reticulospinal and spinomesencephalic tracts (Fig. 

1.3b) and yet ascend separately to reach the brainstem where they merge to form the 

spinal lemniscus. 

The ventral funiculus contains the ventral spinothalamic tract through which 

pressure sensations and crude touch are conveyed to the upper centres (Fig. 1.2b). In 

turn, the lateral spinothalamic tract, which transfers temperature and pain sensations, 

is located in the ventral part of the lateral funiculus in proximity and ventral to the 

spinocerebellar tract (Fig. 1.3b). Friehs et al. (1995) found clinical evidence for 

segregated pain and temperature conduction suggesting that two different 

components within the spinothalamic tract transfer temperature and pain sensation: 

the former is situated more ventrally and the latter more dorsally. Spiller and Martin 

(1912) developed the surgical partial division of the spinal cord through ventrolateral 

cordotomy in order to treat chronic unbearable pain from tumours of the cauda 

equina. Cordotomies utilise the percutaneous approach at the level of C1-C2, guided 

by fluoroscopy or CT. This technique is able to produce pain relief by severing the 

spinothalamic tract, which is located in the anterolateral quadrant of the spinal cord, 

demonstrating that this is the main pathway to convey nociception from the spinal 

cord to the cortex (Shepherd et al., 2017). 

The ventral spinothalamic tract arises from laminae 1, 4-5, 7, 8 and area 10 

(Fig. 1.2b, 1.3c); (Apkarian and Hodge, 1989b) although Trevino and Carstens 

(1975) found that there are significant differences in the location of the spinothalamic 

neurons between species. In the rhesus monkey, the majority of tract neurons are 
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situated in the contralateral lamina 1, 4-5 with the rest in laminae 6-8 (Fig. 1.3c). In 

humans, on the other hand, the segmental and laminar organisation is not well 

documented. Similarly, literature is sparse on common lab mammals to make 

translational comparison to, Klop et al. (2005), Burstein et al. (1990b), Apkarian and 

Hodge (1989b) identified 6000, 9500 and 18000 spinothalamic tract neurons in cats, 

rats and monkeys, respectively, with the majority contralateral. Granum (1986), Klop 

et al. (2005) and Apkarian and Hodge (1989a) reported that most tract neurons are 

ipsilateral at the level of the upper cervical segments. Of note it is interesting to see 

that the cat, which one would assume had more spinothalamic neurons than the rat, in 

fact has less, however more study is obviously required.  

The dorsolateral spinothalamic tract makes up 25% of the entire primate 

spinothalamic tract (Apkarian and Hodge, 1989a). Tract neurons are located in 

laminae 2-3 and 4-6  (Fig. 1.2b, 1.3c) and axons cross the midline at the same level, 

to ascend through the dorsolateral funiculus to reach the ventral posterolateral 

nucleus of the thalamus as Ralston and Ralston (1992) and Martin et al. (1990) 

demonstrated. The thalamic terminations of the dorsolateral spinothalamic tract 

convey mechanical, noxious, and cutaneous thermosensory information. The terminal 

fields of dorsolateral and ventral spinothalamic tracts are superimposed in the 

thalamus (Apkarian and Hodge, 1989c). 

Nathan et al. (2001) reported that the spinothalamic tract decussates 

transversely in the dorsal funiculus to then reach the ventrolateral funiculus and 

ascend rostralwards and not diagonally as previously thought. Brenner and Pendl 

(1966) showed that there are also variations of the human spinothalamic tract as 

shown by a rare case of an uncrossed pathway posterior to the denticulate ligament 
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(Moffie, 1975). Craig et al. (2002) hypothesised that the tract neurons in lamina 1 

give rise to the lateral spinothalamic tract, which ascends forming a calbindin 

immunoreactive bundle in the middle of the lateral funiculus of primates. Αδ and C 

primary afferent fibres innervate neurons in lamina 1 and they respond to thermal, 

noxious and mechanical stimuli, whereas laminae 4-5 (Fig. 1.3c) receive terminations 

of Αδ fibres which synapse on excitatory interneurons in the deep layers of lamina 2. 

These interneurons are wide-dynamic-range nerve cells, meaning that they are 

characterised by large receptive fields and can be activated by both innocuous and 

noxious stimuli. Blair et al. (1984) reported that spinothalamic tract neurons can also 

be activated by noxious visceral stimuli, such as those evoked after coronary artery 

occlusion. The lateral part of the thalamus receives afferents from spinothalamic tract 

neurons situated in laminae 1-6 (Fig. 1.3c), whereas the intralaminar and medial 

nuclei of the thalamus receive projections from deeper spinothalamic tract neurons. 

Aversive behaviours connected to nociception are the result of the integration at the 

level of these deep spinothalamic tract neurons whereas the superficial neurons 

process, integrate and transfer sensory-discriminative aspects of pain (Martin et al., 

1990). 

The ventral and lateral spinothalamic tracts are composed of large axons that 

cross in the ventral white commissure to ascend through the ventrolateral funiculus. 

Axons constituting the former may ascend though a couple of segments before they 

decussate, whereas the latter crosses at the same level of the spinal cord where it 

arises (Stevens et al., 1991). About 10% of the fibres that constitute the 

spinothalamic tracts remain uncrossed. Zhang et al. (2000) demonstrated a 

somatotopic organisation of its axons in monkeys. As they ascend throughout the 
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length of the spinal cord the axons constituting the tract migrate laterally so that 

fibres coming from the caudal segments are placed laterally, whereas the medial part 

of the spinothalamic tract is formed by fibres from more rostral levels. At mid-

thoracic segmental levels in primates, spinothalamic axons are found within the 

dorsolateral funiculus in proximity to the denticulate ligament. Zhang et al. (2000) 

also found that the ventrolateral funiculus hosts fibres of the spinothalamic tract 

arising from the deep dorsal horn (Fig. 1.3c). As the axons move upwards to more 

rostral levels and reach the level of the cervical enlargement, the axons forming the 

spinothalamic tract shift ventrally to be placed entirely within the ventrolateral 

funiculus. At the level of the pontine tegmentum, the ventral spinothalamic tract 

shifts posterolaterally to the medial lemniscus and posteriorly through the 

mesencephalic tegmentum (Hong et al., 2010a). 

The spinal lemniscus is the continuation of the lateral spinothalamic tract in 

the brainstem (Fig. 1.2b). Spinothalamic axons terminate in the ventral posterolateral, 

ventral posteromedial, posterior nuclear group and central lateral nucleus of the 

intralaminar nuclei. Blomqvist et al. (2000) found thermoreceptive-specific and 

nociceptive neurons in the posteromedial and ventral posterolateral nuclei. 

Motivational affective responses to nociception are processed and unleashed by the 

central lateral nucleus of the thalamus where spinothalamic tract projections 

terminate. The ventrobasal complex, which projects to the lateral thalamus, plays a 

key role in sensory-discriminative characteristics of nociception. In addition, 

collateral projections distributing inputs from the spinothalamic tract to a variety of 

brainstem sites such as the reticular formation of the medulla, periaqueductal grey, 

nucleus accumbens and parabrachial area (Hylden et al., 1989) may set off 
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descending-nociceptive mechanisms to modulate autonomic and affective responses 

(Kevetter and Willis, 1983). 

Dum et al. (2009) demonstrated termination of the nociceptive pathways 

contralaterally in the granular insular cortex, cingulate cortex, as well as the 

secondary somatosensory cortex. Hong et al. (2010b) used diffusion tensor 

tractography to trace connections from the ventral posterolateral nucleus of the 

human thalamus through the posterior limb of the internal capsule to reach the 

posterior portion of the corona radiata and terminate in the primary somatosensory 

cortex. 

In summary, the ascending pathways transfer different types of sensory 

information through an intricate network of projections with termination in 

supraspinal centres. These supraspinal centres (neocortex, thalamus, hypothalamus, 

cerebellum) described above, integrate the information from the periphery in order to 

modulate secondary motor and autonomic responses to external stimuli.  

1.7    Integration of pyramidal and extrapyramidal systems to control posture 

and movement 

Posture is defined as the stance assumed by the body and various body 

segments during the course of muscular activity, and is the result of coordinated 

contraction of skeletal muscles in order to maintain balance. The human body has the 

ability to retain posture without conscious effort, thus the perception of the position 

and movement of the body also called proprioception is imperative. Since posture 

and body movements are the result of coordinated muscle contractions, it is essential 
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to understand how the motor system integrates information to ensure proper motor 

control (Cramer et al., 2018). The motor system can be defined as a set of peripheral 

structures and central parts of the nervous system, which integrate information to 

support motor function. Peripheral structures comprise skeletal muscle fibres and 

muscle spindles. Central parts comprise the neocortex, brainstem, cerebellum, spinal 

cord, and the pyramidal and extrapyramidal systems (Purves et al., 2018, Augustine, 

2007). The pyramidal system also called pyramidal tract (corticobulbar and 

corticospinal tracts) is involved in the control of motor functions in the body 

(Marmarou, 2011). The lateral corticospinal tract terminates at each level of the 

spinal cord where its fibres synapse on lower motor neurons that control gross and 

fine motor movements. The anterior (non-decussating) corticospinal tract controls the 

proximal muscles and the trunk (Saladin, 2018, Marfeo, 2010). The extrapyramidal 

system consists of motor-modulation centres such as the substantia nigra, 

subthalamic nucleus of Luys, red nucleus, reticular formation and the cerebellum. 

From these centres a variety of subcortical extrapyramidal fibres stem out and 

terminate in the spinal cord. The extrapyramidal tract is a polysynaptic network of 

fibres. It is composed of the rubrospinal, reticulospinal, tectospinal and 

vestibulospinal tracts. These centres send information to the lower motor neurons 

(Fig. 1.3c) in an indirect way (de Oliveira-Souza, 2012). The rubrospinal tract 

originates from the red nucleus. The cerebellum transmits a signal to the spinal 

nerves through this tract. Information flows from the cerebellar cortex through the 

scp to the red nucleus (dentato-rubral tract) and from the red nucleus to the spinal 

cord through the rubrospinal tract. At the level of the spinal cord the fibres of the 

rubrospinal tract synapse onto α and γ motor neurons located in the ventral horn, 
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which in turn stimulate the flexor muscles, the muscles of the hands and fingers. The 

rubrospinal tract is responsible for the maintenance of muscle tone. In addition, this 

tract is responsible for rudimentary motor skills, which in turn are refined by the 

pyramidal tract (Williams et al., 2014). The reticulospinal tract transmits motor 

commands from the reticular nuclei of the pons and medulla to the spinal cord. This 

tract terminates into α and γ motor neurons, which control extensor muscles. The 

tectospinal tract originates from the superior colliculus and terminates into the ventral 

horn of the cervical and upper thoracic segments of the spinal cord. It’s function is 

involved in the orientation of the eyes, head, neck and upper extremities in response 

to bright light, noises and sudden movement (Rose and Abrahams, 1978). Finally, the 

vestibulospinal tract originates in the medial vestibular nuclei and mainly terminates 

on spinal interneurons of the ventral horn in the spinal cord. These vestibulospinal 

inputs have excitatory effects extensor muscles that oppose gravity while exerting 

some inhibitory effects on flexor motoneurons (Grillner et al., 1970, McCall et al., 

2017).  

This integrated circuit between pyramidal (corticospinal tract) and 

extrapyramidal (rubrospinal tract) systems explains the decorticate rigidity where the 

upper extremities assume a rigid flexion pattern whereas the trunk and lower 

extremities assume a rigid extension pattern. The decorticate rigidity indicates a 

transection at the level of the diencephalon resulting in a lesion within the 

corticospinal tract with subsequent interruption of the pyramidal control, whereas the 

brainstem motor centres are working but there is no modulation of these centres from 

the corticospinal tract. In particular, there is disinhibition of the red nucleus, which 

causes subsequent overactivation of the rubrospinal tract. The rubrospinal and 
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medullary reticulospinal tracts have an excitatory effect on motor neurons in the 

cervical spinal cord, which supply the flexor muscles of the upper extremities. The 

second component that explains the decorticate posturing is the disruption of the 

lateral corticospinal tract which causes flexor muscles of the lower extremities to be 

impaired. Since the corticospinal control is interrupted, the pontine reticulospinal as 

well as the medial and lateral vestibulospinal tracts facilitate the extensor muscles of 

the lower extremities (Kawai et al., 2017). The decerebrate rigidity on the other hand 

indicates a transection below the red nucleus, at the brainstem resulting again in a 

lesion within the corticospinal tract and also the subsequent elimination of the 

function of the rubrospinal tract. In this way there is no type of regulation or 

modulation of the vestibulospinal and reticulospinal tracts, as a result the motor 

neurons within the spinal cord are over-activated with total loss of inhibition from the 

neocortex and basal ganglia. This brainstem lesion explains why the patient is rigid 

and with clenched teeth. Moreover, this brainstem lesion causes the head to arch 

posteriorly, rigid extension of elbows in addition to extension and internal rotation of 

all extremities. If there is further advancement of the lesion and the function of the 

vestibulospinal and reticulospinal tracts is eliminated the patient becomes flaccid. 

Further progression may lead to increased intracranial pressure and a subsequent 

tonsillar herniation which compresses the autonomic respiratory and cardiovascular 

centres in the pons and medulla oblongata that leads steadily towards death 

(Sherrington, 1898, Plum and Posner, 1972, Riddle et al., 2009). 

To summarise, the motor system must take into account the distribution of 

body mass and make postural adjustments through the equilibrium of the pyramidal, 
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on one hand, and the extrapyramidal control on the other, in order to execute refined 

movements (Zaretsky, 1982). 

Postural adjustments are performed through two mechanisms: 1) anticipatory 

mechanisms, or feed-forward mechanisms and 2) compensatory mechanisms, or 

feed-back mechanisms. Thus, the central nervous system maintains balance in an 

erect posture. The anticipatory mechanisms generate pre-programmed responses 

responsible for the final product of stability and are anticipatory, meaning that they 

are responsible for the beginning of voluntary movements. The compensatory 

mechanisms, on the other hand, consist of extremely rapid responses which can be 

improved by exercise and learning (Santos et al., 2010). 

To conclude, in order to finalise posture, information is integrated at three 

hierarchical levels; the spinal cord; brainstem; and cerebral cortex. 

The spinal cord is a crucial hierarchy for the execution of movement. It is well 

established that the spinal cord cannot generate movement without an external input. 

This external input derives from the descending fibre bundles (supraspinal centres in 

the brainstem and cortex). In addition, the spinal cord receives external input as 

sensory feedback from the periphery. More specifically, the motorneurons within the 

spinal cord neural network are subjected to afferent feedback from the muscles. In 

this way supraspinal cortical signals (pyramidal and extrapyramidal systems) are 

tuned in order to provide appropriate activation patterns at the level of spinal α and γ 

motorneurons (Teka et al., 2017). The most striking demonstration of this is the fact 

that patients with spinal cord injury can modify, initiate and maintain execution of 

movement in the absence of supraspinal control when external afferent inputs 
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(functional electrical stimulation) are applied to the spinal cord below the level of 

lesion (Dimitrijevic et al., 2015). 

The brainstem comprises circuits that are represented by the medial indirect 

system such as the vestibulospinal, reticulospinal and tectospinal tracts 

(extrapyramidal system) which controls the proximal muscles, as well as by the 

lateral indirect system such as the rubrospinal tract which controls the distal muscles 

(Martini and Nath, 2009). 

Finally, the cerebral cortex is responsible for the anticipatory mechanisms 

(pyramidal system), which are evocated by visual, cutaneous, vestibular, and 

muscular receptors. 

More specifically, the inputs from the cerebral cortex are subjected to 

elaborate processing through a crucial feedback loop known as the cerebrocerebellar 

circuit and described below. 

The cerebrocerebellar circuit 

The cerebrocerebellar circuit is a feedback loop that bidirectionally connects 

the cerebral cortex and the cerebellum. The circuit consists firstly of a descending 

limb which originates in the cerebral cortex and terminates via the pontine grey 

matter into the cerebellum, and secondly, an ascending limb which originates in the 

cerebellum (dentato-rubro-thalamic tract (drt)) and projects via the ventral tier of the 

thalamus, to cortical motor areas (Fig. 1.4); (Gray et al., 1999, Brodal, 1981). The 

anatomical pathways in these descending and ascending limbs are discussed further 
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below. In Chapter 5, I also investigate part of the ascending limb of this circuit with 

ultra-high-resolution DTI and postmortem deterministic tractography.  

The cerebrocerebellar circuit, connecting the neocortex and the cerebellum 

and most particularly through the coordination of the cerebrocerebellum (or 

pontocerebellum), plays a crucial role in a variety of somatic functions including 

motor coordination, motor learning and planning, and verbal working memory 

(Rosenbaum, 2009, Houk and Mugnaini, 2003, Marvel and Desmond, 2010). In 

addition, Ramnani (2006) reported evidence of cerebellar connections to the 

prefrontal cortex suggesting that the cerebellum also contributes to higher cognitive 

function. Moreover, Dow (1988) reported that electrical stimulation of the 

cerebrocerebellum evokes electrical potentials not only in cortical areas such as the 

prefrontal cortex, but also in language areas, suggesting that the cerebellum plays a 

key role also in cognitive function and speech. 

Various anterograde and retrograde tracing techniques, MRI and diffusion 

tractography studies (Palesi et al., 2017) all concur that the white matter tracts 

originating from nuclei within the cerebrocerebellar circuit form distinct groups of 

bundles, giving rise to the concept of multichannel organisation of the 

cerebrocerebellar circuit (Buckner et al., 2011). This concept assumes that these fibre 

bundles form multiple, parallel but functionally diverse neuronal channels that can 

form loops between the cortex and the cerebellum. For example, descending 

neuronal channels from specific areas of the cerebral cortex convey information to 

specific regions of the cerebellum, which in turn, and through diverse ascending 

parts of the cerebrocerebellar circuit, convey information back to the same areas of 
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the cerebral cortex where the neuronal information originated (Benagiano et al., 

2018).  

The descending limb of the cerebrocerebellar circuit 

The descending limb of the cerebrocerebellar circuit consists of the 

corticopontine tract (proximal segment), and the pontocerebellar tract (distal 

segment). The pontocerebellar tract originates from the precerebellar nuclei (pontine 

grey matter), and synapses onto the cerebellar cortex as mossy fibres (Fig. 1.4). 

Subsequently, the cerebellar cortex projects into the deep cerebellar nuclei, see below 

(Benagiano et al., 2018). 

The proximal segment of the descending limb (corticopontine tract) 

The corticopontine tract provides a line of communication between the 

neocortex and the cerebellum, contributing to the coordination of motor functions 

(Fig. 1.4). 

Brodal and Bjaalie (1997) used sensitive anterograde tracing techniques in 

monkeys to highlight the organisation of the corticopontine and pontocerebellar 

terminal fields in non-human primates. The most substantial input to the pontine grey 

matter in the monkey derived from primary motor and primary somatosensory 

cortices, superior parietal lobule (Broadman areas 4, 3, 1 and 2, most of area 5) and 

finally some part of the inferior parietal lobule (area 7), frontal eye field (area 8), 

dorsolateral prefrontal cortex (area 9), extrastriate visual cortex and insular cortex 
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(areas 13 and 14). Subsequently, Kamali et al. (2010) used probabilistic tractography 

to further track the descending bundles of the cerebrocerebellar circuit. Their data 

presented the relationship between different descending cortical bundles, showing a 

clear separation of bundles from the frontal (areas 6, 4), parietal (areas 3, 1, 2, 5, 39) 

and occipital (area 17) cortices. This topography was maintained at different levels of 

the descending limb, including at both proximal (e.g., at the internal capsule and crus 

cerebri) and at the distal parts, (e.g., basilar pons and cerebellum). 

A number of autoradiographic studies in the monkey have used radiolabelled 

tracers (e.g., tritiated amino acids or WGA-HRP) to identify the terminations of 

corticopontine fibres from the prefrontal cortex. These fibres terminate mainly in the 

rostral half of the basilar pons, in ventromedial, medial, and dorsomedial regions of 

pontine grey matter (Brodal, 1978a, Hartmann-von Monakow et al., 1981, Stanton et 

al., 1988, Schmahmann and Pandya, 1997). Corticopontine fibres from the frontal 

and supplementary eye fields were found to terminate in medial regions of pontine 

grey matter (Huerta et al., 1986, Huerta and Kaas, 1990). Corticopontine projections 

from the supplementary eye field and prearcuate cortex have also been traced in the 

dorsolateral pontine fields (Shook et al., 1990, Leichnetz and Gonzalo-Ruiz, 1996). 

Finally, Brodal and Bjaalie (1997) emphasised a striking feature of the 

corticopontine projection which is the so-called ‘’patchy divergence’’ observed at the 

level of the basilar pons. This means that a very small area of the neocortex projects 

to widespread parts of pontine grey matter, and on the other hand, retrograde tracing 

experiments showed a considerable convergence of the projection within the 

cerebellum. For example, axons from many parts of pontine grey matter converge 

into a very small volume of cerebellar cortex.  
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Fig. 1.4. Schematic diagram of the cerebrocerebellar circuit. The descending 

limb (red arrows) which consists of a proximal segment (corticopontine tract) and 

a distal segment (transverse fibres of the pons) connects the cerebral cortex to the 

cerebellum via the pontine nuclei and through the middle cerebellar peduncles. 

The ascending limb (blue arrows) which consists of a proximal segment (dentato-

rubro-thalamic tract) and a distal segment (thalamocortical projections) connects 

the cerebellum with the cerebral cortex passing through the superior cerebellar 

peduncles, red nucleus, and thalamus. Abbreviations: scp: superior cerebellar 

peduncle, mcp: middle cerebellar peduncle, tfp: transverse fibres of the pons, 

Thal: thalamus. Picture extensively modified by original taken from: Palesi et al. 

(2017) 
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The distal segment of the descending limb (pontocerebellar projection) 

Much less is known in primates regarding the transverse fibres of the pons 

that constitute the distal part of the descending limb of the cerebrocerebellar circuit. 

The transverse or pontocerebellar fibres cross the midline to form the middle 

cerebellar peduncles towards the cerebellum. The termination of these 

pontocerebellar fibres was classically thought to be diffuse or at least as multiple 

longitudinal aggregates (Voogd, 1969). Serapide et al. (2001) injected the pontine 

nuclei in the rat with anterograde tracer and observed zonally arranged projections to 

the paraflocculus and most of the other lobules of the cerebellum. Larger injections 

in the pontine nuclei, however, showed a diffuse labelling and the authors were not 

able to explain this phenomenon. Nevertheless, this observation was consistent with 

the so-called ‘’patchy divergence’’ that Brodal and Bjaalie (1997) reported. Voogd 

(1967) also reported that the pontine nuclei project to the entire cerebellum apart 

from the nodulus (lobule X) and the ventral uvula (lobule IX). 

The overall topography of the pontocerebellar projection has been identified 

in the cat, where the anterior lobe of the cerebellum receives most (about 80%) of the 

fibres from the caudal half of the basilar pons (Brodal and Bjaalie, 1997) while the 

dorsal paraflocculus receives most (about 70%) of the projections from the rostral 

half of the basilar pons. The crus I, crus II (posterior lobe of the cerebellum), and the 

paramedian lobule of the cerebellum receive 68 %, 58 %, and 47 % respectively. 
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The cerebellar circuitry 

The projections from pontine grey matter terminate into the cerebellar cortex 

as mossy fibres. These are fibres that emanate primarily from the pontine nuclei and 

from nuclei associated with the reticular formation such as the basal pontine 

reticulotegmental and lateral reticular nuclei. This circuitry also includes 

spinocerebellar and trigeminocerebellar mossy fibres conveying proprioceptive 

inputs from the trunk, limbs and face (Molinari, 2002). Each of the mossy fibres 

divides when the subcortical white matter of the cerebellum is reached, into 

branchlets which then course into the granular layer of the cerebellar cortex and 

generate two or three synaptic rosettes (or synaptic buttons) within the cerebellar 

glomeruli. Therefore, one mossy fibre may terminate onto the dendrites of about 400 

cerebellar granule cells. The axon of the granule cells ascends to reach the molecular 

layer of the cerebellum and subsequently the axon bifurcates to two parallel branches 

projecting in opposite directions and finally synapsing on the dendrites of around 400 

Purkinje cells (Palkovits et al., 1972, Benagiano et al., 2018). Subsequently, the 

Purkinje cells which are all inhibitory GABAergic neurons, project from the 

cerebellar cortex to the ipsilateral dentate nucleus, the largest of the deep cerebellar 

nuclei (Benagiano et al., 2001). The cerebellar dentate nucleus is placed bilaterally in 

the centrum midollare, deep in the lateral hemispheres. It is the main source of 

efferent projections out from the cerebrocerebellum, and these project to the red 

nucleus in the midbrain and to the ventral tier of the thalamus (Brodal, 1981). In the 

monkey, the dentate nucleus is subdivided into two functional and anatomical 

regions: the rostrodorsal region receives corticonuclear projections associated with 

motor regions of the cerebellar cortex such as the simplex and paramedian lobule, 
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and the anterior lobe - while the caudoventral region of the dentate receives 

projections from Purkinje cells in non-motor regions of the cerebellar cortex such as 

crus I, II, and the paraflocculus (Strick et al., 2009). There are three more deep 

cerebellar nuclei, from lateral to medial these are the emboliform, globose and 

fastigial nuclei. These nuclei may also contain neurons which project to subcortical 

motor centres such as the parvicellular red nucleus, the vestibular nuclei, the reticular 

formation and finally via the ventral tier of the thalamus to motor areas of the 

neocortex (Kievit and Kuypers, 1977, Stanton, 1980). 

The ascending limb of the cerebrocerebellar circuit 

The ascending limb of the cerebrocerebellar circuit is the return constituent of 

the loop, through which the processed information from the cerebrocerebellum is 

conveyed back to the cerebral cortex. The ascending limb consists of two segments, a 

proximal segment which originates from the deep cerebellar nuclei and projects to 

the red nucleus and thalamus (as already touched on above), and a distal segment 

which originates from thalamic nuclei and projects to the cerebral cortex (Fig. 1.4); 

(Granziera et al., 2009, Meola et al., 2016a).  

The proximal segment of the ascending limb (dentato-rubro-thalamic tract (drt)) 

The proximal segment arises from the deep cerebellar nuclei and most 

particularly from the dentate nucleus. The fibres form the superior cerebellar 

peduncle, a fibre tract that travels rostrally to partially decussate in the midbrain. The 

fibres that cross over at the level of the superior cerebellar decussation (decussating 
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drt), and those that ascend ipsilaterally (non-decussating drt) further project to the red 

nucleus where they synapse onto its parvicellular part (Meola et al., 2016a). These 

fibres connecting the dentate and red nuclei are the dentato-rubral tract. The 

cerebellothalamic tract on the other hand, ascends towards the ventral tier of the 

thalamus (postcerebellar nuclei); (Stanton, 1980, Granziera et al., 2009). Together 

these tracts form the dentatorubrothalamic tract (drt), further investigated in Chapter 

5.  

The red nucleus 

An additional regulatory centre of the cerebrocerebellar circuit is the red 

nucleus, and in particular the parvicellular part is anatomically and functionally 

connected to the cerebrocerebellum (Robak et al., 2000, Ralston and Milroy, 1989, 

Habas et al., 2010). The parvicellular red nucleus receives firstly, dentato-rubral 

axons from the cerebellar nuclei (nucleorubral fibres), and secondly, neocorticorubral 

fibres that project from the primary motor area (Burman et al., 2000b), the premotor 

area (von Monakow et al., 1979), the parietal and prefrontal areas (Leichnetz, 1981), 

and finally, the frontal eye field (Burman et al., 2000b). The neurons within the 

parvicellular red nucleus thereafter send fibres to 1) the ipsilateral inferior olivary 

complex, forming the rubro-olivary tract which controls the activity of the cerebello-

olivary circuit (Nioche et al., 2009, Burman et al., 2000a), 2) the pontine nuclei 

forming the rubropontine tract (Nathan and Smith, 1982, Holstege and Tan, 1988), 

and 3) the precerebellar reticular nuclei forming the rubroreticular tract (Nioche et 

al., 2009). Both of these latter two tracts regulate the firing frequency of the mossy 
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fibre inputs back to the cerebellum, forming a complex loop. Therefore, the mossy 

fibres are crucial within the cerebellar circuitry forming complex branched axons that 

innervate the granule cells of the cerebellar cortex. 

The distal segment of the ascending limb 

The distal segment of the cerebrocerebellar circuit consists of the 

thalamocortical projection (Fig. 1.4). The fibres of this projection originate in the 

postcerebellar thalamic nuclei and ascend through the internal capsule. In the internal 

capsule, there is some topography related to the final fibre destination. The anterior 

limb of the internal capsule is occupied by fibres projecting to the prefrontal cortex 

and some fibres to the limbic cortex; the genu and posterior limb by the fibres to 

motor and parietal areas; the sublenticular limb by those to the temporal cortex; the 

posterior limb by additional fibres to the limbic cortex; and finally, the retrolenticular 

limb by the fibres to the occipital cortex (Kwon et al., 2011a, Kumar et al., 2015, 

Behrens et al., 2003b, Palesi et al., 2015). 

Behrens et al. (2003b) have identified different areas of the thalamus 

projecting to different cortical regions (thalamocortical connectivity). For example, 

the ventral lateral and ventral anterior thalamic nuclei project to the primary motor 

cortex and premotor cortex, a view which was also found by Jones et al. (1979) using 

anterograde and retrograde tracing techniques in monkeys. 

Finally, Kievit and Kuypers (1977) using horseradish peroxidase in rhesus 

monkeys found that areas situated ventromedially in the thalamus project to the 

frontal lobe and most specifically along its lateral margin.  
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To conclude, the information descending from the cerebral cortex is subject 

to complex processing across different levels. The first level of processing occurs in 

the basilar pons by the pontine grey matter (precerebellar nuclei). At this level the 

information is conveyed from 1) the cerebral cortex, 2) the lamina quadrigemina, 3) 

the red nucleus, and finally, 4) local interneurons. The second level of processing 

occurs in the cerebellar cortex. Finally, the third level of processing occurs within the 

deep cerebellar nuclei, and along the ascending limb of the cerebrocerebellar circuit 

namely, the red nucleus and the ventral tier of the thalamus. These constitute a 

hierarchy of signal integration that provides critical feedback and fine tuning of 

information passing from the cerebral cortex to the cerebellum (Benagiano et al., 

2018). In fact, clinical studies reported that the dysfunction of brainstem, cerebellar 

and thalamic centres associated with the cerebrocerebellar circuit by conditions such 

as pontocerebellar hypoplasia and strokes may produce a functional deficit and 

seizures comparable to that of the destruction of the cerebrocerebellum (Namavar et 

al., 2011). Therefore, the cerebrocerebellar circuit should be studied and investigated 

as a non-separable anatomical entity. In Chapters 3 and 5 I investigate the parts of 

the descending and ascending limbs of this cerebrocerebellar circuit using Diffusion 

Tensor Imaging (DTI) and HARDI postmortem deterministic tractography, 

techniques further discussed below.  
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1.8     Impact of DTI on clinical research and applied science 

Diffusion Tensor Imaging (DTI) is a Magnetic Resonance Imaging (MRI) 

technique that exploits the phenomenon of anisotropic diffusion to estimate the fibre 

organisation of the brain. Since MRI uses a magnetic field to create detailed images 

of the structures within the body, DTI is a specialised imaging technique that uses 

MRI principles to detect the movement of water within organs and tissues of interest. 

More specifically, DTI provides a quantitative analysis of the magnitude and 

orientation of water molecules (Alexander et al., 2007, Lope-Piedrafita, 2018). DTI 

was first proposed as an MRI imaging technique by Basser et al. (1994a). Therefore, 

the introduction of DTI model permitted to characterise the shape of water diffusion 

between the fibre tracts in the brain giving a rotationally invariant description. 

Several properties of the diffusion tensor do not change when the tensor is rotated 

through different angles. As a result, these properties are rotationally invariant. The 

invariance to rotation was a pivotal principle because it allowed the investigators to 

unravel complex anatomy of white matter connectivity in the brain. More 

specifically, these rotational invariants give quantitative information, including mean 

diffusivity, and anisotropy within tissues. Finally, the rotational invariants are useful 

in comparing tensors and ellipsoids (see below); (Pierpaoli et al., 1996, Kingsley, 

2006). 

The applications of DTI across a wide variety of neuroscientific studies have 

been enormous. Some examples include investigating different white matter 

connectivity patterns and features in schizophrenia (Kubicki et al., 2007), multiple 

sclerosis (Inglese and Bester, 2010), aging (Westlye et al., 2010), traumatic brain 

injury and major depression (Maller et al., 2010), and finally autism (Lange et al., 
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2010). Quite famously, the National Institutes of Health have funded the application 

of DTI to map the normal axonal connections in the brain, through an international 

collaboration known as “The Human Connectome Project’’ (Van Essen et al., 2012). 

Finally, the most clinically advanced application of DTI is the preoperative DTI 

neuronavigation, which has been shown to increase tumour resection efficacy and 

post-operative survival (Wu et al., 2007, Bello et al., 2008, Golby et al., 2011, Talos 

et al., 2003). 

Technical aspects of DTI 

As indicated above DTI investigates cellular structure by measuring the 

diffusion of water molecules. This measurement is called diffusivity or diffusion 

coefficient and is a proportionality constant between diffusive flux and a 

concentration gradient. Diffusivity’s units are expressed in area per time: mm2/s 

(Bihan and Warach, 1995). This diffusivity measured in tissues such as the brain 

varies in relation to the orientation of various structures, thus the diffusion becomes 

anisotropic. In contrast, the diffusion measured in a glass of pure water (devoid of 

lipidic and protein components such as myelin), is equal in all directions (or 

isotropic); (Beaulieu, 2002). Therefore, DTI is based on mathematical principles of 

linear algebra where the diffusion tensor describes the diffusion of water molecules 

along structures such as axons, using a Gaussian model. A Gaussian model is a 

probabilistic model that represents distributed subpopulations within an overall 

population of fibres. The diffusion tensor is proportional to the covariance matrix of 

a 3D Gaussian distribution which measures and by extension models the 
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displacement of water molecules. Mathematically, the diffusion tensor is a three by 

three symmetric and positive-definite matrix characterised by three orthogonal and 

perpendicular to each other eigenvectors and by three positive eigenvalues 

(Szczepankiewicz et al., 2021). An eigenvector of an n x n matrix A is a linear 

transformation of a nonzero vector x which gives a scalar multiple of itself. A scalar 

λ is called an eigenvalue of A (Arfken, 1985). Therefore, the major eigenvector 

indicates towards the principal direction of diffusion. As a result, in anisotropic 

tissues rich of fibres such as the brain the major eigenvector also defines the axis of 

the bulk of fibre bundles (Basser et al., 1994b, Dibb and Liu, 2017). Finally, the three 

positive eigenvalues of the tensors (λ1, λ2, λ3) characterise the diffusivity along the 

direction of each eigenvector. To conclude, the eigenvectors and eigenvalues 

characterise a mathematical ellipsoid which gives an isosurface of Gaussian 

probability of diffusion. Therefore, in areas of high anisotropy such as along white 

matter tracts the ellipsoid is more elongated along the major eigenvector, whereas in 

areas of low anisotropy the ellipsoid assumes the shape of a sphere (Mori, 2002). 

Calculating DTI measurements 

To create a diffusion tensor image for neural white matter analysis, magnetic 

field gradients are applied to a brain region to generate a diffusion sensitised image 

in a particular direction. This diffusion sensitising gradient produces a situation in 

which the magnetic field is not homogeneous at all points within a voxel, therefore, 

the signals emitted by the water molecules have different frequencies and phases 

over the period of time in which these gradients are applied. This process is called 
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diffusion weighting. By repeating this process in multiple directions, a 3D diffusion 

model which is called the tensor is estimated. Therefore, DTI involves the 

application of magnetic pulses to cause a random phase shift for water molecules to 

diffuse (Young et al., 2020). In simplified terms, fibre tracts oriented parallel to the 

magnetic field gradient direction will appear dark in DWI for that specific direction. 

Subsequently, by comparing the signal loss with the original signal the diffusion 

tensor is calculated (Alexander et al., 2007). 

The information deduced by the diffusion tensor is condensed into one 

number (a scalar), or into four numbers to display further acquisitions. Firstly, the 

anatomical maps characterised by images with red, green, blue colours and a 

brightness value (Fractional Anisotropy Colour (FAC) maps); (He et al., 2014). 

Secondly, the diffusion tensor can be post-processed and viewed using glyphs, which 

represent the major eigenvector within each voxel and thirdly, DTI can be further 

post-processed and the investigator can estimate the course of the pathways via a 3D 

tracing technique called tractography. All these different post-processing analysis 

models are described further below. 

DTI scalars 

By calculating the average of the tensor’s eigenvalues we can extract the 

simplest but very useful scalar in DTI, referred to as Mean Diffusivity (MD); 

(Pierpaoli et al., 1996, Le Bihan et al., 2001). The MD relates to the total quantity of 

diffusion within a voxel. A voxel is the basic unit of 3D data that composes an image 
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or any other digital information. Therefore, an MRI image consists of a number of 

voxels. The size of a voxel defines the spatial resolution of the image, and as each 

voxel typically encompasses extracellular and intracellular space, changes in MD can 

be a good measure of changes in the quantity of water in the extracellular space. The 

MD measured in tissues with pathologies such as cytotoxic edema for example, can 

be higher than the value of the MD measured in water due to increased perfusion (Le 

Bihan et al., 1986).  

Another DTI scalar useful for mapping pathways and more widely used is the 

Fractional Anisotropy (FA). The FA measures the fraction of the diffusion that is 

anisotropic. As described above regarding the ellipsoid, the FA defines the 

divergence of the ellipsoid’s shape from that of a geometric sphere. The fractional 

anisotropy can be considered as a normalised variance of the eigenvalues and is 

defined by the following equation:  

Where                                        is the mean value of the three eigenvalues (Winston, 

2012, Jellison et al., 2004, Basser and Pierpaoli, 1996). As a result, if the principal 

eigenvector and eigenvalue λ1 is a lot higher than the other two eigenvalues λ2 and λ3, 

then the value of the FA will be very high as well, and this is evidence for the 

presence of a uniformly oriented fibre population along the largest eigenvector. On 

the other hand, in voxels with a spherical measurement, the principal eigenvector and 
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eigenvalue may not always align with an underlying fibre orientation (Ennis and 

Kindlmann, 2006). 

Fractional Anisotropy Colour (FAC) maps 

While FA maps unravel differences in anisotropy in a 3D space, they do not 

reflect any information regarding the orientation of the fibre tracts. FAC maps are 

useful to visualise information about the orientation of water molecules diffusion by 

colour-coding information deduced from the eigenvectors. For example, the colour 

red indicates a lateromedial diffusion of water molecules and by extension a 

lateromedial orientation and not direction of fibre tracts (eigenvector [1, 0, 0]). 

Similarly, the colour green indicates a ventrodorsal diffusion (eigenvector [0, 1, 0]), 

and blue indicates a rostrocaudal diffusion (eigenvector [0, 0, 1]). Finally, diffusion 

along the intermediate orientations are visualised by mixing the three basic colours, 

for example magenta for an oblique rostrocaudal and lateromedial diffusion and 

yellow for an oblique ventrodorsal and lateromedial orientation of the diffusion 

(Pajevic and Pierpaoli, 1999). As a result, the diffusion of water molecules in the 

brain tissue is not random, rather reflects the presence of fibres, and cellular 

membranes. The fibre pattern in the brain demonstrated by diffusion MRI represents 

fibre architecture well as compared by MRI, polarized light imaging, and histological 

quantitative estimates of myelin and astrocytes (Mollink et al., 2017). 
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Tensor Glyphs derived from diffusion tensor imaging 

A common objective in computational neuroscience is to enable the 

inspection of anatomical maps at precise and discrete points in 3D space, and at the 

same time to illustrate the anatomy of larger-scale structures. Small-scale 3D objects 

such as sticks, ellipsoids, and superquadric tensor glyphs can be used to disclose 

information of fibre orientations within each voxel which derives from a tensor 

eigensystem (Basser et al., 1994b, Kindlmann, 2004). A tensor field is produced by 

plotting the tensor glyphs over a defined space, and indicates at a precise location 

within each voxel the eigenvector and eigenvalue as computationally visualised by 

the shape, orientation and colour of the glyph geometry (Zhang et al., 2016). In 

addition, the glyphs can assume a more precise form than a usual ‘’peanut’’ by 

enhancing the isotropic resolution of the diffusion images (Kindlmann and Westin, 

2006). The most obvious drawback of DTI models is the fact that they work well 

when there is only one fibre population within each voxel. However, these models 

fail completely when there are two or more fibre populations characterised by 

different orientations in the same voxel. The only way to overcome this disadvantage 

is to increase the isotropic resolution of the diffusion data (Astola et al., 2014, 

Mulder et al., 2019). 
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Step-by-step approach in Deterministic vs Probabilistic Tractography 

Tractography is a 3D modelling technique which uses mathematical 

algorithms to calculate, commence and terminate the trajectory of white matter tracts 

and derives from post-processed data gathered by diffusion MRI (Jones, 2008). 

Tractography can be categorised into two classes: Deterministic and Probabilistic 

tractography. The main parameter that distinguishes these two broad categories is the 

sampling of tract directions regarding the propagation of streamlines. In deterministic 

tractography, the trajectories are produced according to a fixed direction within each 

voxel, thus the term deterministic, whereas probabilistic tractography calculates all 

probable trajectories. Therefore, the algorithms used in deterministic tractography 

can reproduce the bulk of fibre orientations within a voxel (Mori et al., 1999, Basser 

et al., 2000, Conturo et al., 1999, Yeh et al., 2013). 

The most represented, studied and utilised type of tractography is streamline 

or deterministic tractography which derives from an earlier method for detecting a 

tensor field known as hyperstreamlines (Mori et al., 1999). Streamline tractography 

generates discrete trajectories or “tracts’’. Streamline tractography works by 

successively stepping forwards and generating the trajectory along the orientation of 

the major eigenvector which, as described above, is the orientation of the fastest 

diffusion that water molecules assume. Therefore, the eigenvectors work like 

tangents that touch the curve of the calculated trajectory. Deterministic tractography 

uses a “deterministic” approach to delineate the trajectories of the fibre bundles. 

After a seed mask is placed in the white matter, the algorithm follows anterogradely 

and retrogradely local fibre directions through a step-by-step process characterised 
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by recurrence until the termination criteria are met (Euler method); (Sedrak et al., 

2011). The algorithm does not involve any random parameter and therefore every 

time a tract is calculated within a number of voxels, an identical trajectory of the 

fibre bundle under investigation is produced.  

Generally, deterministic tracking algorithms follow the principal eigenvector 

as proposed by various authors (Conturo et al., 1999, Basser et al., 2000, Jones et al., 

1999, Tench et al., 2002, Mori et al., 1999). Therefore, if the resolution is not high 

enough the available information shown by deterministic tractography could be 

reduced. This means that the biggest and homogeneous fibres can be visualised. As a 

result, the fibres that have much smaller diameter than the voxel size of the diffusion 

data cannot be detected. 

However, deterministic tractography is not simply setting the seeds and 

termination points and the pathways under investigation will be automatically 

produced. The parameters that affect the final tracking results include the number of 

the seeds, the step size, the angular threshold, the anisotropy threshold, the 

smoothing, and finally the minimum and maximum length allowed (Caan, 2016). 

These are all subjected to variations connected to the isotropic spatial resolution of 

the diffusion (raw) data. 

A number of different software programs have been developed to calculate 

step-by-step fibre tracts (or streamlines) from the diffusion data including DSI Studio 

(Yeh, 2021) and FSL (Woolrich et al., 2009); (both programs used in this thesis). 

The calculations use a variety of mathematical methods to perform streamline 

tractography, such as the Euler method which follows the eigenvector for a fixed step 
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size (Zhan et al., 2015, Basser et al., 2000). The Euler method is a first-order 

numerical procedure used by the program to calculate differential equations and by 

extension the trajectory of the fibre tract under investigation. In this way, in order to 

calculate the shape of a fibre tract which starts at a given point, the program applies a 

number of tangent lines along the calculated curve so that the trajectory can be 

computed at any point on the curve (Zhan et al., 2015). A second order Runge-Kutta 

method has been developed where the tangent is followed by half a step and then a 

new tangent is applied along the calculated curve. In addition, a fourth order Runge-

Kutta, and a Fibre Assignment by Continuous Tracking (FACT) methods have been 

employed to introduce the so-called ‘inertia’ when the algorithm calculates the 

trajectory within regions of planar anisotropy (regions of multiple fibre crossings) by 

modulating the direction of the incoming tangent instead of using the principal 

eigenvector as the Euler method does (Weinstein et al., 1999, Lazar et al., 2003, 

Westin et al., 2002, Mori et al., 1999, Conturo et al., 1999, Press et al., 1986). 

 Advanced algorithms have been developed and created further methods as 

follows.  

1) The region-growing and wavefront evolution method which is a white matter

tractography method that determines the pathways by tracing minimum trajectories 

using the vector field of the resulting partial differential equation.  

2) Tractography ‘’meta-analysis’’ methods that perform clustering. In this way this

proposed method identifies a pattern of white matter tracts in a group of subjects and 

recognises structures that correspond to expected white matter tracts.  
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3) Optimisation methods which use physical models such as the Gibbs tracking that

reconstructs a long neuronal pathway in small successive steps. Starting from the 

local information about diffusion, the method calculates and follows the local 

voxelwise-defined direction of the fibre tract (Kreher et al., 2008, Melonakos et al., 

2007, O'Donnell et al., 2009, Yushkevich et al., 2008, Jackowski et al., 2005).  

 The second class of tractography is probabilistic tractography which outputs 

probabilities of white matter connections. Probabilistic fibre tracking is characterised 

by a random process by which the propagation of fibre tracking is calculated. As a 

result, every time the same trajectory is calculated, a different result may occur. 

Probabilistic tractography iterates all “probable” trajectories which can be followed 

and defines a certain probability to each outcome (Behrens et al., 2003a). In other 

words, probabilistic tractography estimates the distribution of all possible fibre 

orientations within a voxel. A trajectory is randomly drawn from the distribution of 

fibre orientations, and the algorithm determines the orientation of the streamlines 

(Behrens et al., 2007). While this may therefore produce tracts which are false, the 

approach is able to detect all possible trajectories even those small tracts missed by 

deterministic fibre tracking (Abhinav et al., 2014). 

So which approach – deterministic or probabilistic is more efficient to use. 

The answer comes down to the isotropic spatial resolution of the diffusion data. If 

this is sufficient to directly compare computed tracts with the tensor glyphs, the FAC 

and most importantly the structural anatomical GRE images, then any probabilistic 

approach can become superfluous and deterministic tractography should be used. But 

the tracts do need to be compared with all available image data, glyphs, FAC, GRE, 
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and the rest of the DTI contrasts such as the FA, Axial Diffusivity (AD), MD, Radial 

Diffusivity (RD) and DWI.  

The Potential of Postmortem Tractography 

Optimised spatial resolution is most readily achieved for postmortem tissues, 

and postmortem tractography has a high potential for morphological analysis of 

tissues and tracing of brain connectivity. Due to the fact that postmortem 

tractography offers the ability to scan the specimens for long periods of time (e.g., 

208 hours - scanning time for the Duke diffusion data) and to apply higher fields of 

strength (>7 Tesla) which are not well tolerated by a living human being, these 

factors enable ultra-high spatial resolution both for the structural and diffusion data. 

This, renders possible the reconstruction and correlations between subtle white 

matter tracts and fine morphological features (D'Arceuil et al., 2007, Miller et al., 

2011). From higher spatial resolution morphological and diffusion imaging ultra-

high-field MRI, HARDI postmortem tractography, and higher order models such as 

the tensor glyphs can be used to identify anatomical details which were obscured 

from traditional histochemistry and gross anatomy. This contrasts with the lower 

resolution clinical MRI, which while useful for guiding surgery in the same patient, 

is limited to replicating what traditional anatomical methods have seen. Postmortem 

diffusion MRI does not require slicing or destruction of the specimen, especially 

valuable for tracing connectivity. Moreover, non-invasive imaging provides 

comprehensive 3D morphological information, therefore, MRI based techniques are 

efficient by offering ultra-high spatial resolution, high chemical and tissue 
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specificity, as well as very high structural contrast (Dominietto and Rudin, 2014). 

However, there are technical challenges regarding postmortem diffusion imaging 

modalities. Tissue deterioration after death and incomplete fixation of tissues can 

render inefficient postmortem diffusion imaging data obtained from scanners with 

low field strength. A major challenge is the reduction of the apparent diffusion 

coefficient (ADC) which is a measure of the magnitude of diffusion of water 

molecules in tissues, and of the relaxation times following excitation (T2). 

Investigators have compensated for these alterations by increasing the b-value which 

reflects the strength and timing of the gradients used to create DWI images.  

The term b-value was coined by Stejskal and Tanner (1965) when they 

described their pulse gradient diffusion method. This parameter measures the degree 

of diffusion weighting applied. The Stejskal-Tanner pulsed gradient diffusion method 

is still in use for modern DWI pulse sequences. The b-value is defined by the 

following formula: b = γ2 G2 δ2 (Δ – δ/3), and expressed in units of s/mm2. It consists 

of two gradient pulses of magnitude (G), both characterised by a duration (δ), and 

separated from each other by a time interval (Δ). Therefore, Δ is the time between the 

start of the first gradient and the start of the following gradient pulse. Where γ is the 

proton gyromagnetic ratio (MHz/Tesla); (Westin et al., 2002). As a result, a larger b-

value is achieved by increasing three factors. The gradient pulse of magnitude (G), 

the duration (δ) of each pulse, and finally by widening the time interval between the 

gradient pulses. For example, to identify slow water molecules moving at small 

distances the b-value should increase. It is not clearly defined which is the best b-

value in diffusion weighting imaging. The b-value is correlated to MRI parameters 

such as the field of strength and the number of signals averaged, and factors such as 
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predicted pathology and anatomical features. The higher the b-value is, the higher the 

diffusion weighting is, thereby showing brighter white matter tracts. However, the 

signal to noise ratio decreases when images are obtained with high b-values resulting 

in images with more noise (lower quality). In clinical practice, the b-values used for 

diffusion imaging range from 0 to 1000 s/mm2 (Burdette et al., 2001, DeLano et al., 

2000, Mori, 2007). 

Therefore, higher b-values acquire more robust diffusion effects and high 

quality images. As a result, we now obtain similar image quality and high contrasts 

to in-vivo studies but with increasingly higher spatial resolution (Sun et al., 2003, 

Pfefferbaum et al., 2004, Tovi and Ericsson, 1992). 

Optimisation and Limitations of DTI and Tractography 

The sensitivity of MRI is highly dependent on methodology which includes 

the scanner field strength, acquisition parameters, pre-processing steps and the 

reconstruction models. To achieve a high-quality image, the scan time has to be long 

(for example 208 hours for the DWI; Duke Specimen one; see Chapter 2). In 

addition, the field of view (FOV), the acquisition matrix, and the slice thickness all 

determine the voxel volume (Platt et al., 2021). For example, the FOV is the size of 

the displayed image and defined by the size of 3D encoding areas of the magnetic 

resonance image. A smaller FOV gives better resolution but captures a smaller brain 

region. The FOV used by the Center for In Vivo Microscopy at Duke University for 

human specimens 1 and 2 was 80 x 55 x 45 mm. The acquisition matrix is the 
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number of data samples in each direction such as the number of samples in the 

frequency and phase-encoding directions. The acquisition matrix was 450 x 275 x 

225 (Duke specimens). The slice thickness is defined as the width of a rectangular 

profile which is sliced with the same maximum height and area. The data used in this 

thesis are characterised by a 0.2 mm slice thickness. Ultimately the smaller the voxel 

volume the greater the spatial resolution. All these parameters need to be adjusted 

and experimentally combined to produce the clearest images with the given sample 

and available imaging equipment and software (Mayerhoefer et al., 2009, Asai et al., 

2018). Details for the images used in this thesis are given in Chapter two. 

The drawbacks common to all fibre tractography include firstly, the inability 

to distinguish afferent from efferent pathways. One can produce a fibre tract but 

cannot determine from tractography alone the direction in which signals are 

propagated along these tracts. Secondly, the tracts are orders of magnitude greater 

than single axons. Human diffusion MRI studies typically use voxel sizes of 2 x 2 x 2 

mm3 (Sotiropoulos et al., 2013). This means that applying the best hardware and 

software, the maximum resolution that can be achieved is 1,000 μm (1 mm). This 

limited spatial resolution prevents identification of single neuron or axon projections 

within a given voxel. Additionally, this limits the investigator to distinguish if the 

fibres follow a straight or curving trajectory (Campbell and Pike, 2014). On a more 

positive note, when conditions are optimal, the spatial resolution that can be achieved 

(e.g., the Duke specimen one in the current study) results in a 200 μm isotropic voxel 

size for the DWI and 50 μm for the GRE (see Chapters 3 – 6). The human pyramidal 

tract is composed of thin axons the diameter of which is found to be 0.3 μm (Graf 

and Schramm, 1984) and thick axons of 20 μm diameter (Verhaart, 1947). The 
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majority of thin axons (about 80%) are smaller than 2 μm. The maximal diameter of 

the thick axons is high possibly due to the inclusion of myelin sheath. In addition, 

smaller species are characterised by the presence of smaller axons versus larger 

species which present higher maximal axonal diameters (Leenen et al., 1982, 

Biedenbach et al., 1986). Moreover, Pierpaoli et al. (1996) reported that the diameter 

of large axons within the pyramidal tract is close to 26 μm. Kandel et al. (2000) 

reported that the typical range of axon diameters in the central nervous system is 

from 0.2 to 20 μm. Assuming a high packing density and axon diameter of 1 μm, the 

cross-sectional area of a single 200 μm voxel could potentially fit 200 x 200 = 40.000 

axons. This neglects any extracellular space or myelination so would be an 

underestimate. This is high resolution given the estimated 40 million axons that 

compose the human corticopontine tract alone (Brodal, 2014), without counting the 

axons of the corticospinal and corticobulbar tracts. However, one cannot yet directly 

relate diffusion data to their underlying physical micro-architecture, although efforts 

are underway to develop post-imaging analysis routines to achieve this correlation 

(Easson et al., 2020, Zhang et al., 2012). Consequently, the glyphs display the 

principal eigenvector (λ1), which is the largest of the three eigenvectors (λ1, λ2, λ3) 

and measures the average orientation of diffusion within each voxel, without 

calculating individual orientations of small fibre populations (Mori, 2002). This 

reflects the validity of the interpretation regarding the fibre pattern investigated 

herein with the tensor glyphs (see Chapters 3 and 5). A spatial resolution of 25 μm 

and below, which eventually approaches that of histology (1 μm) will permit us to 

identify and study the fibre trajectories more precisely, for both thick highly 

myelinated fibres the diameter of which is approximately 20 μm and then for smaller 
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fibres of 1 μm diameter (Kandel et al., 2000). Finally, tractography is also limited by 

not being able to detect synapses. Therefore, while tracts can be identified and one 

may also be able to deduce where the tract stops, one cannot definitely identify to 

which neurons the tracts synapse onto. Ideally, one combines tractography with 

biological tracers or advanced histology such as polarized light microscopy or with 

functional measures of connectivity. 

Interpretation of DTI 

A challenge in the interpretation of DTI arises from the scale at which 

diffusion is measured being very different from the size of neuronal fibres, as 

indicated above. To illustrate by further examples from the human brain: the axon 

packing density within the corpus callosum is around 338,000/mm2 , the diameter of 

large axons within the pyramidal tract is close to 26 μm (Pierpaoli et al., 1996), the 

typical range of axon diameters in the central nervous system is from 0.2 to 20 μm 

(Kandel et al., 2000). On the other hand, the voxel size in a typical diffusion MRI is 

that of 2.5 x 2.5 x 2.5 mm, the typical diffusion time in DTI is 30-100 ms, finally, the 

mean water diffusion distance is 1-15 μm in 50-100 ms (Le Bihan, 2003, Beaulieu, 

2002). This means that the measured diffusion properties are averaged over each 

voxel which reflects the isotropic resolution of the images. Therefore, the biophysical 

interpretation of the microanatomy of the nervous system through a diffusion tensor 

is very complicated. As a result, the above diffusion parameters need to match the 

dimensions of the actual fibre architecture in order to suppress false positive/negative 
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results and we do not really know how many fibres are inside the identified 

trajectories. 

High Angular Resolution Diffusion Imaging (HARDI) 

Over the past decade, advanced higher order models such as High Angular 

Resolution Diffusion Imaging (HARDI) have been developed in response to the 

limitations of DTI and solve the crossing fibre problem (Kuhnt et al., 2013). HARDI 

can be combined with appropriate tracking algorithms such as the Euler method 

(used in this thesis) to provide improved results. HARDI is characterised by the 

unique high number of diffusion-weighting gradient directions (120 directions were 

acquired for the Duke data in this thesis) and the high number of b-value (the b-value 

for the data in this thesis is 4.000 s/mm2). Therefore, HARDI has produced more 

robust tractography results by providing new anisotropy measures and also 

increasing the spatial isotropic resolution (Xie et al., 2015). In this way HARDI can 

produce clear anatomical images and diminish limitations such as the crossing fibre 

problem. More specifically, the advances in HARDI enables diffusion data to be 

acquired using more than the typical six diffusion directions. Thirty-two or more 

directions can be used (Tuch, 2004). In addition, HARDI uses a higher b-value than 

the standard 1,000 for DTI which means clear images and increased colour contrast 

(Bar-Shir et al., 2009). Finally, by using multiple b-values, higher order models such 

as Diffusion Spectrum Imaging (DSI) have been developed which enable multiple b-

value acquisitions in order to go beyond DTI and extract important biomarkers such 

as axon diameter and compartmentalisation. DSI is an advanced higher order model 
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that displays crossing fibres and intravoxel fibre orientations more accurately than 

before, for example by acquiring 515 image volumes with a maximum b-value of 

17.000 s/mm2 (Wedeen et al., 2005, Tuch et al., 2002, Farquharson and Tournier, 

2016).  

1.9       Development of DTI to map the human brainstem 

The advent of ultra-high magnetic fields heralded a golden era in brain 

mapping, exemplified by the Human Connectome Project; (Fan et al., 2016, McNab 

et al., 2013). This project represents the discovery and optimisation of methods to 

efficiently map the vast network of connections in the brain, in a way that was never 

before possible. Principle amongst this has been the development of diffusion 

imaging (Fan et al., 2016).  

In this section I review prior literature in DTI and diffusion tensor 

tractography. I hope to impress how complex and time consuming it is to develop 

and optimise advanced technology and data processing for brain mapping. In 

addition, a review of previous literature is important for the reader to understand 

the efforts and contribution of a variety of researchers in biomedical engineering.  

I present this as a mini-historical review of developments, summarising some key 

papers sequentially. These key papers, with a comparison of the MRI field 

strength power and isotropic resolution are summarised in Table 1.  

Stieltjes et al. (2001) historically used diffusion tensor MRI on six healthy 

volunteers to demonstrate anatomical structures of the brainstem. The scanning 
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was performed using a 1.5T MRI scanner, achieving a 2 X 2 X 3 mm of isotropic 

resolution. A number of anatomical structures were identified and compared to 

histological data, such as the corticospinal tract, the medial lemniscus, and the 

superior and inferior cerebellar peduncles. Moreover, the authors subdivided the 

cerebral peduncle into the classical components derived from histological data: 

the frontopontine, corticospinal, and temporo-parieto-occipitopontine tracts. The 

gross anatomy of the reconstructed fibres corresponded well to classical 

anatomical knowledge from histology, thus validating the results obtained by 

MRI. As the authors pointed out, their results revealed that the different white 

matter tracts are characterised by a unique signature on DTI, rendering diffusion 

tensor MRI a valid and powerful tool to delineate fibre bundles in 3D spaces. 

Hagmann et al. (2003) used a low resolution 1.5T clinical scanner on two 

healthy volunteers and produced images of greater resolution with voxel size 1.64 x 

1.64 mm. They also identified the medial lemniscus and superior cerebellar 

peduncle, as well as the pyramidal tract. The authors compared their results to prior 

postmortem based neuroanatomical knowledge. The medial lemniscus was 

identified at the level of the pons as well as the gross anatomy of the pyramidal 

tract within the brainstem. The authors concluded that they were demonstrating a 

new approach of brain connectivity, and identified several tracts using DTI which 

opened new insights into brain anatomy and connectivity in that their work led to 

the identification of various tracts and showed high correlation with prior 

neuroanatomical knowledge. 

Nagae-Poetscher et al. (2004) used high-resolution diffusion tensor 

imaging at 3T and acquired images of isotropic resolution of 1.8 mm and 
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succeeded in identifying structures such as the corticospinal tract, the optic tract, 

the medial lemniscus. In addition, the authors were among the first to provide 

details of the overall anatomical description regarding structures on the colour-

coded maps turning into reality the view to use DTI in brain mapping as initially 

proposed by Basser et al. (1994b). However, the resolution was not significantly 

high enough to provide insights concerning the detailed organisation of the white 

matter tracts that course through the brainstem and thalamus. 

Karampinos et al. (2009) used a 3T scanner to obtain 10 transverse slices 

covering the volume of the pons of three healthy humans. The authors acquired 

low resolution DTI contrasts such as the mean diffusivity (MD), fractional 

anisotropy (FA) and FAC maps achieving a 1.2 mm isotropic resolution and 

subsequently they achieved higher resolution images of 0.8 mm isotropic, 

regarding the same contrasts, but this resolution was a resolution after 

extrapolation (see below). They highlighted the gross anatomy of the pons such as 

the main subdivisions of the pons in basilar pons and pontine tegmentum. 

Moreover, they identified the different bundles using FAC, and distinguished the 

descending fibre bundles, the middle cerebellar peduncle, and the transverse fibres 

of the pons. The medial lemniscus was clearly seen within the pontine tegmentum 

and the superior cerebellar peduncles were identified coursing rostrally. However, 

the DTI contrasts were not at sufficient resolution to subdivide any of the 

descending and transverse fibre bundles (they were all mapped as a single 

anatomical entity), nor were the DTI contrasts able to highlight any organisation 

within the pathways under investigation (such as topography). Interestingly, the 
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midline of the pons attained a faint signal. However, this did not reveal any 

particular anatomical organisation (see Stria Pontis, Chapter 3).  

Naidich et al. (2009) produced what became a seminal book in 

neuroanatomy, Duvernoy’s Atlas of the Human Brain Stem and Cerebellum. They 

utilised an ultra-high-resolution 9.4 T scanner for the structural T2-weighted 

postmortem MR imaging achieving an in-plane resolution comparable to that of 

myelin and Nissl staining (up to 60 μm), and two additional 3T and 9.4T scanners 

for in vivo and ex vivo DTI scanning, respectively. The authors identified grey 

matter nuclei and white matter tracts of the brainstem, cranial nerves and 

correlated their anatomical delineations with clinical 3T MR images in transverse, 

sagittal, and coronal planes, thus revealing detailed organisation of the brainstem. 

This provided a detailed MRI atlas of the human brainstem but did not focus on 

delineating structures beyond what was already observed by histology.   

 Qiu et al. (2012) scanned the brains of 15 healthy humans with low 

resolution 3T clinical scanner across a field of view (FOV) = 220 X 220 mm and 

used probabilistic tractography to identify the medial lemniscus and the pyramidal 

tract across two oblique sections of the brain. Their results confirmed the gross 

anatomy of these white matter tracts, but the resolution of their data did not enable 

more detailed identification of anatomical features within the brainstem and 

thalamus. 

Ford et al. (2013) used an 11T scanner and acquired images at 0.333 mm, 

1 mm, and 2 mm isotropic resolution. Using tractography, the authors showed the 

descending fibre bundles within the pons as a single anatomical feature, not 

revealing any topographical subdivision of these bundles into cervical, thoracic, 
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lumbar and sacral components of the pyramidal tract nor any other organisation. 

Moreover, the resolution was also not sufficient to subdivide the transverse fibres 

of the pons. This despite the use of an ultra-high-field (11T) scanner, highlighting 

the importance of parameters such as the total number of acquired directions, 

repetition time, echo time, flip angle, field of view and most importantly the total 

acquisition time in order to achieve ultra-high resolution data that permit the 

investigator to reveal anatomical details. For example, the authors acquired 64 

directions uniformly distributed over a sphere for their specimen. Their images 

were obtained with a repetition time (TR) = 5110.9 ms producing a 0.333 mm of 

isotropic resolution, whereas we obtained a TR = 50 ms producing a 50 μm of 

isotropic resolution. Finally, they acquired images with echo time (TE) = 31ms, 

whereas we acquired images with TE = 10 ms. 

Deistung et al. (2013) used a whole-body MRI scanner at 7T and acquired 

structural T2 -weighted images at 0.53 mm x 0.53 mm of isotropic resolution for 

the human brainstem in vivo, and a voxel size of 1.2 mm x 1.2 mm x 1.2 mm for 

the diffusion weighted imaging (DWI). Given this was an in vivo scan, this 

resolution was very high. However, although the tract-density images were 

calculated on an virtual isotropic resolution of 0.43 mm3 , “the direction of the 

transverse pontine fibres could not be reliably segregated from the superior-

inferior running corticospinal tract on the tract-density images”. It is worth noting 

that this is pseudo-resolution because after extrapolation (Nilsson et al., 2015, 

Block et al., 2008) the resolution of 1.2 mm3 becomes 0.43 mm3, therefore the true 

resolution for their tract density images was 1.2 mm3. A pseudo-resolution means 

to ‘up-scale’ a coarse image to a finer resolution image (pseudo). Extrapolation is 
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a method used to reduce artifacts, blurry images, and field inhomogeneities caused 

by air or bone interfaces. Normally it is the low resolution being extrapolated into 

higher resolution. In this case, the structural scan was kept at the same spatial 

resolution, and the DWI (with much lower resolution) was then extrapolated from 

being 1.2 mm3 into 0.43 mm3. Therefore, the resolution of their MRI was low. 

However, they were able to identify the red nucleus, substantia nigra, crus cerebri, 

central tegmental tract and medial lemniscus. As the authors specified in their 

discussion, it was not possible for them to completely compensate for geometric 

distortion, and this did not allow them to accurately depict the ventral fibre 

structures of the mid pons and medulla oblongata. Greater resolution would have 

been possible with ex vivo acquisitions using small animal scanners on small parts 

of the brain, such as the brainstem, without the surrounding structures.  

Aggarwal et al. (2013) did indeed use an autopsy brain and focused just on 

the brainstem, proposing the implementation of a 3D stereotaxic atlas of the 

human brainstem based on ultra-high-resolution DTI. The scanning was 

performed using an 11.7 T scanner and achieved a spatial resolution of 255 X 255 

X 255 μm for the diffusion data of the whole brainstem. Microscopic 

neuroanatomical details were identified, including the pyramidal tract within the 

basilar pons, the medial lemniscus in the pontine tegmentum, the middle cerebellar 

peduncle and its characteristic green signature on the FAC, the superior cerebellar 

peduncle, and finally the transverse fibres of the pons in transverse and sagittal 

planes. In addition, the authors identified smaller tracts such as the medial 

longitudinal fasciculus, and the decussation of the pyramidal tract in the caudal 

medulla oblongata. Finally, they compared their data with myelin-stained 
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histology, showing a good correspondence between the structures identified in 

DTI and with traditional histological brain mapping. Hence, this study made a 

substantial advance in mapping out the human brainstem. However, although they 

achieved a high resolution for the DTI, the authors used a low number of 

directions (only 30 independent directions were acquired) impeding them from 

creating high quality images for HARDI tractography. 

Finally, a number of recent studies have applied tractography to clinical use. 

Xiao et al. (2016) generated in vivo subject-specific atlases of various thalamic 

nuclei, such as the ventral posterolateral nucleus, to improve the ability to visualise 

thalamic targets for invasive deep brain stimulation. The imaging was performed 

on seven rhesus monkey brains at 7T achieving a 1 mm isotropic resolution for 

DWI. The authors used probabilistic tractography and in vivo whole brain scanning 

of seven macaques and identified that the medial lemniscus and the fibres which 

form the superior cerebellar peduncle project to the ventral tier of thalamus and this 

was crossed-validated by electrophysiology. Jang and Kwak (2017) reviewed six 

brain injury studies regarding the pyramidal and aberrant pyramidal tracts, and 

concluded that patients with brain injury who developed an aberrant pyramidal 

tract could actually show a better recovery. Both these studies highlight the 

importance of diffusion tractography for patients with various traumatic brain 

injuries.  

The above articles and others reported in this thesis have provided 

invaluable conclusions identifying key structures and pathways in the human 

brainstem and highlighting the importance of understanding human brainstem 
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anatomy. They lay the foundations for subsequent ultra-high-resolution brain 

mapping and its greater application to the clinic.  
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Table 1 shows the authors and year of publication in relation to the MRI 
strength of field, the resolution of the images, and the structures identified 

Author – Year 
of publication 

Strength of 
field 

Isotropic 
resolution of 
the images 

Structures 
identified 

Stieltjes et al. 
(2001) 

1.5T MRI 
Scanner 

2 X 2 X 2 mm 
isotropic 
resolution 

Corticospinal 
tract, medial 
lemniscus (ml), 
superior/inferior 
cerebellar 
peduncles (scp 
& icp). 

Hagman et al. 
(2003) 

1.5T clinical 
scanner 

1.64 X 1.64 
mm isotropic 
resolution 

ml, scp, 
pyramidal tract. 

Nagae-Poetscher 
et al. (2004) 

3T High-
resolution 
scanner 

1.8 mm 
isotropic 
resolution 

Corticospinal 
tract, optic tract, 
ml. 

Karampinos et 
al. (2009) 

3T scanner 1rst data set: 1.2 
mm isotropic 
resolution 
2nd data set: 0.8 
mm isotropic  

Basilar pons and 
pontine 
tegmentum, 
descending 
bundles, mcp, 
ml, scp. 

Naidich et al. 
(2009) 

3T for in 
vivo 9.4T 
for ex vivo 
scanning 

In-plane 
resolution 
comparable to 
myelin and 
Nissl staining 
of up to 60 μm. 

Highly detailed 
mapping of the 
brainstem and 
cerebellum 

Qiu et al. (2012) 3T clinical 
scanner 

NON-specified 
isotropic 
resolution, 
FOV = 220 X 
220 mm 

ml, pyramidal 
tract 

Ford et al. 
(2013) 

11T scanner 1st data set: 
0.333 mm, 
2nd data set: 1 
mm, 3rd data 
set: 2 mm 
isotropic 
resolution 

Descending 
bundles within 
the basilar pons, 
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Deistung et al. 
(2013) 

7T whole-
body 
scanner 

0.53 mm X 
0.53 mm for 
the structural 
data. 
1.2 X 1.2 X 1.2 
mm for DWI. 
0.43 mm for 
tract density 
images. 

Red nucleus, 
Substantia 
Nigra, crus 
cerebri, central 
tegmental tract, 
ml.  

Aggarwal et al. 
(2013) 

11.7T 255 X 255 X 
255 μm for 
DWI. 

Pyramidal tract, 
ml, mcp, scp, 
transverse fibres 
of the pons, 
medial 
longitudinal 
fasciculus, 
pyramidal tract 
decussation. 

Xiao et al. 
(2016) 

7T for in 
vivo 
scanning. 

1 mm isotropic 
resolution for 
DWI. 

Thalamic nuclei 
such as the 
ventral 
posterolateral, 
ml, scp 
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1.10     Relationship between DTI / Tractography and Classical Tracing 

Techniques 

Diffusion tensor imaging offers the opportunity to investigate via non-

invasive in vivo approaches the connectivity of white matter tracts in the 

healthy brain and in pathologies such as strokes (Visser et al., 2019). A variety 

of studies have designed benchmarks to explore the reliability of DTI and 

tractography (Schilling et al., 2019). The accuracy of a large number of 

tractography algorithms was assessed against these benchmarks using high-

quality Human Connectome Project (HCP) whole human brain in vivo data 

sets. The results showed the ability to reconstruct most of the existing fibre 

tracts. A major outcome was the significance of isotropic resolution. The 

experiments were performed at: 2, 1.75, 1.5, 1.25, 1.0, 0.75, and 0.5 mm of 

isotropic resolutions and the authors pointed out that higher resolution and by 

extension higher image quality may improve the validity of tractography 

(Maier-Hein et al., 2017). Data and the results showed the ability to reconstruct 

most of the existing fibre tracts. However, the results showed a variety of false 

positives. 

The gold standard for studying structural connectivity is without doubt 

tract-tracing experiments which use viral, bacterial, or biotinylated dextran 

agents (Zingg et al., 2014, Bizley et al., 2015, Bota et al., 2015). These 

biological tracers can act either as anterograde tracers, where the label moves 

from the injection site towards the synaptic terminals, or as retrograde tracers, 

where the label moves from the synaptic terminals to label the cell bodies. 

Retrograde tracers provide the ability to quantify the number of the axons in a 
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particular projection, assuming each labelled neuron corresponds to a single 

labelled axon (Ginger et al., 2015, Wickersham et al., 2007). 

Hence the validity of tractography can be compared against this gold-

standard tracing approach. For example, Azadbakht et al. (2015) performed 

probabilistic tractography on two ex vivo macaque brains, and compared the 

interconnections they found within the visual system with the tracing data 

derived wiring maps described by Felleman and Van Essen (1991). Seventy-

four % of the connections identified with invasive tracers (Felleman and Van 

Essen, 1991) were reproduced with tractography. In addition, further 

comparison with retrograde tracing (Markov et al., 2014), suggested that the 

number of connections identified with tractography were true connections 

(Azadbakht et al., 2015). 

Zhang et al. (2018b) compared diffusion MRI and tractography results 

obtained at a macro-scale level to integrated meso-scale information from 

tract-tracing data (Bakker et al., 2012), and micro-scale information from 

myelin staining (Mikula et al., 2007). The authors compared different 

tractography parameters such as the angular and quantitative anisotropy (QA) 

thresholds. The QA threshold is a similar termination criterion to fractional 

anisotropy (FA) threshold. Even with the best tractography parameters, some 

false positive and negative results were produced. Moreover, the study 

highlighted the intrinsic limitations of diffusion MRI at 1.1 x 1.1 x 1.1 mm

isotropic resolution. The authors concluded that with optimal tractography 

parameters and MRI scales, overall diffusion MRI and tractography could 
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yield trustworthy results comparable to traditional tract tracing techniques such 

as viral tracing and myelin staining. 

 Using postmortem whole brain MRI diffusion data of higher isotropic 

resolution (0.43 mm) a high correlation (r = 0.59) was observed when a 

quantitative comparison was made between cortical connections from 

probabilistic tractography and from retrograde viral tracing studies (Donahue 

et al., 2016). 

 Calabrese et al. (2015a) also compared a reconstructed a probabilistic 

tractography connectome with neuronal tracer-based connectivity data 

obtained from the Allen Brain Atlas. Their data derived from a mouse brain 

and at 43 μm of isotropic resolution. The authors emphasised that tractography 

can provide a three-dimensional, non-destructive brain connectivity tool, 

although MRI acquisition parameters, low spatial resolution, brief acquisition 

times, and low signal-to-noise ratio have limited its potential for investigative 

studies. Indeed only a weak (albeit significant) correlation between viral 

tracing data and tractography was observed an average Spearman r-value = 

0.23 + / -  0.11. 

Using a small animal 7T scanner on an ex vivo ferret brain, Delettre et 

al. (2019) achieved 0.24 mm of isotropic resolution for the diffusion data and 

showed a good correlation between their cortico-cortical tractography derived 

wiring patterns and the connectivity data from Dell et al. (2019) obtained using 

retrograde tracers. Ipsilateral and contralateral corticocortical and 

corticothalamic connectivity regarding visual areas 17, 18, 19, and 21were 

described and highly correlated with Spearman’s r ranging from 0.67 – 0.91. 
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Using an 11.7T scanner on three postmortem human brainstems Henssen et 

al. (2019) achieved 0.5 mm of isotropic resolution for the diffusion data and 

delineated the trigeminal tracts using tract density images (TDI) and tractography. 

As a validation the authors sectioned the same brainstems and showed the tracts 

under investigation using polarized light imaging (PLI); (see also Chapter 4, 

section 4.3).  

Guberinic et al. (2020) investigated the arrangement of the fibres in the 

trigeminal root using polarized light microscopy at 4 μm of resolution, 

histochemical staining methods such as Kluver- Barrera staining and Nauta silver 

stain (for neurofilaments), Heidenhain-Woelke stain (which shows differences in 

myelination) at 60 μm of resolution, and finally ultra-high-field MRI at 11.7T of 

unspecified isotropic spatial resolution combined with probabilistic tractography. 

All three techniques demonstrated similar results identifying the ventral and dorsal 

trigeminothalamic tracts.  

1.11     Concluding statements 

In the present study, I endeavoured to anatomically and functionally describe 

the cerebrocerebellar circuit. The cerebro-ponto-cerebellar circuit consists of the 

descending fibre bundles (cortical and striatal) and the dentato-rubro-thalamic tract 

which closes the loop of this complex circuit. Ascending inputs from sensory 

systems regulate these loops. 
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This is one of the largest loops in the central nervous system and yet 

knowledge of its precise anatomy and connectivity remains elusive.  

More precisely, I analyse in the third Chapter of my thesis, parts of the motor 

system and most particularly the cerebro-ponto-cerebellar pathway which comprises 

the corticopontine tract as part of the pyramidal system (see above), and the 

transverse fibres of the pons as part of the extrapyramidal system which course 

towards the cerebellum. Moreover, I topographically describe the corticobulbar and 

corticospinal tracts (pyramidal system) as well as the projections to the substantia 

nigra (striatonigral and corticonigral pathways – extrapyramidal system) as an 

attempt to integrate the pyramidal and extrapyramidal systems from the anatomical 

point of view.  

In the fourth Chapter, I identified the sensory projections (dorsal column – 

medial lemniscus pathway, spinothalamic, ventral and dorsal trigeminothalamic 

tracts, as well as the sensory root of the trigeminal nerve and the sp5) through the 

brainstem and thalamus. I ventured out to undertake and present a novel study 

regarding the exact anatomical relationship between these pain pathways, but also 

because the neocortex necessitates feedback from the periphery in order to adjust the 

neuron firing frequency during the execution of movement (see above). 

Finally, in the fifth Chapter, I anatomically describe the dentato-rubro-

thalamic tract which is the projection that provides information to the red nucleus 

(dentato-rubral tract). It was of the essence for me to describe this pathway due to its 

connection to the red nucleus. As I described above, the rubrospinal tract is part of 

the extrapyramidal system which targets the spinal cord. In addition, I also describe 
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the projection from the cerebellum to the thalamus (dentato-thalamic tract), which is 

the afferent leg towards the neocortex of the cerebrocerebellar circuit, owing to the 

fact that the neocortex constantly requires feedback in order to adjust the neuron 

firing frequency.  

Overall aim of the present study 

The current study is largely open and investigative. However, an overarching 

hypothesis is that there is organisation and topography within the pathways through 

the brainstem and thalamus that are yet to be revealed in full detail. I hypothesise that 

the fibre architecture within the descending bundles in the crus cerebri and basilar 

pons, follows a logical and well-defined topographical pattern. I further propose this 

organisation extends to the relationship between the descending and transverse fibres 

of the pons and the decussation of the superior cerebellar peduncle. In addition, the 

present thesis presents novel anatomical descriptions, identification of various 

components of the pathways in the human and macaque brainstem made possible 

through the use of magnetic resonance (MR) histology made available by recent 

technical advances. Currently, the broad locations and somatotopy is known, but the 

precise detail of the fibre bundles and their relationships are not known. This thesis 

provides this missing information. During the study of trajectories of the fibre 

bundles, distinctive aspects of their patterning were defined. The Stria Pontis, the 

decussation of the superior cerebellar peduncle (xscp) and the fibre arrangement 

within the descending fibres bundles were three particular novel aspects revealed by 

this more detailed tracing. The origin of the Stria Pontis and its projection were 
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subsequently visualised using higher order tracing and image analysis (tensor 

glyphs). The Stria Pontis emanates from each of the transverse fibres of the pons 

leading to the conclusion that it forms part of the corticofugal pathways. The fibres of 

the xscp were also traced, and shown to intertwine as they decussate at the midbrain. 

Such details were previously elusive. The new data and fibre tracking has also 

revealed more precise architectural arrangement of the descending and transverse 

fibres of the pons. By combining the 3-D tractography results with enhanced 

anatomical background, the relationships between the fibre tracts, their terminations 

and origins, and surrounding nuclei are revealed at ultra-high resolution.      

Brain mapping at the scale of 25 – 50 μm (which is the resolution of the data 

used in the present study) and its interpretation is a very slow, expensive, and time-

consuming process, requiring the combination of descriptive anatomy, computer 

science and biomedical engineering. The present study opens doors for systematic 

investigation of connection patterns on human postmortem tissues which also 

expands our ability to understand brain networks. Finally, this revolution in detecting 

the fibre pattern within individual bundles and the ability to establish standard 

anatomical landmarks with precision between different pathways, opens doors for 

invasive and non-invasive applications in medicine and engineering.  
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CHAPTER 2: 
General methods 
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This project commenced as an international collaboration between Scientia 

Professor George Paxinos AO, Professor G. Allan Johnson, and Professor Manisha 

Aggarwal. I was commissioned to carry out this project as the principal investigator for 

my doctoral degree by Scientia Professor George Paxinos AO. As a result, this thesis is 

based on volumetric datasets provided by these collaborators. The first dataset is of 

postmortem human brain tissue provided by Dr. Manisha Aggarwal who is an Associate 

Professor and MRI investigator in the Johns Hopkins Medicine Division of MR Research 

in the Department of Radiology and Radiological Science. The second dataset is from 

two more postmortem human brains and from one macaque brain, provided by the 

Director of the Duke Center for In Vivo Microscopy, and Charles E. Putman University 

Professor of Radiology, Professor of Physics, and Biomedical Engineering, Dr. G. Allan 

Johnson. 

My above collaborators scanned the brains, created the raw data, the structural 

Gradient Recalled Echo (GRE) images, the Diffusion-Weighted Image (DWI) and the 

Fractional Anisotropy Colour (FAC) contrast. More precisely, they effectuated the 

specimen preparation, image acquisition and post-processing as described below. 

Afterwards, I analysed the anatomical data in 3D, conceptualised the study, 

created the rest of the DTI contrasts such as the Fractional Anisotropy (FA), Axial 

Diffusivity (AD), Mean Diffusivity (MD), and Radial Diffusivity (RD). In addition, I 

enhanced the colour contrast of each DTI contrast in order to obtain the highest 

visualisation of brain structures. Furthermore, I did the fibre tracking on the FAC and all 

the tractographic analyses. Finally, I created the tensor glyphs from the diffusion data 

which allowed me to analyse the pattern of the fibres within the pathways under 

investigation. For completeness, I am rewriting the methods that my collaborators at 

Johns Hopkins and Duke Universities used in sections 2.1, 2.2 and 2.3, while the 
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tractography section describes the subsequent analysis technique I applied to the 

data. The original descriptions can be found in Calabrese et al. (2015b) for human 

specimens 1 and 2. In this article the authors studied the dentato-rubro-thalamic tract 

with probabilistic tractography and focused on the methodology, MRI registration, 

and surgical targeting for deep brain stimulation (DBS). Hence, the methods for the 

extraction of the brainstem and thalamus during autopsy and the subsequent MRI 

scanning are the same. The original descriptions regarding the methods for human 

specimens 3 and 4 can be found in Aggarwal et al. (2013). The macaque brain also 

used similar approaches to prepare and image the tissue as it is for human specimens 

1 and 2. Further specific details of my analysis are also in each Chapter. 

2.1       Johns Hopkins University human specimens 

Specimen preparation 

For the analysis of the fibre bundles and the surrounding anatomical 

structures, we used two brainstems that were extracted during autopsy from two 

adult humans with no abnormal neuropathology findings. The details regarding 

specimen preparation and image acquisition have been published (Calabrese et al., 

2015b) and are summarised here. The postmortem fixation interval was less than 24 

h. The specimens were obtained from the teaching collection which is part of the

Department of Neurology at Johns Hopkins University, School of Medicine. In 

addition, the procedure was subjected to Institutional Review Board (IRB) 

approved protocols. Initially, the brainstems were fixed in neutral buffered formalin 
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(10% weight/vol) for more than 30 days before scanning (Fox et al., 1985). Prior to 

MRI acquisition, the specimens were immersed to phosphate buffered saline (PBS) 

including 2 mM gadopentetate dimeglumine (Magnevist, Berlex Imaging, Wayne, 

NJ, USA) for 7 days. In order to proceed with MRI scanning, the specimens were 

placed in polyethylene containers which were filled with perfluoropolyether oil 

(Fomblin®, Solvay Solexis, Thorofare, NJ, USA) for susceptibility matching and to 

avoid tissue dehydration (Shatil et al., 2016). 

 

Image acquisition 

A horizontal-bore 11.7 T scanner (Bruker Biospin, Billerica, MA, USA) was 

used to acquire MRI images of the human brainstems. In addition, this scanner was 

equipped with an actively-shielded gradient system (maximum gradient strength = 

740 mT/m). Furthermore, a 72-mm-diameter volume coil was used to acquire the 

data which operated as the radiofrequency transmitter with an 8-channel receive-only 

phased array coil. 

Diffusion MRI data were acquired using a 12-shot diffusion-weighted echo 

planar imaging (DW-EPI) sequence (Turner et al., 1991) with the following 

parameters: echo time (TE) = 27 ms, repetition time (TR) = 500 ms, diffusion 

gradient duration (δ) / separation (Δ) = 5/15 ms, one signal average, and partial 

Fourier acquisition factor of 1.4. Firstly, diffusion-weighted images were acquired 

along 30 independent directions. These directions were uniformly distributed over a 

sphere (Jones, 2004); (b-value = 4000 s/mm2) and secondly, two non-diffusion-
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weighted images were acquired at an isotropic spatial resolution of 250 µm x 250 µm 

x 250 µm. The total scan time in order to acquire the diffusion data was 13.5 h. 

Image processing 

The 3D k-space data were initially used to reconstruct the MRI images. The 

program used was Matlab (MATLAB (2018); Mathworks Inc., Natick, MA, USA). 

Prior to Fourier transformation, the k-space data were zero-filled in order to double 

the matrix size. Subsequently, the log-linear fitting function in DtiStudio 

(www.mristudio.org) was used to perform the Diffusion tensor reconstruction. The 

parametric maps of FA and primary eigenvector were calculated from the fitted 

tensors. The FA and primary eigenvector maps were used to generate the FAC 

images. More specifically, the ratio between the red, green, and blue components was 

equivalent to the ratio of absolute values of x, y, and z components of the primary 

eigenvector. Finally, the intensity was proportional to the FA contrast (Sedrak et al., 

2010). 

2.2       Duke University human specimens 

Specimen preparation 

Two more brainstems were extracted during autopsy from two adult 

anonymous humans with no history of neurologic or psychiatric disease. After an 

approximately 24 h postmortem interval, the brains were removed from the 

http://www.mristudio.org/
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calvarium using standard techniques. The brainstem and thalamus were dissected 

out, from the pyramidal decussation to the rostral extent of the diencephalon. 

Subsequently, the cerebral vessels were flushed with normal saline solution to 

which 100 IU/mL of heparin was added. This was applied via the basilar and 

internal carotid arteries. Specimens were then fixed in neutral buffered formalin 

(10% weight/vol) for two weeks. This period of time was proven to be an adequate 

interval to allow complete fixation of the dissected brainstems based on previous 

Guidelines (Dawe et al., 2009). Seven days prior to MRI scanning, the brainstems 

were rehydrated in a 0.1 M solution of phosphate buffered saline doped with 1% (5 

mM) gadoteridol (ProHance, Bracco Diagnostics, Monroe, Township, NJ). Prior to 

scanning, the specimens were transferred immediately to a custom-made MRI-

compatible tube and immersed in liquid fluorocarbon (Galden PFPE, Solvay Plastics, 

Brussels, Belgium).  

Image acquisition 

A 7 Tesla small animal MRI system controlled with an Agilent console 

(Agilent Technologies, Santa Clara, CA) was used to prepare and image the brains, 

and to do the initial processing and analysis of ex vivo MR imaging. Moreover, a 65 

mm inner-diameter quadrature RF coil (M2M Imaging, Cleveland, OH) was used to 

achieve RF transmission and reception.  

A 3D gradient echo pulse sequence was used to acquire anatomic images with 

the following parameters: (TR) = 50 ms, (TE) = 10 ms, flip angle (a) = 60o, and 

bandwidth (BW) = 78 Hz/pixel. In addition, the field of view (FOV) was 80 x 55 x 
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45 mm. As a result, 3-D gradient echo images were collected at 50 μm3 isotropic 

spatial resolution. Finally, the total acquisition time was 14 h.  

A simple diffusion-weighted spin echo was used to acquire the diffusion data 

with pulse sequence (TR = 100 ms, TE = 33.6 ms, BW = 278 Hz/pixel). 

Subsequently, diffusion preparation was effectuated using a pair of unipolar, half sine 

(δ) = 4.7 ms, (Δ) = 26 ms, and gradient amplitude (G) = 50.1 G/cm. In addition, 120 

unique diffusion directions were used to obtain single-shell high angular resolution 

diffusion imaging (HARDI) data. These directions were achieved at b = 4,000 s/mm2 

and 11 b = 0 s/mm2 (b0) volumes dispersed evenly throughout the acquisition. 

Moreover, the FOV was 90 x 55 x 45 mm, and the acquisition matrix was 450 x 275 

x 225. As a result, diffusion images were collected at 200 μm isotropic voxel size. 

Finally, the total acquisition time was 208 h.  

Image processing 

Anatomic GRE and diffusion image volumes were registered to the first b0 

image volume. This was achieved using a 3D affine transformation model with 12- 

parameters carried out in Advanced Normalization Tools (ANTs); (http:// 

www.picsl.upenn.edu/ ANTS/). Thus, correcting for the linear component of eddy- 

current-induced distortions. Subsequently, the rotational component of the affine 

matrices derived from registration of DWI was used to correct the diffusion gradient 

matrix. Furthermore, the registered diffusion data and the corrected gradient matrix 

were used for all diffusion reconstructions. 

http://dsi-studio.labsolver.org/
http://www.picsl.upenn.edu/
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A Weighted Least Squares (WLS) technique was used to calculate the 

diffusion tensor within each voxel. Diffusion Tensor Imaging (DTI) scalars such as 

Apparent Diffusion Coefficient (ADC) maps, FA and FAC were generated by the 

diffusion tensor. Finally, the average of all DWI volumes was used to generate an 

isotropic DWI. 

Diffusion Tensor Imaging (DTI) is an MRI-associated imaging technique 

which enables to trace the location and orientation of white matter tracts, based on 

the principles of anisotropy that water molecules assume (movement of water 

molecules) along axes in different directions. Fractional anisotropy (FA) is a scalar 

value between zero and one which defines the degree of anisotropy of the diffusion 

process. A value of zero indicates that the diffusion of water molecules is isotropic, 

for example, it is unrestricted in all directions. A value of 1 means that the diffusion 

is confined to the direction of the principal eigenvector alone. 

 

Diffusion tractography 

Diffusion tractography was performed on human specimen One from Duke 

University using DSI Studio (http://dsi-studio.labsolver.org/). A high-angular 

resolution diffusion MR imaging (HARDI) scheme was used, and a total of 120 

diffusion sampling directions were acquired. The b-value was 4000 s/mm2. The in-

plane resolution and the slice thickness were both 0.2 mm. The diffusion tensor was 

calculated.  

http://dsi-studio.labsolver.org/
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A deterministic fibre tracking (streamline Euler) algorithm (Yeh et al., 2013) 

was used with a step size of 0.50 mm. The step size constitutes the distance moved 

forward in each successive tracking interval. Diffusion measurements at each step 

interval are calculated and converted to a fibre tract trajectory. The default setting is 

half of the spatial resolution of the diffusion data. Thus, I assigned the value to 0 and 

the program did a random selection of the step size from 0.5 voxels to 1.5 voxel 

distance. 

The angular threshold prevents abrupt bending of a tract and subsequent 

aberrant propagation along an adjacent voxel, which would result into a false positive 

streamline. The angular threshold values are empirically chosen by trial and error. 

Since the angular threshold similarly to the FA threshold constitutes a termination 

criterion, these two parameters should always be adjusted in relation to each other 

and accounting for the complexity of the structure. Therefore, for structures where 

some curvature is expected, I chose a low angular threshold of 20-30% for the drt 

(Chapter 5), whereas for the descending bundles (Chapter 3) and sensory pathways 

(Chapter 4), where one expects a straighter trajectory, I chose a more liberal regime 

of 60%. Moreover, the number of the masks and the values of the FA thresholds 

permitted the reconstruction of the pathways with different angular thresholds. For 

example, if the investigator uses one seed mask and two region of interest masks they 

will be able to diminish the angular threshold or the FA threshold or both, so that the 

tractography criteria are satisfied and the algorithm calculates the trajectory under 

investigation. It’s always the combination of the tractographic parameters with the 

masks. Finally, the resulting tracts are evaluated in relation to the structural 

anatomical data, as further discussed and emphasised in section 2.5. The angular and 
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FA thresholds constitute termination criteria of fibre tracking as analysed in Soares et 

al. (2013); (see below).  

The FA threshold is termination criterion that determines at which curvature 

the calculated trajectory will stop. Generally, a low FA threshold results in more 

trajectories identified, but at the cost of an increased occurrence of stray streamlines. 

In the current experiments it varied between 0.9 and 0.28 depending on the pathway 

under investigation. As a result, a high FA threshold was chosen for the descending 

bundles (FA threshold = 0.28; Chapter 3), a low value of 0.9 for the sensory 

projections (Chapter 4), and an intermediate value of 0.15 for the drt (Chapter 5). 

These different values enabled me to reconstruct the components of the descending 

and transverse fibre bundles because a high FA threshold appears to be too strict 

selecting the actual trajectories that pass from the seed to the ROI mask and thereby 

eliminating the false positives. On the other hand, I chose a low FA threshold = 0.9 

for the sensory projections because these projections although they are vertical just as 

the bundles in Chapter 3, however, these are bundles that ascend from one side such 

as the cuneate and gracile fasciculi, cross over to ascend again as ml and further twist 

at the level of the midbrain to join the spth more rostrally (see Chapter 4). In 

addition, to avoid false positives in this pathway, I used a higher number of masks 

during tractography (see specific tractography methods of Chapter 4 and Appendix 

Fig. 19). Finally, an FA threshold = 0.15 which stands in between was optimal for 

the drt which ascends and has to cross over only once at the xscp, reach the red 

nucleus and then project to the ventral tier of the thalamus (Chapter 5). However, in 

the xscp the fibres intertwine, therefore, I lowered the angular threshold to enable the 

fibres of the drt to cross over at the xscp. These specific tractographic parameters 
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have to be experimented on by the investigator where they will determine which 

works best for each pathway under consideration without producing false positives or 

spurious fibres.  

The final step in the tractography analysis was to set the smoothing value. 

The smoothing constitutes the momentum of the propagation direction. If smoothing 

is zero, the propagation direction is independent from the direction of the eigenvector 

within previous voxels. A value of smoothing equal to 0.5 indicates that each 

propagation step takes in consideration 50% of the direction of the tracts in the 

previous voxels. The smoothing was set at 1 for all 3 result Chapters as explained in 

specific methods and this means that the program does a random selection of the 

value from 0% - 95% (Yeh, 2021, Caan, 2016). 

In investigating a putative pathway, a single three-dimensional manually 

drawn seed region was placed in a well-defined location of the pathway, and a single 

spherical region of interest was placed near the rostral end. Moreover, additional ROI 

masks were placed where necessary due to the complexity of the pathways. 

Tractography was seeded at random from the seed mask. The tensor glyphs 

displaying the first eigenvector in every voxel were generated with the framework 

and analysis tools provided in the FMRIB Software Library (FSL); (Woolrich et al., 

2009). 
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2.3       Duke University macaque specimen 

Specimen preparation 

The (Macaca mulatta) brain was acquired following approved protocol from 

the Pathology Services and Tissue Distribution unit of the Wisconsin National 

Primate Research Center. The specimen was obtained at autopsy immediately 

following euthanasia for non-study related reasons.  

After an approximately 24 h postmortem interval, the macaque brain was removed 

from the calvarium using standard techniques. The brainstem and thalamus were 

dissected out, from the pyramidal decussation to the rostral extent of the 

diencephalon. Subsequently, the cerebral vessels were flushed with normal saline to 

which 100 IU/mL of heparin was added. This was applied via the basilar and internal 

carotid arteries. The specimen was then fixed in neutral buffered formalin (10% 

weight/vol) for two weeks. This period of time was proven to be an adequate interval 

to allow complete fixation of the dissected brainstem based on previous guidelines 

(Dawe et al., 2009). One week before MRI scanning, the brainstem was rehydrated in 

a 0.1 M solution of phosphate buffered saline doped with 1% (5 mM) gadoteridol 

(ProHance, Bracco Diagnostics, Monroe, Township, NJ). Prior to scanning, the 

specimen was transferred immediately to a custom-made MRI-compatible tube and 

immersed in liquid fluorocarbon (Galden PFPE, Solvay Plastics, Brussels, Belgium). 
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Image acquisition 

A 7 Tesla small animal MRI system controlled with an Agilent console 

(Agilent Technologies, Santa Clara, CA) was used to prepare and image the brains, 

and to do the initial processing and analysis of ex vivo MR imaging. Moreover, a 65 

mm inner-diameter quadrature RF coil (M2M Imaging, Cleveland, OH) was used to 

achieve RF transmission and reception.  

A 3D gradient echo pulse sequence was used to acquire Anatomic images 

with the following parameters: (TR) = 50 ms, (TE) = 10 ms, (a) = 60o, and (BW) = 

78 Hz/pixel. In addition, the (FOV) was 44 x 22 x 22 mm, and the acquisition matrix 

was 1760 x 880 x 880. As a result, 3-D gradient echo images were collected at 25 μm 

isotropic voxel size. Finally, the total acquisition time was 14 h.  

A simple diffusion-weighted spin echo was used to acquire the diffusion data 

with pulse sequence (TR = 100 ms, TE = 33.6 ms, BW = 278 Hz/pixel). 

Subsequently, diffusion preparation was effectuated using a pair of unipolar, half sine 

(δ) = 4.7 ms, (Δ) = 26 ms, and (G) = 50.1 G/cm. In addition, 120 unique diffusion 

directions were used to obtain single-shell high angular resolution diffusion imaging 

(HARDI) data. These directions were achieved at b = 4,000 s/mm2 and 11 b= 0 

s/mm2 (b0) volumes dispersed evenly throughout the acquisition. Moreover, the FOV 

was 44 x 22 x 22 mm, and the acquisition matrix was 440 x 220 x 220. As a result, 

diffusion images were collected at 100 μm isotropic voxel size. Finally, the total 

acquisition time was 208 h.  
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 Image processing 

Anatomic GRE and diffusion image volumes were registered to the first b0 

image volume. This was achieved using a 3D affine transformation model with 12- 

parameters carried out in Advanced Normalization Tools (ANTs); (http:// 

www.picsl.upenn.edu/ ANTS/). Thus, correcting for the linear component of eddy- 

current-induced distortions. Subsequently, the rotational component of the affine 

matrices derived from registration of DWI was used to correct the diffusion gradient 

matrix. Furthermore, the registered diffusion data and the corrected gradient matrix 

were used for all diffusion reconstructions. 

A WLS technique was used to calculate the diffusion tensor within each 

voxel. DTI scalars such as ADC maps, FA and FAC were generated by the diffusion 

tensor. Finally, the average of all DWI volumes was used to generate an isotropic 

DWI.  

2.4       Comments regarding the different specimens 

In the present study, I used the GRE of the human specimen 1 as anatomical 

background at 50 μm to delineate the structures of the brainstem and thalamus. In 

addition, I combined the tractography derived from the diffusion data of the same 

specimen and I showed the relationship between the pathways and the surrounding 

structures. Moreover, I used the FAC of human specimens 2, 3, 4, and the FAC of the 

macaque brainstem and thalamus (see Appendix Figs. 13 – 18) to delineate and 

validate the results of Chapters 3, 4 and 5. Consequently, only the human specimen 

http://www.picsl.upenn.edu/
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one was used for tractography due to the fact that the quality and the post-processing 

of this dataset was far superior than the other specimens, and this enabled me to 

successfully trace the projections from the caudal medulla oblongata to the thalamus. 

The parameters that rendered the quality of human specimen 1 as superior can be 

summarised and explained as follows: 

1) The postmortem interval was longer for human specimens 2, 3, and 4. Thus, 

postmortem alterations which occurred on human specimens 2, 3, and 4 did not allow 

the brain tissue to achieve optimal conditions for diffusion scanning (possibly due to 

the formation of blood clots).  

2) Only at Duke the specimens were flushed via the cerebral vessels with normal 

saline solution to which 100 IU/mL of heparin was added. Thus, rendering the tissue 

susceptible to blood clots.  

3) At Johns Hopkins the diffusion images were acquired along 30 directions whereas 

at Duke the images were acquired at 120 directions, and this enabled me to perform 

HARDI tractography something which I found impossible in terms of tractographic 

final output if I tried to perform HARDI on data characterised by 30 directions.  

4) The total scan time for the diffusion volumes at Duke was 208 hours, whereas at 

Johns Hopkins my colleagues scanned the specimens for only 13.5 hours. 

Regardless, the Johns Hopkins data are informative enough to be used for fibre 

architecture orientation on the FAC, although the caudal and rostral parts of the 

human specimens 3 and 4 were damaged possibly due to the above reasons 

(Appendix Figs. 15, 16). 
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2.5       Methodological analysis of brain mapping, anatomical delineations and 

fibre tracking 

 

2.5.1    Methodology 

In this Chapter, I present an extension of details regarding the step-by-step 

approaches used to delineate the fibre tracts presented in Chapters 3-5. Therefore, I 

analyse the methodological approach that I used for fibre tracking and tractography. 

Moreover, I describe the validity and the anatomical information provided by the 

DTI contrasts. Finally, I evaluate how the isotropic spatial resolution of MR-

histology is essential for accurate description of fibre orientation. 

 

2.5.2     Deterministic Tractography 

The present ultra-high resolution dataset allowed me to use deterministic 

tractography based on high-angular-resolution diffusion imaging (HARDI) scheme 

and most particularly the trajectory estimation was obtained using the Euler method 

(Basser et al., 2000). The reason I chose to proceed with deterministic tractography is 

that the most plausible pathways coincide with the deterministic streamlines 

(Schreiber et al., 2014) and as validation I used the structural anatomical GRE 

contrast. For example, the nine descending bundles that I identified on the FAC and 

tractography (see Chapter 3) correspond and overlap with the anatomical signature in 

the GRE, in all three planes of section. Moreover, deterministic fibre tracking uses a 

“deterministic” approach to delineate the pathways. Thus, knowledge of precise 
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anatomy is pivotal for this approach since the investigator places a seed point in the 

white matter of a particular pathway and the algorithm processed by the program 

follows a local fibre direction both anterogradely and retrogradely. Probabilistic 

tractography on the other hand uses a random process designed in the propagation 

direction. In other words, the difference between deterministic and probabilistic 

tractography is that during the deterministic approach the streamlines are steered 

following a fixed direction per voxel, whereas the probabilistic approach outputs the 

distribution of all possible fibre orientations within each voxel, and random samples 

are reconstructed from such distributions to determine fibre propagation. In addition, 

highly detailed neuroanatomical knowledge is pivotal for both the accurate seeding 

and the accurate interpretation and validation of the tractography outputs (Abhinav et 

al., 2014). There are some general limitations of deterministic tractography such as 

problems of false continuity (stray fibres which continue through adjacent voxels into 

another pathway) and premature termination, and the crossing-branching problem 

which has been widely observed in MRI data of low isotropic resolution (higher than 

1000 μm); (Jbabdi and Johansen-Berg, 2011, Yeh et al., 2019). Finally, the isotropic 

spatial resolution and the fact that the investigator should always validate the 

tractography results with the structural anatomical contrasts remains a critical 

component. 

 

2.5.3     GRE intensity differences between nuclei and tracts 

Gradient recalled echo T2 weighted MRI enables a high contrast between 

white to grey matter. When combined with fibre directionality maps (DTI), this 
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assisted in delineating and annotating the specific anatomical pathways presented in 

Chapters 3-5, including 117 anatomical parts, areas and structures of the central 

nervous system such as the thalamus, hypothalamus, pineal gland, as well as nuclei 

and fibre tracts in the transverse, sagittal and coronal planes. In addition, major tracts 

were identified such as the scp, mcp and icp, as well as smaller tracts such as the 

spth, sp5, vtt and dtt. This is illustrated by reporting an example of how the 

descending and transverse fibre bundles in the basilar pons were subdivided into 

separate anatomical entities from rhombomere two to four. 
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Fig. 2.1. Transverse section - Gradient Recalled Echo (GRE) image at 50 

μm original resolution, displaying the medulla at the level of the IOPr 

(human specimen 1). White arrows: sp5, Red arrow: Arcuate nucleus, Blue 

arrow: pyramid, Arrowheads: spth, 4V: forth ventricle, icp: inferior 

cerebellar peduncle, ts: tectospinal tract, ml: medial lemniscus, py: 

pyramidal tract, IOPr: inferior olive, principal nucleus. 
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Fig. 2.2. Coronal section – GRE of the brainstem and thalamus (human 

specimen 1). Note the hypointense fibre tracts such as the sp5 and 5n, whereas 

the nuclei leave a hyperintense signature. Note the 5n as it courses within the mcp 

and the subsequent trajectory of the sp5. Note also the trajectory of the ct as it 

ascends from the red nucleus to the ventral tier of the thalamus (arrows). 

Abbreviations: cu: cuneate fasciculus, gr: gracile fasciculus, mcp: middle 

cerebellar peduncle, xscp: decussation of the superior cerebellar peduncle, 

SNCD: substantia nigra, pars compacta, SNR: substantia nigra, pars reticulata, 

cp: cerebral peduncle, ml: medial lemniscus, drt: dentato-rubro-thalamic tract, R: 

red nucleus, 3V: third ventricle, ct: cerebellothalamic tract, Thal: thalamus.  
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Fig. 2.3. Sagittal section – GRE shows the brainstem and thalamus (human 

specimen 1). The GRE images such as this one, are overlapped to the FAC to 

confirm the pattern of the descending fibre bundles. Black arrows: sp5, red 

arrow: spth, 7n: facial nerve, scp: superior cerebellar peduncle, IOPr: inferior 

olive, principal nucleus, ll: lateral lemniscus, ml: medial lemniscus, SC: superior 

colliculus, IC: inferior colliculus, R: red nucleus, SNR: substantia nigra, pars 

reticulata, SNCD: substantia nigra, pars compacta, STh: subthalamic nucleus of 

Luys, opt: optic tract, Thal: thalamus. 
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Figs. 2.1 - 2.3 show high contrast GRE images in transverse, coronal and 

sagittal sections. Note the grey matter hyperintensity, where nuclei such as the Pn, 

the IOPr, and Ar, can be identified, contrasting with the white matter hypointensity 

(see Fig. 2.1 red arrow shows the Ar – blue arrow shows the py) representing the 

fibre tracts. In sagittal section (Figs. 2.3, and Appendix Figs. 2-FA contrast and Fig. 

6-AD contrast) nine descending tracts are seen in the basilar pons where they can be

followed by placing the cursor in 3D slicer on each individual bundle. These tracts 

are also evident in the transverse images (FAC in Chapter 3, Fig. 3.9). In this way, 

MR-histology offers the modern investigation and identification of white matter 

connectivity in 3D, and most particularly with the advantage of avoiding tissue 

damage when slicing it into sections. 

The high contrast between grey and white matter made the determination of 

boundaries possible, therefore I refrained from including the actual drawings on the 

GRE so that I would not conceal anatomical information (see Fig. 3.15, and Fig. 2.1). 

2.5.4     Tract annotations and delineations 

The delineations have been conducted with a specific, colour contrast 

enhancing, and modern MRI software called 3D-slicer. The tracing has been done 

initially on the GRE, then on the FAC, and finally I overlapped both contrasts to 

confirm the anatomical interpretation (Appendix Fig. 23). In addition, the GRE 

contrast was used to estimate where the tracts are, and to guide the seed and ROI 

masks for tractography. The remaining DTI contrasts such as the FA, AD, RD, MD, 

DWI at 200 μm of isotropic resolution had high enough clarity to be complementary 
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tools in identifying and subdividing the above pathways. Furthermore, owing to the 

high resolution of these DTI contrasts, nine descending and ten transverse bundles 

were identified, and followed rostrally until the crus cerebri, and caudally into the 

pyramid so that the pattern and the way these bundles alternate in 3D space is 

presented herein. Finally, the sp5 and the spth were reported within the caudal 

brainstem using the FA as a guide (see Appendix Figs. 1-3). This 3D analysis during 

the tracing process was provided by the volumetric segmentation toolset in 3D slicer 

(http://www.slicer.org; Fedorov et al. (2012); Harvard University, National Institutes 

of Health). 

To improve the degree of image segmentation detail between the fibre 

bundles as well as between fibre bundles and nuclei, two main approaches were 

possible. First, the investigator should carefully observe and trace the various 

individual bundles in the transverse plane from the rostral to the caudal end of the 

brainstem. Then, the same bundles should be followed in the sagittal and coronal 

planes. The volumetric format of the anatomical set of data renders it possible to 

study the brainstem and thalamus in its natural 3D space. This technique allows the 

investigation of fibre tracts in multiple angles simultaneously. In addition, it is 

possible to examine intersecting planes within a fibre bundle or nucleus in the same 

brainstem. Second, the investigator should observe and trace the various individual 

bundles in different DTI contrasts which offer different windows of observation into 

the brainstem anatomy. These different contrasts leave different signatures 

particularly for fibre bundles. For example, tracts such as the spth, vtt, dtt and also 

the sp5 were not clearly visible in GRE although its resolution is of 50 μm. Yet, these 

tracts were visible in FA, AD, MD, RD, which have a resolution of 200 μm (see 

http://www.slicer.org/
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Appendix Figs. 1-12). A further parameter that rendered possible the tract 

annotations was the improvement of the actual colour contrast of each DTI contrast 

so that the white to grey matter contrast would be further enhanced.  

 

2.5.5     Using the tensor glyphs to obtain accurate anatomical information on the 

FAC orientation 

It is worth noting how the DTI signature illuminated in green the ventrodorsal 

axons at the midline of the pons and made it possible to anatomically describe though 

the tensor glyphs the Stria Pontis. More specifically, the option to generate and 

visualise the first eigenvector within each voxel allowed the glyph to show that the 

Stria projects bilaterally into the tegmentum (which is in alignment with the DTI 

signature) towards the cranial nerve nuclei. In addition, the Stria emanates from each 

of the transverse fibres of the pons and by extension I assumed that the Stria is part 

of the corticofugal pathways. Regarding the xscp the glyph showed that the fibres 

intertwine as they cross over. Concerning the architectural arrangement of the 

descending and transverse fibres of the pons, it is shown by the glyphs that the fibres 

coursing towards the medulla oblongata occupy a central position (see the tensors in 

Chapter 3; pyramidal tract) within each bundle whereas the fibres with destination to 

the basilar pons (corticopontine tract) are placed laterally and to some degree 

externally within each of the 9 descending bundles as constantly is highlighted by the 

glyphs from rhombomere 2 to 4 (the entire length of the basilar pons). The pathway 

is characterised by the fact that the bundles of the ventral group of the descending 

fibres anatomically and functionally correspond to the ventral group of the transverse 



 121 

fibres of the pons and so on. At the crossing point where the descending projections 

are heading towards the pontine nuclei, the pathway is seen in the glyphs to change 

direction, bend and traverse the basilar pons towards the contralateral middle 

cerebellar peduncle (mcp). 

As a result, it is reported, herein, a study of white matter connectivity and 

fibre tracking within the brainstem and thalamus at a resolution of 50 μm and 25 μm 

for the human and macaque, respectively. Moreover, deterministic tractography 

offered the possibility to confirm the above pathways as well as to present the 

various fibre bundles in 3D space interposed between the transverse, sagittal and 

coronal GRE delineated background.  
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CHAPTER 3: 
Redefining the pathways 

in the basilar pons 
through ultra-high-field 
MRI, tractography and 

tensor glyphs 
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3.1 Introduction 

The basilar pons or ventral aspect of the pons contains some of the major 

control pathways: those motor efferents descending through the brainstem en route to 

spinal cord motor circuits, and those connecting with motor nuclei in pons and 

medulla oblongata involved with upper body control (cranial nerve nuclei). The 1st 

description of this major division of the brainstem was in the 16th century by 

Costanzo Varolio (1543-1575), an Italian anatomist and papal physician who 

identified many anatomical structures such as the crus cerebri and the ileocecal valve. 

However, it took three centuries before the key function of this region was first 

revealed by the clinical manifestations of basilar pons lesions and vascular infarction. 

It became apparent that patients with basilar artery occlusion presented clinical 

manifestations that range from mild transient non-specific symptoms to fatal strokes 

(Hayem, 1868). Over the subsequent century, the severity of trauma, infections such 

as Staphylococcus aureus brainstem abscess, strokes within the branches of the 

vertebrobasilar system, tumours (pontine glioma) and autoimmune (cerebral lupus) 

and demyelinating diseases (multiple sclerosis) affecting the pons kindled some 

interest in brainstem vasculature anatomy (Duret, 1873, Biemond, 1951). Yet, the 

precise mapping of the neural pathways, within the human basilar pons remains 

incomplete. 

In contrast, detail of the pathways through the basilar pons are more advanced 

in non-human primates. The monkey corticopontine tract has been studied utilizing 

for example ablation-degeneration and isotope tract tracer studies (Hartmann-von 

Monakow et al., 1981, Jürgens, 1984, Brodal, 1978b, Brodal, 1978a, Nyby and 

Jansen, 1951). Injection of retrograde tracers into the nuclei situated bilaterally 
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around the midline of the basilar pons reveals afferent inputs descending from 

primary motor cortex (M1); (Nyby and Jansen, 1951) and premotor cortices, as well 

as from the supplementary motor area (SMA) and corticofugal fibres from the visual 

cortex (Brodal, 1978b). Corticopontine projections from the M1 and SMA and 

premotor cortex are thought to terminate principally in the caudal two-thirds of the 

pons, whereas association area projections terminate predominantly in the rostral 

pons (MacMore et al., 2004, Schmahmann et al., 2004).  

As for the corticofugal projections to the cranial nerve nuclei, the axons 

synapse directly, or through interneurons, on the oculomotor (extraocular muscles 

except for the superior oblique muscle, midbrain), trochlear (superior oblique muscle, 

midbrain), motor nucleus of the trigeminal (muscles of mastication, pons), abducens 

(lateral rectus, pons), and facial nuclei (motor innervation to the muscles of facial 

expression, pons). The corticobulbar tract originates from the precentral gyrus (M1), 

premotor cortex and SMA. The corticobulbar fibres descend from the cortex through 

the pons and medulla to terminate at corresponding nerve nuclei such as the 

ambiguous (muscles of soft palate, pharynx and larynx), spinal accessory (trapezius 

and sternocleidomastoid, cell bodies located in the caudal medulla and cervical spinal 

cord), and hypoglossal (motor innervation to the muscles of the tongue except the 

palatoglossus, medulla); (Young, 2007, DeMyer, 1998). 

In addition to the corticopontine and corticobulbar tracts described above, the 

descending fibre bundles contain the cortical projections towards the spinal cord. The 

human corticospinal tract is composed of over one million axons, three quarters of 

which are myelinated (Lassek and Evans, 1946, Lassek, 1940). Most, 80% of these 
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corticospinal tract fibres originate from Brodmann’s areas 4 (the primary motor 

cortex, M1) and 6 (the premotor cortex); (Kuypers, 1981). At the level of the 

midbrain the corticospinal projection fibres pass through the crus cerebri (which is 

the anterior portion of the basis pedunculi) to enter the basilar pons. These 

descending bundles display musculotopic arrangement, with those driving spinal 

motor neurons for muscles of the hand found in the ventromedial part, whereas fibres 

controlling motor neurons for the leg muscles are in the dorsolateral part of the 

basilar pons (Hong et al., 2010a). More caudally, at the level of the medulla, the 

corticospinal fibres congregate towards the ventral surface to form the pyramids. The 

fibres in the pyramids maintain the musculotopic arrangement, whereby, those 

driving motor neurons for the hand muscles are found medially, and those that 

innervate motor neurons for the muscles of the foot being found more laterally 

(Kwon et al., 2011b). 

Therefore, the basilar pons contains both descending fibre tracts found 

perpendicular to the transverse fibres of the pons which in turn arise from the pontine 

nuclei. The precise topography of the descending bundles and their relationship with 

the transverse fibres of the pons remains unclear. Tracing and ablation studies, akin 

to those performed in experimental animals, are not feasible in humans. However, 

recent advanced imaging technology now enables human brain pathways to be 

precisely delineated. In the current Chapter, I provide tractography and analysis of 

the bundles and their constituent fibres (tractography outputs) through the basilar 

pons in postmortem human and macaque brain, defining their orientation using 

fractional anisotropy and delineating their interrelationships at ultra-high resolution 

using tensor glyphs which convey tensor variables by mapping the major 
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eigenvectors and eigenvalues within each voxel. I reveal specific cortico-pontine, -

bulbar, and -spinal pathways with unprecedented resolution (50 μm for the human 

and 25 μm for the macaque). It is hoped that mapping of the corticofugal pathways 

through the pons, in particular, has clinical importance to enable easier and more 

precise targeting in neurosurgery and radiotherapy for diseases such as diffuse 

intrinsic pontine gliomas, lymphomas, traumatic brainstem injury and abscesses. 

Finally, pharmacological treatment in medicine (i.e., by reducing the edema) 

would be made easier with a map of the basilar pons in conditions such as central 

pontine myelinolysis, Wallerian degeneration, hepatic or hypertensive 

encephalopathy, ischemic pathology and vasculitis (Behçet's disease and lupus); 

(Frazier et al., 2009). Typically, brain edema (e.g., due to tumours or other injuries) 

is treated with corticosteroids. For example, edema surrounding brain tumours has 

been extensively reduced with high doses of Dexamethasone (Rosenberg, 2012). The 

current topography of the pontine fibre bundles mapped in the present research, could 

enable improved monitoring of both brainstem tumours and their associated edema. 

With ongoing evaluation of the degree of peritumoral edema using standard diffusion 

MRI (Wick and Küker, 2004) and the subsequent overlap of our maps to accurately 

assess progression towards adjacent fibre bundles that would compromise function 

and further deterioration of the patient’s neurological status, we hope to provide a 

useful neuroanatomical set of maps for stereotactic neurosurgery which could guide 

treatment, and prognosis (neuronavigation for brainstem surgery). In addition, our 

maps could more precisely assist brainstem edema microsurgical decompression 

(Zornow and Prough, 1995) by providing the topography of the pontine bundles and 

reducing the risk of iatrogenic damage. Finally, our maps could guide surgical 
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removal of tumours responsible for brainstem edema which would result in 

amelioration of symptomatology. 

 

3.2 Specific methods 

The data analysed below use MRI images obtained from human and macaque 

brains, as described in Chapter 2. Fibre bundles were traced using DTI and FA.  

For the whole pathway of the descending fibre bundles a seeding region was 

placed at the crus cerebri with a volume (90,  90,  2.6e+02) that covers the entire crus 

cerebri. An additional region of interest (ROI) was placed at the level of midpons 

with coordinates (110, 66, 180) and a volume size of 1.6e+02 mm3; (160 mm3) that 

covers the entire basilar pons. The seeding regions and ROIs are placed on the MRI 

image manually and the corresponding coordinated are generated by the DSI Studio. 

These coordinates consist of three parts. The first part indicates the distance of the 

mask from the left side of the operational window in DSI Studio, starting from 0 until 

the value reported above. The second part indicates the precise point along the 

anterior-posterior plane of view, and finally the third part indicates the inferior-

superior point. Each co-ordinate is an arbitrary scale. Finally, the program calculates 

the volume of the mask and in this case, it was 1.6e+02 mm3 (160 mm3). The FA 

threshold was 0.28. This parameter determines the threshold for fibre termination in 

relation to the calculated curvature of the fibre trajectory. The angular threshold was 

60%. The angular threshold is initially estimated according to a priori knowledge of 

the trajectory curvature. This threshold serves as a termination criterion as well. For 

example, if two consecutive moving directions have crossing angle above this 
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threshold, the fibre tracking will be terminated by the program. The fibre trajectories 

were smoothed by averaging the propagation direction with a percentage of the 

previous direction. Smoothing gives the “momentum” of the propagation direction. If 

smoothing is 0, the propagation direction is independent of the previous direction. If 

smoothing is 1.0, as in the present study, the percentage is randomly selected from 

0% to 95%. A total of 350,000 trajectories were calculated. 

For the three components of the descending fibre bundles such as the ventral, 

intermediate and dorsal groups (primary subdivisions), from the original seed mask 

placed at the level of the crus cerebri, I selected the first two ventral lamellae 

(cervical), the two intermediate (thoracic), and the two dorsal (lumbar and sacral), 

respectively as seed regions in order to identify the patterning of the descending fibre 

bundles. Subsequently, I placed an additional ROI at the level of the midpons, 

whereas no ROI was places caudally in the pyramid (see Results section; and 

Appendix Figs. 20 & 22). 

3.3    Results 

3.3.1    Orientation of the images and specimens 

The MRI images of the brainstem and thalamus from the four human 

specimens were followed rostrally from the internal capsule and caudally through the 

brainstem, so as to include midbrain, pons, medulla oblongata and the top part of the 

spinal cord. Streamlines and their orientations were identified at different segments 

and followed rostral-caudally and medial-laterally. This resulted in an extensive 3D 
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dataset, that can be a challenge to display in 2D. The obtained results commence by 

tracing the descending bundles from the internal capsule to the rostral spinal cord. In 

Figs 3.1 & 3.2 these bundles are displayed in pseudo-3D at different transverse levels 

through the thalamus and brainstem. The curvature and subdivisions of these bundles 

are revealed by the coding of orientation into colour, as presented by the fractional 

anisotropy colour (FAC) images. This orientation is particularly useful for viewing 

the relationship between the descending (longitudinal fibres of the pons) and 

transverse fibres of the pons as shown later in Figs. 3.9 to 3.11. Finally, a gradient 

recalled echo (GRE) sequence is used to illustrate the relationship between axonal 

tracts and nuclei in Fig. 3.15.  

 

3.3.2    Overall anatomical descriptions of the subdivisions of the descending fibre   

bundles (corticopontine, -bulbar, -spinal tracts) traced from the internal capsule   

through to the medullary pyramids, including the projections to the SNR 

The descending bundles from the cortex and striatum together form the 

internal capsule (ic), which can be seen bilaterally in Figures 3.1 a, d, g, j. The ic has 

been subdivided into four parts after three separate 3D masks were placed within the 

crus cerebri and one additional 3D mask was placed in the substantia nigra. There 

have been identified three external parts (Fig. 3.1 a, d, g) that descend beyond the 

crus cerebri, through the pons and reach the medulla oblongata as the pyramidal tract, 

and one additional internal part of the ic which projects to the substantia nigra pars 

reticulata (Fig. 3.1 j). 
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For the cervical component of the pyramidal tract, a 3D seed mask was 

created for the first two curved ventrolateral lamellae (descending bundles 1, 2, 3 and 

4; Fig. 3.2a, and Appendix Fig. 22a) in the crus cerebri which revealed that the 

pathway originates rostrally in the external part of the internal capsule and extends 

caudally to the pons (Fig. 3.3). Tractographic analysis revealed that the ventral part 

(containing the bundles 1-4, which is the cervical component of the corticospinal 

tract, including corticopontine and corticobulbar fibres) assumes an external position 

along the long axis of the internal capsule (transverse section in Fig. 3.1a, Fig. 3.3c). 

As the fibres that constitute the external part of the ic descend through the 

diencephalon (Fig. 3.1b) and midbrain (Fig. 3.1 c) they shift, twisting to form 

ventrolaterally curved lamellae in the crus cerebri (Fig. 3.2a).
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Fig. 3.1. Transverse sections from the thalamus to the midbrain displaying 

the components of the descending fibre bundles. The four subdivisions of the 

internal capsule (a, d, g, j) as they are arranged from external to internal. The 

external in (a), intermediate in (d) and internal in (g) parts of the bundles 

constitute the corticopontine, -bulbar, -spinal tracts and continue through the 

crus cerebri (b, e, h) with the same arrangement until the junction between 

rhombomere one and two (c – i). The most internal component of the internal 

capsule (j) is occupied by the projection that does not continue beyond the 

nigra, the presumptive striatonigral and corticonigral pathways (j – l); this is 

the sector (g) that is free of corticopontine, -bulbar, -spinal tracts. The 

tractographic analysis was performed on human specimen 1. On the FAC 

(fractional anisotropy colour) maps red, blue, and green represent anisotropy 

along medial-lateral, rostral-caudal, and ventral-dorsal orientation, 

respectively. Abbreviations: Thal: thalamus, f: fornix, ac: anterior commissure, 

pc: posterior commissure, Aq: aqueduct, Pi: pineal gland, R: red nucleus, MB: 

mammillary body, SNR: substantia nigra, pars reticulata, opt: optic tract, Hy: 

hypothalamus, SC: superior colliculus, 3n: oculomotor nerve, Pul: pulvinar, 

MG: medial geniculate nucleus. 
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Fig. 3.2. Subdivisions of the descending fibre bundles from the pons-

midbrain junction to the pontomedullary junction. At the level of the junction 

between rhombomere one and two (a, d, g) the descending bundles (curved 

lamellae) shift and occupy a ventrolateral (a), mediolateral (d), and 

dorsolateral (g) position. At the level of the midpons the bundles shift 

anticlockwise to a ventral (b), intermediate (e), and dorsal (h) position. 

Finally, at the level of the pontomedullary junction from (c) to (i) the ventral 

part of the descending bundles will eventually constitute the cervical (c), the 

intermediate part the thoracic (f), and finally the dorsal part the lumbar/sacral 

(i) components of the pyramidal tract. The tractographic analysis was

performed on human specimen 1. On the FAC maps, red, blue, and green

represent anisotropy along medial-lateral, rostral-caudal, and ventral-dorsal

orientations, respectively. Abbreviations: CIC: central nucleus of the inferior

colliculus, Aq: aqueduct, mlf: medial longitudinal fasciculus, xscp: decussation

of the superior cerebellar peduncle, Pn: pontine nuclei, tfp1: most ventral

transverse fibre of the pons, 4V: forth ventricle, scp: superior cerebellar

peduncle, mcp: middle cerebellar peduncle, ctg: central tegmental tract, ml:

medial lemniscus, tth: trigeminothalamic tract, spth: spinothalamic tract, tfp:

transverse fibres of the pons, IOPr: inferior olive, principal nucleus, ts:

tectospinal tract, py: pyramidal tract.
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 Fig. 3.3. A 3D representation of the ventral part of the 20 fibre bundles 

described in the present study that constitute the descending and 

transverse fibres of the pons as well as the Stria Pontis. In (a) 

tractographic analysis showing the v1, v2, and v3 descending bundles as 

well as the v4 derived from a seed mask placed on the first two most ventral 

descending fibre bundles (v1, v2, v3 and v4) in the crus cerebri. The bundles 

shift medially (b) to constitute the cervical pyramidal tract. At the level of 

the posterior limb of the internal capsule (c) the ventral part of the 

descending bundles assumes an external position along the long axis of the 

capsule. At the bottom of the figures, note the part of the ventral fibres that 

decussates as it advances towards the spinal cord. In (d) the descending and 

transverse bundles of the pons as well as the Stria Pontis. Note the huge 

most ventral and dorsal transverse bundles that cross the midline towards 

the opposite hemisphere. In (e) the transverse bundles originating from the 

rostral pons form the superior fasciculus in the middle cerebellar peduncle 

while the caudal pons gives rise to the inferior fasciculus. The tractographic 

analysis was performed on human specimen 1. On the FAC maps red, blue, 

and green represent anisotropy along medial-lateral, rostral-caudal, and 

ventral-dorsal orientations, respectively. Abbreviations: mcp: middle 

cerebellar peduncle, MB: mammillary body, ml: medial lemniscus, IOPr: 

inferior olive, principal nucleus, ic: internal capsule, opt: optic tract, R: red 

nucleus, tfp1: most ventral transverse fibre of the pons, pyx: pyramidal 

decussation. 
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Through the pons they further twist and maintain a ventral position (Fig. 

3.2b). By the time the external bundle of the internal capsule reaches the medulla, it 

twists even more (bundles 1-4 of the pons) and assumes a medial position that will go 

on to constitute the cervical component of the pyramidal tract (Fig. 3.2c). 

For the thoracic component, a second lamella-shaped 3D seed mask was 

created and placed in the intermediate part of the descending bundles in the crus 

cerebri (Fig. 3.2b, Fig. 3.4b, and Appendix Fig. 22b). The bundles from the 

intermediate part (bundles 5-6, thoracic component of the corticospinal tract, 

including corticopontine and corticobulbar fibres) of the crus cerebri (Fig. 3.2d) 

assume an intermediate position rostralwards in the internal capsule (along the long 

axis of the internal capsule, Fig. 3.1d, Fig. 3.4a). As they descend through the 

diencephalon (Fig. 3.1e) and midbrain (Fig. 3.1f) they maintain an intermediate 

position twisting at the level of the crus cerebri (Fig. 3.2d, Fig. 3.4b) following the 

same pattern as the ventral part, to reach the basilar pons (Fig. 3.4c, e). As the 

intermediate part courses through the basilar pons it maintains an intermediate 

position (Fig. 3.2e, Fig. 3.4c) and continues to twist, shifting lateral to the cervical 

fibres, to then continue as the thoracic component of the pyramidal tract (Fig. 3.2f, 

Fig. 3.4d).



 138 



 139 

Fig. 3.4. The intermediate component (thoracic) of the descending fibre 

bundles. A seed mask placed on the intermediate group i1 and i2 of the 

descending fibre bundles in the crus cerebri (curved lamellae) projects at an 

intermediate position along the long axis in the posterior limb of the internal 

capsule. On the opposite direction of the crus cerebri, the two bundles that 

constitute the intermediate group (thoracic) descend through the entire 

basilar pons with the same pattern and twist to assume an intermediate 

position in the pyramids (thoracic), lateral to the cervical (d). (e) and (f) show 

the 3D representation of the transverse fibres of each side of the pons. The 

tractographic analysis was performed on human specimen 1. On the FAC 

maps red, blue, and green represent anisotropy along medial-lateral, rostral-

caudal, and ventral-dorsal orientations, respectively. Abbreviations: Thal: 

thalamus, Hy: hypothalamus, opt: optic tract, pyx: pyramidal decussation, 

tfp1: most ventral transverse fibre of the pons, ac: anterior commissure, mlf: 

medial longitudinal fasciculus, scp: superior cerebellar peduncle, ll: lateral 

lemniscus, ic: internal capsule, Aq: aqueduct, R: red nucleus, SN: substantia 

nigra, cp: cerebral peduncle (crus cerebri), tfp: transverse fibres of the pons, 

IOPr: inferior olive, principal nucleus, f: fornix, MB: mammillary body. 
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 For the lumbar and sacral components, a 3D curved lamella-shaped seed 

mask was created and placed in the dorsolateral part of the crus cerebri (bundles 7, 8, 

9, lumbar and sacral component of the corticospinal tract, including corticopontine 

and corticobulbar fibres); (Fig. 3.2g, Fig. 3.5b, and Appendix Fig. 22c) and showed 

that the projection assumes an even more internal position, compared to the thoracic 

component, rostralwards in the ic (Fig. 3.1g). As this part of the subdivisions descend 

through the diencephalon (Fig. 3.1h, Fig. 3.5a), it slices directly in front of and 

parallel to the long axis of the substantia nigra pars reticulata with no contact, to 

descend in the midbrain (Fig. 3.1i), towards the crus cerebri (Fig. 3.2g, Fig. 3.5b) 

occupying a dorsolateral position. Throughout the pons these subdivisions maintain a 

dorsal position (Fig. 3.2h, Fig. 3.5c, e) and twist lateral to the thoracic fibres (Fig. 

3.2i, Fig. 3.5d) to form the lumbar and sacral components of the pyramidal tract, 

occupying the most lateral and external parts of the pyramid (Fig. 3.5d). 
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Fig. 3.5. The dorsal group (lumbar and sacral) component of the descending 

fibre bundles. A seed mask placed on the dorsal group of the descending fibre 

bundles (bundles 7-9) allows the identification of the position that the same 

bundles assume in the internal capsule along its long axis between the 

intermediate part of the fibres externally and the striatonigral/corticonigral 

pathway internally (a). In (b) and (c), there can be visualised the same 

subdivisions in the pons whereas in (d) the dorsal group twists to assume the 

most lateral part of the pyramid thus, forming the lumbar and sacral pyramidal 

tracts. In (e) and (f) there can be visualised the transverse fibres of the pons. The 

tractographic analysis was performed on human specimen 1. On the FAC maps 

red, blue, and green represent anisotropy along medial-lateral, rostral-caudal, 

and ventral-dorsal orientations, respectively. Abbreviations: Thal: thalamus, Hy: 

hypothalamus, opt: optic tract, tfp1: most ventral transverse fibre of the pons, f: 

fornix, ac: anterior commissure, pyx: pyramidal decussation, mcp: middle 

cerebellar peduncle, ic: internal capsule, f: fornix, tfp1: most ventral transverse 

fibre of the pons, MB: mammillary body. 
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Fig. 3.6. The three groups (ventral, intermediate, dorsal; primary 

subdivisions) that constitute the nine descending fibres bundles 

(secondary subdivisions). The entire pathway of the descending and 

transverse bundles is identified by tractography. The nine subdivisions of 

the three major groups of the descending bundles (ventral, intermediate and 

dorsal) through the basilar pons were traced after a seed mask was placed 

covering the entire surface of the crus cerebri and an additional ROI mask 

at the level of the midpons. The fan-like arrangement that the descending 

fibre bundles assume in the posterior limb of the internal capsule and the 

subdivisions can be clearly visualised from all perspectives. In (e) the 

bundles occupy the whole pyramid and in (f) the transverse fibres of the 

pons after they have formed (via relay in the pontine nuclei) from the 

lateral parts of the descending bundles cross the midline towards the 

opposite hemipons to reach the middle cerebellar peduncle. Note the Stria 

Pontis as the only pathway that courses from the ventral to the dorsal end 

of the pons (f). The tractographic analysis was performed on human 

specimen 1. On the FAC maps red, blue, and green represent anisotropy 

along medial-lateral, rostral-caudal, and ventral-dorsal orientations, 

respectively. Abbreviations: MB: mammillary body, tfp1: most ventral 

transverse fibre of the pons, Thal: thalamus, mcp: middle cerebellar

peduncle, 5n: fifth cranial nerve, py: pyramidal tract, pyx: pyramidal 

decussation, ac: anterior commissure, Aq: aqueduct, IOPr: inferior olive, 

principal nucleus, R: red nucleus, cp: cerebral peduncle (crus cerebri), 

xscp: decussation of the superior cerebellar peduncle, ac: anterior 

commissure. 
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The complete pathway is highlighted in Fig. 3.6a to f, where the entire crus 

cerebri was seeded. The organisation of the descending bundles from the internal 

capsule to the pyramids is such that all the components of the pyramidal tract 

(cervical, thoracic, lumbar and sacral) complete half a rotation 180o twist, clockwise 

for the left and anticlockwise for the right pyramidal tract. 

Finally, there is one component of the internal capsule that is not featuring 

pyramidal tract fibres - the most internal bundle (Fig. 3.1j). To identify the possible 

origin and termination of this bundle, the substantia nigra was seeded (Fig 3.1l), on 

the assumption that this internal bundle is the striatonigral and corticonigral 

projections (Figs. 3.1j, k, l and Fig. 3.7a to d). Following nigral seeding, the most 

internal sliver of the internal capsule which was vacant of corticopontine and 

pyramidal fibres (Fig. 3.1g), is now occupied by a bundle that descends through the 

diencephalon (Fig. 3.1k) and slices right externally from the subthalamic nucleus of 

Luys (Fig. 3.7d) to project into the SNR at the level of the midbrain (Fig. 3.1f). 

Moreover, the substantia nigra pars compacta (SNCD) remains devoid of fibre 

bundles (Fig. 3.7d), and there were no visible projections caudal to the SNR.  

In addition, I have identified and shown the relationship between the fields 

H2 and H1 of Forel, the mammillothalamic tract, the zona incerta (ZI), and the 

subthalamic nucleus of Luys, due to the importance of this region in Parkinson’s 

disease. The subthalamic nucleus and zona incerta are traditional targets for deep 

brain stimulation (DBS); (Blomstedt et al., 2018, Hamani et al., 2017). The 

subthalamic nucleus is found approximately 7 mm rostral to the SNR (Fig. 3.1c) 

which I propose as a target for DBS (see page 188). 
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The field H2 of Forel descends lateromedially as a projection from the 

pallidum (lenticular fasciculus) towards the ventral lateral nucleus of the thalamus 

(Hamani et al., 2017). After having crossed obliquely the internal capsule, the field 

H2 of Forel arches over the rostral border of the subthalamic nucleus (Appendix Fig. 

30a, d) to descend lateromedially and ventrodorsally between the subthalamic 

nucleus ventrally, and the zona incerta dorsally. The field H2 encircles the zona 

incerta at its most mediodorsal (Appendix Fig. 30g) and caudal (Appendix Fig. 30h) 

border to ascend as field H1 of Forel posterolateral to the mammillothalamic tract 

and projects towards the ventral lateral (VL) nucleus of thalamus.
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3.7. The projections to the substantia nigra pars reticulata. From (a) to (d) the 

characteristic fan-like arrangement of the fibres that assume the most internal 

part of the internal capsule along its long axis as they descend into the 

substantia nigra pars reticulata. In (d) posterior perspective of the brainstem 

where the projections surge right externally from the subthalamic nucleus of 

Luys to terminate into and until the caudal pole of the pars reticulata. The 

tractographic analysis was performed on human specimen 1. On the FAC maps 

red, blue, and green represent anisotropy along medial-lateral, rostral-caudal, 

and ventral-dorsal orientations, respectively. Abbreviations: SNR: substantia 

nigra, pars reticulata, SNCD: substantia nigra, pars compacta dorsalis, STh: 

subthalamic nucleus of Luys, Thal: thalamus, SC: superior colliculus, R: red 

nucleus, IOPr: inferior olive, principal nucleus, cp: cerebral peduncle, scp: 

superior cerebellar peduncle, mcp: middle cerebellar peduncle, tfp1: most 

ventral transverse fibre of the pons.  
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3.3.3    Subdivisions of the crus cerebri and of the descending fibre bundles in the 

basilar pons (longitudinal fibres of the pons); (Pontine Homunculus) 

The FAC provided clear contrasts to delineate and subdivide the 

rostrocaudally-oriented fibre bundles (blue) and the interleaving mediolaterally-

oriented transverse fibres of the pons (red); (Figs. 3.8 to 3.10). 

The longitudinal fibres of the pons can be subdivided into three main groups 

traced from the crus cerebri (Fig. 3.8) to the end of the pons. In the four human 

specimens, the bundles display similar organisation (Fig. 3.9), with the exception that 

some fibres of a bundle peel off (interdigitations) to join an adjacent bundle (Fig. 

3.10b, arrows). These bundles can be divided into ventral (1-4), intermediate (5-6), 

and dorsal (7-9) groups. This nomenclature is also in alignment with the schematic 

segmentation of the pontine nuclei proposed by Nyby and Jansen (1951) and 

Schmahmann and Pandya (1989). These subdivisions can also be seen in 

tractography in Figs. 3.3 to 3.6.  

Moreover, the most ventral bundles in the basilar pons have not been 

identified or traced before. The four bundles that constitute the ventral group are 

traced on one side of four brainstems (Fig. 3.8 to 3.10). This ventral group was 

present in each of the four specimens. Indeed the nine bundles (4 ventral, 2 

intermediate, and 3 dorsal) are always present, although there is a degree of 

instability. For example, in specimens (c) and (e) the v1, v2, v3 bundles of the ventral 

group arise from two consecutive descending bundles in the crus cerebri instead of 

one bundle as seen in (b) and (d). In addition, the number of the bundles may vary 

between the two sides of the brainstem, their precise anatomical location relative to 
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the midline and the thickness of respective bundles between the specimens can be 

different (Fig. 3.9).  

Fig. 3.8 shows the components of the crus cerebri as they become the 

longitudinal fibres of the pons (Fig. 3.9). At the level of the junction between 

rhombomere one and two, the cervical component is condensed to form two 

ventrolateral lamellae (Figs. 3.8, 3.10). Caudalwards, the two ventrolateral lamellae 

reach the midpons as two separable anatomical entities. At this level the most ventral 

lamella further divides into three fibre bundles (Fig. 3.9b to e; bundles: v1, v2, v3) 

maintaining a separate trajectory until they merge again and twist medially to form 

the cervical component of the pyramid tract (Figs. 3.10, 3.11 and Fig. 3.13c to e). 
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Fig. 3.8. Cross sections at the level of the pons-midbrain junction as shown by 

DTI scalars-directionally coloured fractional anisotropy (FAC) of the four ex 

vivo human brainstems and one macacque. The FAC shows the subdivisions of 

the descending bundles as well as the subdivisions of the first most ventral five 

transverse fibres of the pons as they form from the pontine nuclei interspersed 

between the descending fibre bundles. This study revealed that the descending 

bundles fan out in the rostral pons (rhombomere one and two) forming curved 

lamellae which alternate in sequence with the transverse fibres of the pons. 

Transverse sections, at the level shown in (a) from the fractional anisotropy 

colour (FAC) derived from the DTI are shown. On the FAC maps red, blue, and 

green represent anisotropy along medial-lateral, rostral-caudal, and ventral-

dorsal orientations, respectively. The crus cerebri has been subdivided into three 

groups of fibre bundles (curved lamellae). The ventral group is composed by two 

ventral curved lamellae v1, v2, v3 (which are merged at this level and constitute 

the most ventral lamella), and v4 (cervical component of the pyramidal tract). 

The intermediate group i1 and i2 (thoracic component of the pyramidal tract) 

follows as we proceed from the ventral to the dorsal end of the transverse plane. 

Finally, the dorsal group is composed by the d1, d2 and d3 (lumbar and sacral 

components of the pyramidal tract) curved lamellae. The leader lines point at the 

exact location where the subdivisions in the crus cerebri, midpons, medulla 

oblongata correspond, in both transverse and sagittal planes. Note the ventral 

transverse fibres as they alternate with the descending fibres as well as the 

formation of the Stria Pontis, ventrally, to constitute a pathway towards the 

tegmentum. In samples (b) and (d) the bundles present exactly the same 

patterning whereas in samples (c) and (e) the fibre bundles that will constitute 

the v1, v2, and v3 in the pons arise from two consecutive descending bundles in 

the crus cerebri and this presents the only idiosyncratic difference among the 

four samples. In (f, Macaca mulatta) there have been identified four descending 

fibre bundles and five transverse fibres of the pons. The ventral lamella 

(cervical), i1 and i2 (thoracic component of the pyramidal tract) and finally the 

dorsal lamella constitutes the lumbar and sacral components of the pyramidal 

tract.
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Fig. 3.9. Cross-section at the level of the midpons (a) at its maximal width 

showing the nine descending (in blue) cortico-pontine, -bulbar, and -spinal 

fibre bundles (b), and ten transverse fibres of the pons (in red) for the 

human, four descending and five transverse for the macaque. Note that the 

v1, v2, v3 present similar patterning in all the human samples with three 

ventral minute fibres followed by a thicker bundle v4 (hand representation), 

which descend throughout the length of the basilar pons to constitute the 

cervical pyramidal tract. The intermediate group by two thick bundles 

(thoracic) followed by a thinner group of dorsal bundles (lumbar and sacral). 

The transverse fibres of the pons are functionally connected to the descending 

bundles, so that the ventral group of the descending bundles will terminate 

into the pontine nuclei which will then give rise to the ventral transverse 

fibres of the pons (in red), the intermediate group of the descending bundles 

is connected to the intermediate transverse bundles and finally the dorsal 

descending bundles are functionally connected to the dorsal transverse 

bundles of the pons. Subpanel (f) presents the subdivisions of the descending 

(four) and transverse (five) fibre bundles in the macaque brainstem where the 

architecture is less complex, however the anatomy of the basilar pons 

presents similarities in architecture between primates and a well-defined 

morphological pattern, ventral, intermediate and dorsal groups of bundles 

are homologous between the two species. On the FAC maps red, blue, and 

green represent anisotropy along medial-lateral, rostral-caudal, and ventral-

dorsal orientations, respectively. 
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Fig. 3.10. Sagittal sections show the nine descending bundles (in blue) that 

alternate with the ten transverse fibres of the pons (in red) for the human 

specimens and the four descending that alternate with the five transverse 

bundles for the macaque. The subdivisions of the descending bundles in the 

four samples are presented from (b) to (e). Note that there are always 

interdigitations (arrows) between the descending bundles, for example, in 

(b) between the v1, v2, v3 and v4, as well as between the d1 and d2. These

interdigitations are present in all samples, however less complex in the

macaque (f). On the FAC maps red, blue, and green represent anisotropy

along medial-lateral, rostral-caudal, and ventral-dorsal orientations,

respectively.
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Fig. 3.11. Cross-sections at the level of the pyramids. The descending fibre 

bundles have been traced after the maximal width of the pons and started to 

converge and shift to assume a mediolateral direction forming the cervical 

(v1, v2, v3, v4), thoracic (i1 and i2) and lumbar/sacral (d1, d2, and d3) 

portions of the pyramidal tract as confirmed by tractography in Figs. 3.1 to 

3.5. Approximately, a 20% of the volume of the descending bundles that 

form the crus cerebri will continue onto the pyramids, the rest 80% will 

terminate into the basilar pons. In the macaque (f) the ventral lamella in the 

crus cerebri will eventually occupy the medial part of the pyramid where the 

leader line points as cervical component of the pyramidal tract and so on. 

On the FAC maps red, blue, and green represent anisotropy along medial-

lateral, rostral-caudal, and ventral-dorsal orientations, respectively.  
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3.3.4    Subdivisions of the transverse fibres of the pons 

Similarly to the descending bundles, the transverse fibres can also be 

aggregated into three broad groups, ventral, intermediate, and dorsal, in 

correspondence with the aggregation of the descending bundles (Figs. 3.3 to 3.6, 

Figs. 3.10 to 3.12).  

Note how the descending and transverse fibres of the pons follow a pattern 

where they alternate with each other; for example in a transverse plane through the 

basilar pons, starting ventrally, there is one transverse fibre bundle, followed by one 

descending bundle, then followed by another transverse fibre bundle, then another 

descending bundle, and so on. This is seen across Figs. 3.8 to 3.10, and perhaps most 

clearly in the sagittal sections shown for the specimens in Fig. 3.10. Finally, note 

how the first and tenth transverse fibres of the pons found on the extremities are 

always stable between the two sides of the brainstem and between the specimens 

(Figs. 3.9 & 3.10), thereby are named herein as ventral arcuate (tfp1) and dorsal 

arcuate (tfp10), due to the shape they assume in transverse and sagittal sections (see 

Appendix Fig. 28). 

The inspection of the vectors and tractography indicates that the transverse 

fibres of the pons arise from pontine grey matter that receives axons from the ventral, 

intermediate and dorsal parts of the descending bundles (Fig. 3.12, Fig. 3.14). 
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Fig. 3.12. A more extensive view of the patterning of the transverse fibres 

of the pons. These fibre bundles arise from the pontine nuclei that receive 

the lateral and external parts of the descending bundles. The transverse 

fibres of the pons are characterised by the most ventral and dorsal 

transverse bundles (transverse fibres of the pons 1 and 10) that start to 

form in the rostral pons and are always stable between the human samples 

and in the monkey (transverse fibre bundle 1 & 5). In between, there can be 

identified eight more transverse bundles, in the human, which present 

variability between the samples and between the right and left side of the 

pons. The transverse bundles cross the midline and congregate towards the 

mcp to form part of the superior fasciculus that conveys information from 

the rostral pons. In (d) and (e) are visible fibres that cross from the 

opposite hemipons as well, forming part of the most ventral transverse 

bundle. In (f) the subdivisions of the mcp in superior and inferior fasciculus 

(left) where the deep transverse fibres form the underneath deep fasciculus 

as seen on the right mcp. The tractographic analysis was performed on 

human specimen 1. On the FAC maps red, blue, and green represent 

anisotropy along medial-lateral, rostral-caudal, and ventral-dorsal 

orientations, respectively. Abbreviations: R: red nucleus, STh: subthalamic 

nucleus of Luys, SN: substantia nigra, ic: internal capsule, cp: cerebral 

peduncle, mcp: middle cerebellar peduncle, tfp: transverse fibres of the 

pons, py: pyramidal tract, Aq: aqueduct, xscp: decussation of the superior 

cerebellar peduncle.
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As a validation of the tractography architecture of the herein delineated 

pathways, four structural GRE images were overlapped with four FAC (Figs. 3.8 to 

3.10, and Appendix Fig. 23). The descending bundles can be observed and followed 

in GRE and FAC images, and traced via tractography, from the internal capsule to 

the crus cerebri and on to the pyramids. Similarly, the transverse fibres of the pons 

are visualised in GRE, FAC and tractography (Figs. 3.6f, 3.9, 3.10). 

3.3.5    Subdivisions of the descending fibre bundles/subdivisions of the transverse 

fibres of the pons in the macaque 

Figures 3.8 to 3.10 compare the descending fibre bundles between the four 

human specimens and the single macaque brainstem. In this macaque specimen, only 

four discrete descending fibre bundles are identified at the crus cerebri (Fig. 3.8f) and 

throughout the basilar pons (Fig. 3.9f). These however, can be similarly subdivided 

into ventral, intermediate (i1, i2) and dorsal groups. Note also how the fibre bundles 

in the macaque are less complex than those in the human specimens, with only minor 

interdigitations seen in the sagittal sections (Fig. 3.10f). The fibre architecture is less 

complex in this species, forming curved lamellae at the level of the pons-midbrain 

junction (Fig. 3.8f) that then fan out and subsequently the transverse fibres of the 

pons arise from pontine nuclei interspersed between the descending bundles. As in 

the human, the transverse bundles from one side of the macaque pons, cross the 

midline and curve to pass between the descending fibre bundles of the opposite 

hemipons (Fig. 3.9f). The five transverse fibres of the pons identified in this macaque 
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specimen, therefore also less complex than in the human. Similarly, however, the 

macaque transverse fibres alternate in sequence with the descending fibre bundles. 

3.3.6    Subdivisions of the pyramidal tract 

Figure 3.11 shows the pyramidal tract in a transverse plane at the level of the 

medulla oblongata. The characteristic organisation of the descending bundles shift 

from a dorsoventral to a mediolateral disposition. Specifically, within the medullary 

pyramids, the ventral group (bundles 1, 2, 3 & 4) forms the cervical pyramidal tract, 

and the intermediate (bundles 5 & 6) and dorsal groups (bundles 7, 8 & 9) form the 

thoracic and lumbar-sacral subdivisions of the pyramidal tract, respectively (see also 

tractography in Figs 3.3 to 3.5).  

3.3.7    The corticopontine tract 

As Fig. 3.13 demonstrates, there is no evidence for a distinct corticopontine 

tract that terminates in the ventral pons as accepted ideas used to indicate (see 3.4.1 

& 3.4.2 discussion). At the point where the transverse and sagittal display sections 

intersect (Fig. 3.13a), the most ventral descending bundle (bundle no 1) is seen. This 

fibre bundle and the rest of the ventral group, (bundles v1-3) fan out in the rostral pons 

(rhombomere two), while they descend, to constitute the first three ventral fibre 

bundles of the basilar pons (Figs. 3.3, 3.6, 3.8 to 3.10, 3.12 and Fig. 3.13a to e). As 

also clearly seen in Fig. 3.10 (sagittal view, fibre bundles v1-3) and Fig. 3.13 the 

ventral bundles descend through the whole length of the pons. In Fig. 3.13a, and 13b, 
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the cursor is placed more medially towards the midline and the two thirds of the 

caudal part of the most ventral bundle (v1) begin to appear, revealing the entire 

pathway from the crus cerebri to the medullary pyramids. In fig. 3.13c & 13d, the 

pathway is more visible where the most ventral bundle shifts from a ventral (more 

rostral levels) to a more medial and dorsal position (more caudal levels) to form with 

the rest of the bundles of the ventral group, the cervical part of the medullary 

pyramids, which will eventually reach the ventral horn of the cervical spinal cord 

(innervation of the muscles of the hand (Kwon et al., 2011b)).  
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Fig. 3.13. The most ventral descending fibre bundle identified until the 

pontomedullary junction. Transverse and the corresponding sagittal sections 

from (a) to (e) showing that the v1 bundle descends from the crus cerebri 

ventrally throughout the entire length of the basilar pons and characteristically 

shifts dorsally while it descends onto the pyramids, where the intersections are 

visualised from (a) to (e), to form the cervical component of the pyramidal tract. 

Note in (b), (c), (d), (e)(sagittal view) the extension of the Stria Pontis (in green) 

throughout the length of the pons. As a result, the accepted concept of a distinct 

corticopontine tract that courses ventrally and terminates within the pons seems 

to be incorrect. Note the extent of the Stria Pontis (rhombomere two to four; in 

green) in sagittal view. On the FAC maps red, blue, and green represent 

anisotropy along medial-lateral, rostral-caudal, and ventral-dorsal orientations, 

respectively.
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Finally, in Fig. 3.13e, the remaining fibres which formed the most ventral 

bundle (v1) in the basilar pons are found medially in the pontomedullary junction to 

further descend as the part of the cervical component of the pyramidal tract (see 

intersections). All the above is evidence that the corticopontine tract does not course 

solely through the ventral basilar pons, rather as demonstrated, herein, all nine 

subdivisions (ventral, intermediate and dorsal groups) of the longitudinal fibres of the 

pons project into the pyramid and thusly, none of these bundles exclusively terminate 

in the pons. The tensor glyphs obtained at this microscopic resolution (200 μm for 

the diffusion imaging) demonstrate that all the nine subdivisions collectively shed 

fibres in the pons with a specific topographic arrangement (see below).   

3.3.8    The principle of topology 

Based on the tractographic analysis and tensor glyphs (Fig. 3.12 and Fig. 

3.14) there is a topographic distribution within each bundle which constitutes the 

longitudinal fibres of the pons. The crus cerebri has now been subdivided into three 

groups of curved lamellae that disaggregate to give rise to nine distinct descending 

fibre bundles. These bundles become less compact and spread out as pontine cell 

bodies intersperse between them and maintain their curved lamellae shape while they 

descend until they reach the midpons and their maximum spatial spread.  

It has been identified herein by analysing the course and the orientation of the 

tensors (first eigenvector) within each voxel (Fig. 3.14 a to c) that the fibres of the 
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lateral and external parts of each bundle separate from their main body, and curve to 

terminate into the pontine nuclei.  

These fibres constitute the corticopontine tract that synapse into the pontine 

nuclei. The projections from the pontine nuclei, in turn give rise to the transverse 

fibres of the pons. From the inspection of the tensors (a technique which gives no 

information about synapses and highlights only the pathway) I identified streamlines 

emanating from all ten transverse fibres to form the Stria Pontis (see below). 

Therefore, all three primary subdivisions of the crus cerebri and basilar pons (ventral, 

intermediate and dorsal groups), and by extension all the nine descending bundles 

(secondary subdivisions), contain cortico-bulbar, -pontine and -spinal projections 

with a precise topographical distribution (Fig. 3.14). Thus, the fibres found in lateral 

and external parts of the descending bundles v1-4 bend, break off, synapse onto 

pontine grey matter and from there the transverse fibres of the pons (transverse 

bundles 1-5; Fig. 3.14) form. Similarly, the intermediate group of the descending 

bundles i5-6 contribute to transverse bundles 5-7, and the dorsal descending bundles 

d7-9 contribute to transverse bundles 7-10 (Fig. 3.10 and 3.14 b & c). Each of the 

descending bundles projects into pontine nuclei which in turn give rise to two 

adjacent transverse bundles. For example, fibres of the v1 synapse onto pontine nuclei 

which form the tfp1 & 2. In this way the same information from the cortex is 

conveyed to two adjacent transverse fibres. As a result, from one descending bundle 

which terminates on pontine nuclei, two transverse fibres of the pons arise and so on. 
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Fig. 3.14. Colour-coded Vector Map of First Eigenvector. The tensor glyph 

illustrates the principal direction of the fibres by colour and vectors. Each 

vector is contained within an individual voxel, and the line within (the vector) 

represents the orientation of the fibres, i.e., if the fibre(s) courses from lateral 

to medial or vice versa then the vector is horizontal and red, from ventral to 

dorsal or vice versa it is vertical and green, and from rostral to caudal it is a 

dot and blue. In (a) at the level of rhombomere one and two (crus cerebri) the 

central part of the descending subdivisions projects rostrocaudally (as 

inferred by the shape of the vectors) throughout the brainstem whereas the 

lateral parts bend (higher magnification) change direction and synapse onto 

the pontine nuclei which, in turn, form the transverse fibres of the pons. In (b) 

tensor glyph and fibre tracking in the midpons as seen through this higher 

order DTI technique. In (c) at a more caudal level, a tensor glyph was created 

from diffusion data at 200 μm isotropic resolution (human specimen 1). Note 

the orientation of the tensors (fibres) and most particularly (in magnification) 

how the lateral parts of the ventral group of the descending bundles ( v1, v2, 

v3, and v4) break off and bend to synapse into the pontine nuclei. From there 

the five ventral transverse fibres of the pons (in red) form and traverse 

horizontally to the opposite hemipons. Abbreviation: 4V: fourth ventricle. 
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Hence, the ventral group of the descending bundles is anatomically and 

functionally related to the ventral group of the transverse fibres of the pons and so on 

(after an obligatory synapse in the pontine nuclei). In other words, in the basilar pons, 

not only is there a somatotopic representation akin to the homunculus of the cortex, 

and a topographic arrangement (as mapped herein), but there is also a consistent 

topography within the descending bundles so that the centromedial part is occupied 

by the cortico-bulbar and -spinal tracts whereas the lateral and external parts is 

occupied by the corticopontine projections (Fig. 3.14). This topology is also 

supported by the structural GRE image (Fig. 3.15) at the level of rhombomere one 

and two where the pontine nuclei are found between the descending and transverse 

fibres of the pons. 
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3.15. GRE (gradient recalled echo) sequence at 50 μm, at the level where the 

crus cerebri meets the pontine nuclei (border between rhombomere one and 

two). The pontine nuclei (arrow heads) are principally found not inside the 

descending or transverse bundles but between them. As the descending fibre 

bundles fan out, the pontine nuclei can be identified assuming a lateral position 

between the descending bundles that alternate with the transverse fibres of the 

pons. Abbreviations: mtg: mammillotegmental tract, xscp: decussation of the 

superior cerebellar peduncle, ml: medial lemniscus, ll: lateral lemniscus, tth: 

trigeminothalamic tract, spth: spinothalamic tract, SNR: substantia nigra, pars 

reticulata, Pn: pontine nuclei, tfp1: most ventral transverse fibre of the pons, 

isRt: isthmic reticular formation, E: ependyma. 
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3.3.9    The Stria Pontis 

In addition to the descending and transverse fibre bundles, an additional fibre 

bundle has been identified which is now named as the Stria Pontis. This pathway is 

most clearly seen in Fig. 3.16, where it runs ventral to dorsal (green in FAC), but can 

also be seen in Figs. 3.3d, 3.5e, 3.6f, 3.8, 3.9, 3.12d & e, 3.13, 3.14, and Appendix 

Fig. 31. The Stria Pontis forms a vertical ridge at the midline of the basilar pons and 

pontine tegmentum which extends throughout the entire length of the pons (Fig. 

3.16a at a more rostral pontine level, 3.16b at a more caudal pontine level). It is 

formed in the rostral pons (Fig. 3.8, level of rhombomere two) from the first ventral 

transverse fibres of the pons. The first bundle to give rise to the Stria Pontis is the 

most ventral transverse fibre of the pons (transverse fibre bundle no. 1, Figs. 3.8, 

3.14a). Subsequently, the remaining transverse fibre bundles begin to form from the 

spaces between the fanning descending fibre bundles (where the pontine nuclei are). 

Each one of these transverse fibre bundles is seen to contribute (Figs. 3.14a to c) to 

the formation of the Stria Pontis. It extends caudally until the pontomedullary 

junction where the most ventral transverse bundle (transverse fibre bundle no. 1) 

begins to disappear (at the level of rhombomere four), just prior to the medullary 

pyramids (Fig. 3.13e, sagittal view).  

The eigenvector analysis (Fig. 3.14c) is consistent with the observation made 

on the FAC that the Stria Pontis veers laterally once the fourth ventricle (4V) is 

reached. 
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Fig. 3.16. Ultra-high-resolution FAC map at 200 μm. This highly detailed 

approach of fibre tracking revealed how the Stria Pontis (arrows) in green 

traverses the entire pons from the ventral to the dorsal end where it bends just 

before it reaches the floor of the 4th ventricle (4V; magenta in DTI) to project 

(a) and dorsally surround the motor trigeminal nucleus (arrow heads) in the

pontine tegmentum. Similarly, the Stria Pontis (arrows) identified in this study

as the presumptive pathway that conveys information from cortical areas,

courses through the basilar pons towards the pontine tegmentum where it

bends (magenta in DTI) at the level of the floor of the 4th ventricle in (b) and

maintains its course within approximately 500 μm from the abducens nucleus

(arrow heads). On the FAC maps red, blue, and green represent anisotropy

along medial-lateral, rostral-caudal, and ventral-dorsal orientations,

respectively.
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Moreover, DTI reveals that the fibres that constitute the Stria Pontis arch 

bilaterally just before they reach the floor of the fourth ventricle, forming the 

corticotegmental pathway; (magenta in Fig. 3.16). The stria fibres are subsequently 

lost in the vicinity of the motor trigeminal nucleus (5N; Fig. 3.16a). At a more caudal 

level, the fibres that emanate from the transverse fibres of the pons (the presumptive 

corticotegmental pathway) continue to form the Stria Pontis at the midline to then 

progress towards the nuclei of the cranial nerves in the pontine tegmentum. More 

specifically, the Stria courses within 500 μm from the dorsal part of the abducens 

nucleus (6N) ventrally, and the floor of the fourth ventricle dorsally (Fig. 3.16b).   

3.4 Discussion 

The present study uses ultra-high-resolution MRI datasets derived from four 

human and one macaque postmortem specimens to map the fibre bundles in the 

internal capsule, crus cerebri, basilar pons and medulla oblongata. Four subdivisions 

of these descending fibre bundles were applied within the internal capsule, from 

internal to external. The most internal bundle terminates in the substantia nigra pars 

reticulata (SNR), the striato- and corticonigral pathways. The three external bundles 

of the internal capsule contain cortico-pontine, -bulbar, and, -spinal projections, but 

with topography. The fibres with cervical spinal terminations were most external and 

those with lumbar/sacral terminations were most internal. The external three bundles 

of the internal capsule continue in the crus cerebri and appear as ventrolateral curved-

lamellae in cross section. Therefore, the crus cerebri has been subdivided herein into 

three groups of bundles (four ventral, two intermediate and three dorsal). These 
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lamellae twist and assume a ventrodorsal orientation as they descend and form 

ventral, intermediate and dorsal groups of bundles in the basilar pons with further 

subdivision into four, two and three bundles, respectively. The lateral part of these 

nine bundles peels off into the pontine grey matter, while the central and medial parts 

continue to form the pyramid. The topography and somatotopy is maintained in the 

pyramids, with the ventral bundles twisting medially as the cervical component of the 

pyramids; the intermediate bundles are found lateral to the cervical and are the 

thoracic component; similarly, the dorsal bundles twist laterally to the thoracic and 

are the lumbar and sacral components of the pyramids. The transverse fibres of the 

pons have also been subdivided into three main groups and traced in relationship to 

the descending bundles. Finally, a midline bundle orthogonal to the descending and 

transverse fibres of the pons was discovered and named as the Stria Pontis. 

As well as delineating the specific tracts descending or traversing the pons 

towards the cerebellum, this study is particularly novel in a number of aspects: 1) 

dispelling the idea about a specific ventral corticopontine tract, 2) showing the 

interspersed nature of the descending bundles and the fact that they alternate with the 

transverse fibres of the pons, and 3) discovering the Stria Pontis at the midline of the 

pons. 

3.4.1    The Corticopontine tract is formed collectively by fibres peeling off from all 

the descending bundles 

The data indicate that the transverse fibres of the pons arise from both the 

ventral and the dorsal parts of the crus cerebri and basilar pons, which is contrary to 

the classic view which states that the ventral part of the descending bundles 
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constitutes exclusively the corticopontine tract (first order neuron) that innervates 

pontine nuclei (Hurley et al., 2010, Hendelman, 2000). However, corticopontine 

projections in the dorsolateral pons were also reported in monkey by Shook et al. 

(1990) and Leichnetz and Gonzalo-Ruiz (1996) using WGA-HRP and horseradish 

peroxidase technique. The subsequent pontine efferents (second order neuron) then 

cross the midline and form the middle cerebellar peduncle to reach the cerebellum. 

Together the corticopontine and pontocerebellar tracts form the cerebrocerebellar 

pathway, the purpose of which is a line of communication between the cortex and the 

cerebellum to allow for the coordination of planned motor functions and for 

accessing of stored learned motor routines in the pontocerebellar cortex. To further 

test the notion of an exclusively ventral corticopontine tract, I specifically traced the 

ventral group of the descending fibre bundles (Fig. 3.13). The most ventral bundle 

(v1), descended through, the crus cerebri to the basilar pons and continued onto the 

pontomedullary junction it then twists medially. The intermediate and dorsal 

descending bundles were traced in all five specimens with similar results. They all 

appeared to shed fibres in the pons rather than exclusively terminating within the 

basilar pons. The tensor glyphs (Fig. 3.14) suggest that each of the descending 

bundles sheds fibres to the pons. This was consistent with tractography (Fig. 3.3) 

where the ventral group of the descending bundles (cervical) courses from the 

external part of the internal capsule, descends through the brainstem (ventrally) to 

twist and project into the pyramids (medially), and finally to form part of the 

pyramidal decussation (Fig. 3.3c and e). Moreover, I did not find any evidence that 

robust fibres course the basilar pons from the ventral to the dorsal end, and this 

evidence would be to identify green fibres on the FAC. The only pathway that 
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courses the pons ventrodorsally seems to be the Stria Pontis at the midline. To 

conclude, the present study shows that the ventral part of the descending fibres 

(bundles 1-4) does not terminate as a distinct corticopontine tract. Instead, after 

shedding fibres in the pons it descends, shifts from ventral to medial, and enters the 

pyramids to constitute the cervical pyramidal tract. Therefore, none of the descending 

fibre bundles exclusively terminates in the pons, and this was seen across all human 

and macaque specimens. As a result, the classic view of a distinct ventral 

corticopontine tract is not supported by the present study. Instead, all the bundles 

contribute to the pons (Figs. 3.3 to 3.6, 3.9, 3.10 and Figs. 3.13, 3.14).  

In proposing these new anatomical patterns, it is important to consider the 

possibility of error during the tractographic analysis (this is also further discussed for 

the dorsal trigeminothalamic tract in Chapter 4). One possibility is that 

oligodendrocytes myelinating multiple axons resulting in perpendicular or angled 

myelin sheathing, for example. However, I do not believe that these oligodendrocytes 

would have a major effect on the consistent pattern of the ultra-high-resolution tensor 

glyphs because the glyphs calculate and show the major eigenvector which reflects 

the trajectory of the major fibre population within each voxel. Therefore, the glyphs 

could provide a reliable tool for fibre identification, neglecting small fibre 

populations that may be present within each voxel. (see also Ch 1.8 - Optimisation 

and Limitations of DTI and Tractography). Nevertheless, to more definitively 

demonstrate that the corticopontine tract terminates into the pontine nuclei according 

to the pattern proposed herein, it would help to actually see the synapses – of course, 

we do not see these with DTI. The tensor glyphs do show the transition from the 

descending to the transverse fibres which occurs locally, from one individual 
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descending bundle to adjacent transverse bundles and it would be helpful to see the 

synapses and pontine nuclei that receive the descending bundles and project the 

transverse fibres of the pons. Ultimately tracing methods targeting individual 

descending and transverse fibres or fibre bundles could support the fibre architecture 

within the pons proposed. 

3.4.2    The topography of the fibre bundles in the crus cerebri and basilar pons 

The classical descriptions of the crus cerebri (Hurley et al., 2010, Haines, 

1987) show the descending bundles within the crus cerebri into orthogonal groups 

adjacent to each other of frontopontine, corticobulbar, corticospinal, parieto-occipital 

and temporopontine fibres. The current higher resolution GRE, DTI, and 

tractography suggest different organisation, for both the human and the macaque. 

The present study found that the descending bundles course in the crus cerebri, 

before fanning out in rhombomere two (basilar pons) while maintaining the shape of 

curved lamellae that alternate with the transverse fibres of the pons (Figs. 3.8 to 3.10, 

3.14 and Fig. 3.15). This architectural model in the human is also consistent with that 

noted by Brodal and Bjaalie (1997) in the monkey, where they observed lamellae-

like subspaces using WGA-HRP to identify the organisation of corticopontine 

terminal fields. Wheat germ agglutinin coupled with horseradish peroxidase (WGA-

HRP) is a protein extracted from wheat, coupled to an enzyme which has high 

affinity for the soma and axon of a neuron and has been extensively used as 

retrograde and anterograde tracer. The authors identified terminal fields within the 
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pons which are arranged in a lamellar pattern and this is in alignment with the shape 

of the descending bundles observed herein. 

The classical view, also depicted that the longitudinal fibres of the pons are 

concentrated in the central region of the basilar pons called peduncular nucleus. This 

view has been espoused even recently (Morecraft et al., 2018, Schmahmann and 

Pandya, 1997) and is based on the original segmentations of the pontine nuclei by 

Nyby and Jansen (1951). The ultra-high-resolution data and the fibre tracking in the 

present study again suggest an alternative organisation that the longitudinal and 

transverse fibres occupy the entire territory of the basilar pons (Figs 3.9 & 3.10). 

3.4.3    The Stria Pontis 

The pontine nuclei that receive fibres from the descending bundles give rise 

to the transverse fibres of the pons, which in turn gather together into a newly 

discovered fibre tract that runs ventrodorsally, which I termed the Stria Pontis (from 

Latin: the stripe of the pons). Traditional histologic techniques, cytoarchitectonic and 

myeloarchitectonic data (Olszewski and Baxter, 1954, Mihailoff et al., 1981, Martin, 

2016) have not routinely identified this structure before. It may be that the nature of 

the stains used hindered the identification of this pathway. The traditional 

histopathology stains rely on a specific chemical signature which may be challenging 

for the Stria Pontis. Typical nuclear or soma stains, such as Nissl will not detect fibre 

tracts (Kádár et al., 2009). Another common stain, Luxol fast blue, can stain the 

myelin sheath but may have failed to reveal the Stria because the transverse fibres of 
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the pons obscure the midline which the current data readily illuminated due to the 

colour-coded orientations (green) of the ultra-high-resolution DTI. Furthermore, the 

basilar pons and the tegmentum are negative for immunofluorescent staining of the 

Glial Fibrillary Acidic Protein (GFAP); (The Human Protein Atlas, 2019a, Uhlén et 

al., 2015), and this indicates that the midline of the pons where the Stria is located is 

devoid of astrocytes. Some stains however have been able to access this region - the 

midline of the pons is highly positive for Myelin Basic Protein (MBP) - indicating 

that the axons of the Stria are myelinated (The Human Protein Atlas, 2019b, Uhlén et 

al., 2015). However, these latter studies failed to report the midline structure of the 

Stria Pontis, probably due to the fact that there was not high enough contrast between 

the various pathways (only possible in DTI). Both the descending and transverse 

bundles are myelinated and leave the same signature, making it challenging to 

discern between all these fibre tracts in the absence of orientation data (i.e., the 

FAC). Interestingly, in Golgi stained preparations, Cajal (1899) in the newborn pup 

and later Valverde (1998) in the postnatal mouse included diagrams of the brainstem, 

and also in some myelin fibre stained images (Sudheimer et al., 2013), one can see, 

retrospectively, vertical fibres along the midline of the pons, consistent with the 

pathway identified in the present study as the Stria Pontis. However, the authors did 

not refer to this fibre bundle in their texts. Moreover, the signature of the Stria can be 

also seen with polarized light microscopy in the recent article by Henssen et al. 

(2019).  

It should be acknowledged that DTI does not detect the direction of the axons 

(only the orientation) and, therefore, some of the fibres that form the Stria Pontis 

could theoretically originate from the reticular formation within the pons and project 
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on the opposite direction towards the spinal cord. This could in theory be part of the 

reticulospinal tract. Further research using biological tracers, polarized light 

microscopy and/or, CLARITY techniques, should specifically examine this, 

however, this seems unlikely because one end of the Stria Pontis fibres (starting 

point) appears as emanating from the transverse bundles of the pons, while the other 

end (ending point) of the Stria projecting fibres is through the cranial nerve nuclei 

within the pontine tegmentum. 

It is also worth noting that MRI/DTI exploits a physical phenomenon 

(diffusion) that is different from detecting chemical signatures in histology. The 

higher sensitivity of the present MRI, in comparison to histology for fibre tracking, in 

combination with the FAC maps at the isotropic spatial resolution of 200 μm has 

provided sufficient contrasts and resolution to delineate rostrocaudally (blue), 

mediolaterally (red) and ventrodorsally (green) oriented bundles. This ultra-high-

resolution DTI scalar allowed the Stria Pontis to be revealed. In addition, the 

deterministic tractography based on high-angular-resolution diffusion imaging 

(HARDI) combined with higher order models such as tensors glyphs, confirmed the 

identification and anatomical description of this hitherto unknown pathway at the 

midline of the pons. Finally, the Stria Pontis seems to be the only major pathway that 

courses the basilar pons and the tegmentum in a ventrodorsal orientation.  

The glyphs are based on mathematical principles that reflect the principal 

eigenvector (λ1), which is the largest of the three eigenvectors (λ1, λ2, λ3) and 

measures the average orientation of diffusion within each voxel, without calculating 

individual orientations of small fibre populations (Ennis and Kindlmann, 2006). This 
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reflects the validity of the interpretation regarding the pattern that the fibres assume 

to form the Stria Pontis but also regarding the interpretation of the tensor glyphs for 

the topography of the corticopontine fibres within the descending bundles (see 3.3.8 

The principle of topology). However, to further validate the above findings, Golgi 

staining, CLARITY technique, and biological tracers should be used to perform 

targeted tracking from single descending bundles to see if they maintain the 

topographical arrangement proposed herein. Finally, when superconducting 

electromagnets achieve resolutions 4 – 10 fold greater, then tractography could 

analyse the fibre architecture more precisely.  

3.4.4    Possible Functional Consequences of the Inter-relationship Between the 

Longitudinal and Transverse fibres of the Pons 

This architectural model of nine descending that alternate with ten transverse 

fibres of the pons and one vertical pathway at the midline (the Stria Pontis) could 

provide redundancy and alternate neural routes. Therefore, I propose the following 

neural framework: 1) three groups of descending bundles which are always stable 

(primary subdivisions), all of which contain corticobulbar and -spinal projections 

centromedially, and corticopontine projections laterally and externally. 2) Three 

groups of transverse fibres of the pons which are functionally and anatomically 

related to the descending ones which are always stable (no anatomical variation 

between specimens). In addition, the transverse fibres found on the extremities of the 

basilar pons tfp1 & tfp10 are stable. 3) A vertical bundle at the midline of the pons 

which emanates from all the transverse bundles and projects into the pontine 



 186 

tegmentum bilaterally. Moreover, as I report in Fig. 3.10, we can clearly see that 

between the main ventral bundles there are interdigitations (see arrows in Fig. 10). 

The same can be seen for i1 and i2, d1, and d2, but also between i1, and d1. I speculate 

that these may offer communication between adjacent bundles but I do not have any 

further evidence for this. I hypothesise that the same information that travels through 

one bundle could be conveyed to an adjacent bundle. Therefore, the interdigitations 

and the higher number of the descending and transverse bundles in the human, could 

provide a mechanism of adaptation after lesions such as lacunes in the basilar pons so 

that the cerebrocerebellar pathway is not interrupted. 

3.4.5    Comparative Anatomy 

In the rat, there is a less complex architectural plan for the descending, 

transverse fibres of the pons and pontine nuclei. The descending bundles are situated 

immediately ventral to the medial lemniscus (ml, containing ascending sensory 

fibres, see Chapter 4), leaving virtually no space to be populated by pontine nuclei. 

The transverse fibres in the rat congregate at the external part of the pons as a solid 

bundle (Paxinos et al., 2015). For the marmoset, the descending bundles are not as 

compact as in the rat although pontine nuclei are still found dorsal to the descending 

bundles, and below the ml, rather than interspersed (Paxinos et al., 2012). The 

complexity appears to increase for the human, with the descending bundles 

exhibiting higher degrees of interdigitations (Figs. 3.8 to 3.10b, arrows) and, 

alternating with pontine grey matter and multiple transverse fibres of the pons. In 

spite of this, in the humans the most ventral and dorsal transverse bundles are also 
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the most compact (as seen in Figs. 3.9 & 3.10). The complexity of the 

cerebrocerebellar pathway in humans and in particular the higher number of 

descending bundles and interdigitations between them, including the increased 

number of transverse fibres of the pons could reflect the higher level of dexterity 

assumed by humans through evolution. The subdivisions of the cervical, thoracic and 

lumbar/sacral components of the human pyramidal tract are composed of a higher 

number of bundles and interdigitations between them compared to other species 

(compare with macaque in subpanels: Figs. 3.8f, 3.9f, 3.10f). Therefore, the 

information conveyed from the cortex to the spinal cord may be more resistant in the 

human to interruptions by a lacunar stroke. A higher number of bundles and 

interdigitations may confer an evolutionary advantage in providing greater flexibility 

in the flow of electrical impulses. 

3.4.6    The striatonigral and corticonigral projections 

There has been much investigation of the inputs to the substantia nigra, given 

the clinical significance in Parkinson’s disease and its therapies. Monosynaptic fibre 

tracing techniques, biological tracing, and cell-specific transgenic mice have 

identified afferent inputs from the striatum and cortex in experimental animals. For 

example, Royce and Laine (1984) showed after injecting horseradish peroxidase into 

the caudate nucleus that in cats the head of the caudate nucleus projects through the 

internal capsule to the SNR. This striatonigral projection is the major input to the 

nigra, but there is evidence for a corticonigral pathway (Foix and Niculescu, 1925, 

Rinvik, 1966, Afifi et al., 1974, Naito and Kita, 1994, Cacciola et al., 2016). In the 
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present study, the most internal sector of the internal capsule distinguishes itself by 

the lack of any pyramidal tract fibres (Fig. 3.1j). Instead, the internal sector features a 

pathway that ends at the level of the nigra, presumably the striatonigral and 

corticonigral pathways which terminate in the SNR. To our knowledge, this is the 

first study in humans which identifies the fibre inputs to the SNR at a microscopic 

resolution of 50 μm for the GRE and 200 μm for the diffusion data. Although it was 

not possible to identify with precision the islands of substantia nigra, pars compacta 

which are present within the pars reticulata, it has been demonstrated herein that the 

projections under consideration concentrate in the ventral part of the nigra where the 

SNR is mainly found (Fig. 3.1i).  

3.4.7    Clinical relevance 

The enhanced resolution of the descending and transverse bundles identified 

here has clinical relevance. 

Above I discussed the idea and explanation based on evidence delivered by 

GRE, DTI, tractography and tensor glyphs that the interdigitations and the topology 

provided redundancy should there be a discrete lesion. Moreover, the somatotopic 

arrangement in the basilar pons is such that hand coordination and dexterity occupies 

the ventral group of the primary subdivisions of the descending bundles. The thoracic 

component is in alignment with the intermediate group, and finally leg coordination 

has a dorsolateral concentration (MacMore et al., 2004, Bassetti et al., 1996, 

Schneider and Gautier, 1994, Hong et al., 2010c). Thus, targeting the individual 
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bundles as mapped herein, may offer a more precise therapeutic approach that could, 

for example, minimise off target damage to adjacent tracts during radiotherapy or 

surgery. 

In addition, identification of the course of the striatonigral and corticonigral 

pathways may provide more precise targeting for possible therapeutic treatment of 

movement disorders. The corticonigral pathway could work in parallel with the 

corticopallidal system which is an additional route to the basal ganglia (Smith and 

Wichmann, 2015), and the striatonigral pathway to provide direct cortical regulation 

to the SNR as an additional route for motor control. By producing cortical 

modulation, therapeutic interventions aimed at disinhibition of the SNR including 

repetitive Transcranial Magnetic Stimulation (rTMS) and transcranial Direct Current 

Stimulation (tDCS); (To et al., 2018) could provide auxiliary treatments for 

Parkinson’s disease, additionally, I propose by inserting an electrode for further 

stimulation targeting exclusively the SNR. 

Brainstem surgery remains a challenge despite recent improvements in 

neuroimaging (Párraga et al., 2016). As emphasised by Párraga et al. (2016), a 

detailed knowledge of brainstem anatomy to plan microsurgical or any other invasive 

therapeutic approach is mandatory. The white matter tracts that I have mapped 

through the basilar pons extend such knowledge, thereby providing an important tool 

for neurosurgical specialists diagnosing and planning therapeutic approaches.  
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3.4.8    Implications for Specific Surgical Procedures 

Various neurosurgical approaches are used to target lesions such as tumours, 

hematomas and/or cysts in the brainstem (Meola et al., 2016b). In treating such 

lesions,  Recalde et al. (2008) recommend a peritrigeminal approach to reach the 

ventral pons. This neurosurgical approach corresponds to a triangular area, confined 

inferiorly by the pontomedullary sulcus, medially by a line which corresponds to the 

lateral margin of the descending fibre bundles in the ventral pons, and laterally by a 

line connecting the origin of the trigeminal root with the medial aspect of the facial 

(7n) and vestibulocochlear (8n) nerves (cerebellopontine angle). These landmarks are 

seen at greater resolution in the data presented here, specifically in Fig. 4.1 panel f, 

where the 8n is identified, and Fig. 4.2 panel e, for the identification and 

microanatomy of 7n, and the root of the trigeminal nerve (5n). As suggested by 

Recalde et al. (2008) this peritrigeminal approach should proceed gradually and 

lateral to the ventral descending bundles, and as the surgeon reaches deeper levels, 

they should advance more posterolaterally (Meola et al., 2016b). The termination 

point of the invasive corridor is formed by the dorsal transverse fibres of the pons 

(tfp10 – dorsal arcuate); (see Fig. 3.9) found ventral to the pontine tegmentum. 

Therefore, ventral, intermediate, and dorsal lesions in the basilar pons which would 

compromise the functionality of upper, torso, and lower limbs respectively, can be 

effectively and more precisely targeted by using the maps presented in this thesis to 

direct this neurosurgical approach. 

The only impractical procedure proposed is the median sulcus approach 

which is a dorsal approach to the pons and has limited clinical use because of the 
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narrow space between the medial longitudinal fasciculi and the risk of iatrogenic 

injury (Giliberto et al., 2010). 

Regarding the neurosurgical approach to the midbrain and by extension to the 

SNR, various invasive approaches have been classically used. The supracollicular, 

infracollicular, perioculomotor, and lateral mesencephalic approaches (Bricolo and 

Turazzi, 1995, Giliberto et al., 2010).  

The supracollicular approach is performed right above the superior colliculus. 

Thus, targeting all the components of the crus cerebri and the substantia nigra, the 

dorsal longitudinal fasciculus (dlf), the rostral part of the medial longitudinal 

fasciculus (mlf), and the central tegmental tract (ctg). In order to preserve these tracts 

without any damage the termination point of this approach is a plane dorsal to the dlf, 

one level lower to the floor of the cerebral aqueduct (Aq); (Fig. 3.1c). Therefore, the 

medial border of this neurosurgical approach is the cerebral aqueduct (Aq), and the 

lateral border is confined by the spinothalamic tract (spth); (Giliberto et al., 2010); 

The landmarks of this approach can be better observed in higher resolution in Fig. 

4.6. 

The infracollicular neurosurgical approach is performed through a corridor 

located one plane lower to the inferior colliculi maintaining the same landmarks as 

for the supracollicular approach. These two approaches are performed through the 

dorsal mesencephalic tegmentum, that is the lamina quadrigemina (superior and 

inferior colliculi); (see Fig. 3.1c, f, i, l, Fig. 3.2a, d, g). 

In addition, the perioculomotor approach targets ventrally the midbrain with 

the entry point between the descending fibre bundles and the oculomotor nerve (3n); 
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(Fig. 3.1c, 4.6c), rostral to the superior cerebellar artery and caudal to the posterior 

cerebral artery (Bricolo and Turazzi, 1995). The surgical corridor is directed towards 

the decussation of the superior cerebellar peduncle, and its termination point should 

be confined by the red nucleus.  

Finally, the lateral mesencephalic approach opens a corridor through the 

lateral mesencephalic sulcus, that is through the lateral surface of the mesencephalic 

tegmentum. The direction is obliquely oriented towards the ventral part of the 

midbrain. This corridor is formed by the crus cerebri laterally, by the medial 

lemniscus (ml) medially, whereas the ventromedial termination point of the corridor 

is formed by the 3n (Recalde et al., 2008, Meola et al., 2016b).  
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CHAPTER 4: 
Sensory pathways in the 

human and macaque 
brainstem and thalamus 
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4.1   Introduction 

During evolution, animals developed their ability to perceive and learn about 

the internal and external environment through a series of sensory receptors. In 

mammals, these receptors are embedded within the skin to respond to external 

stimuli such as nociception, crude and fine touch and temperature, and within internal 

organs to respond to different joint position and muscle tension (proprioception) or 

from chemical signals within the body (Iggo, 1985, Dubin and Patapoutian, 2010). 

Together these somatic and visceral receptors transfer sensory information via the 

axon of the neuron through the posterior root, into the posterior horn of the spinal 

cord, and then through the posterior column to supraspinal centres such as the 

brainstem, diencephalon and neocortex (see Chapter 1,6 & 1.7); (Todd, 2010). This 

Chapter investigates three of these sensory pathways as they ascend through the 

brainstem and thalamus: the dorsal column afferent pathway, the spinothalamic 

pathway and the sensory pathways which originate from the trigeminal nerve (5n) 

such as the spinal trigeminal tract (sp5) and the ventral and dorsal trigeminothalamic 

tracts (vtt & dtt). 

The dorsal column – medial lemniscus pathway (dcml) consists of two large 

and discrete ascending bundles, the gracile (gr) and cuneate (cu) fasciculi in its 

caudal portion (dorsal funiculus in the spinal cord, and caudal medulla until the 

gracile and cuneate nuclei), and one discrete bundle the medial lemniscus (ml) from 

the sensory decussation rostralwards (Willis et al., 1999, Rodríguez-Mena and Türe, 

2017). The gr conveys information from the trunk and extremities that are lower than 

the sixth thoracic segment; the cu, which is situated more lateral to the gr within the 
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dorsal funiculus, conveys information from the upper trunk and extremities (Mai and 

Paxinos, 2012). These fasciculi consist of 1st-order neurons, with their 

mechanoreceptor terminals such as the tactile corpuscles or Meissner corpuscles 

(discriminative sensation) which lie in the dermis of skin close to the epidermis (Paré 

et al., 2001); the muscle spindles which are responsible for proprioception (Macefield 

and Knellwolf, 2018); the Merkel-Ranvier cells for light touch (Boulais and Misery, 

2007); the bulbous corpuscle or Ruffini ending for skin stretch, kinesthetic sense, 

control of finger position and movement (Paré et al., 2003); the Pacinian corpuscles 

for vibration and pressure (Biswas et al., 2015) and finally the peritrichial endings 

which are hair follicle receptors for touch sensation (Carlson, 2019). The cell bodies 

from all these afferents are located in the dorsal root ganglia, and their central 

projections terminate into the gracile (Gr) and cuneate (Cu) nuclei within the dorsal 

part of the medulla oblongata in the brainstem. From there, the internal arcuate fibres 

(second-order neurons) cross the midline in the sensory decussation and ascend as the 

ml. These ascending ml projections finally synapse in the ventral posterolateral

nucleus (VPL) of the thalamus (Watson et al., 2008). The entire projection conveys 

proprioceptive, tactile (crude or light touch which yields information such as contact 

with an object and discriminative touch which enables awareness of shape, size and 

texture (Ackerley et al., 2014)) and finally vibratory information. Destruction of the 

cu for example, prevents the control of fine finger movements and causes subsequent 

hypotonia of the fingers in primates (Leonard et al., 1992, Glendinning et al., 1992). 

The spinothalamic pathway (spth) conveys neural activity related to 

nociception, temperature, pressure and crude or non-discriminative touch to the 

corresponding somatosensory region of the thalamus. Within the spinal cord, this 
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sensory tract can be subdivided into a ventral or anterior part (the paleo-

spinothalamic pathway) and a lateral (or neo-spinothalamic) tract. The ventral and 

lateral spth are both composed of the large axonal projections of second-order 

neurons that originate from cell bodies in the dorsal horn (see also Chapter 1.6; the 

spinothalamic tract); (Kerr, 1975, Ralston and Ralston, 1992). The axons cross in the 

ventral white commissure of the spinal cord to ascend through the ventrolateral 

funiculus (Gildenberg, 2009). Axons of the ventral spth can ascend through a couple 

of spinal cord segments before they decussate, whereas the lateral spth crosses at the 

same spinal level of the soma (Stevens et al., 1991). The spth in the spinal cord and 

caudal medulla is very difficult to be thoroughly subdivided, rather, it has always 

been grouped broadly within a region defined as the anterolateral system which also 

encompasses the spinoreticulothalamic and spinotectal tracts (Mendoza and Foundas, 

2008). According to accepted ideas, as this anterolateral system fibres ascend to the 

brainstem, the fibre bundle is reported to be located between the inferior olive, 

principal nucleus (IOPr) and the nucleus of the spinal trigeminal tract (Sp5) in the 

medulla oblongata (Mense, 2004, Willis and Westlund, 1997). In addition, current 

knowledge reports that in the pons and midbrain, the spinothalamic projections 

course dorsolateral to the ml, however the precise topographical distribution 

particularly within the midbrain or any distinction between the borders of the spth, ml 

and trigeminothalamic tract (tth) still remains vague; (Purves et al., 2001, Kayalioglu, 

2009, Kerr, 1975). As a result, the detailed topography of the spth and its relationship 

to the ml and tth as it travels through the medulla, pons and midbrain en route to the 

VPL of the thalamus is unclear. At the VPL, the spth synapses onto grey matter and 
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subsequently gives rise to the third-order neurons that ultimately project to the 

somatosensory cortex (Brodmann areas 3, 2, 1; Khalid and Tubbs (2017)). 

Orofacial nociceptors and thermoreceptors convey information from the 

mouth and face to the brainstem via the trigeminal nerve, the 5th cranial nerve (Go et 

al., 2001). These are first-order axons originate largely from the trigeminal ganglion 

cells, but also from ganglia associated with other cranial nerves, including the VII, 

IX, and X. The projections are believed to synapse into the trigeminal sensory 

nucleus complex within the ipsilateral brainstem (García-Guillén et al., 2021, Ziyal et 

al., 2004). The sp5 which is a vertical sensory bundle located in the lateral pons and 

medulla oblongata courses caudalwards in parallel to the corresponding nucleus 

(Sp5); (Devoize et al., 2010). This sensory tract is considered to be the cranial 

homologue of the dorsal root afferents, whereas the vtt would be homologous to the 

spth. The sp5 similar to the spth conveys information about deep/crude touch, 

nociception and temperature from the ipsilateral face to the Sp5 (Devoize et al., 

2010). From there, second order-neurons cross the midline and ascend as the tth to 

convey integrated information to the ventral posteromedial nucleus (VPM) of the 

thalamus (Sessle, 2000, Ralston, 2005). In humans, functional magnetic resonance 

imaging (fMRI) provides strong evidence that noxious information ascends 

bilaterally towards the thalamus and by extension to the primary sensory cortices 

(Nash et al., 2009, Nash et al., 2010), the exact topography of the trigeminal pathway 

remains elusive.  

A number of clinical pathologies are associated with disruptions to these 

afferent pathways as they traverse the brainstem and thalamus. For example, 
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unilateral lesions such as ectatic vessels or plaques of demyelination affecting the 

dorsal column – medial lemniscus pathway above the sensory decussation may lead 

to impairment of discriminative touch, proprioception and vibration on the 

contralateral half of the body (Seo et al., 2019). Unilateral lesions affecting the spth 

such as atherosclerotic disease, multiple sclerosis, or infections (West Nile virus, 

poliomyelitis) usually cause contralateral anaesthesia. Brainstem lesions disrupting 

the vtt or dtt result in sensory changes in the contralateral face (Noback et al., 2005). 

Decompression surgery is the gold standard for patients with traumatic injury, tumor, 

abscess or aneurisms which cause compression of the ascending sensory pathways 

(Choudhri et al., 2017). Trigeminal neuralgia can be caused by a dysfunction of the 

trigeminal nerve root itself, by a lesion within the brainstem or by demyelination of 

sensory projections (Maarbjerg et al., 2017). These lesions of the pain pathways are 

typically treated with Gamma knife surgery where in the case of trigeminal neuralgia 

69% of patients are pain free without further medical or surgical interventions 

(Obermann, 2010). However, different types of neuralgia which are refractory to 

classical neurosurgical treatment (microscopic vascular decompression) can be more 

efficiently treated by localised radiofrequency rhizotomy, where the surgeon goes 

down to the level of the brainstem to induce a loss of afferent input (Charalampaki et 

al., 2008, Obermann, 2010). These surgical and radiotherapeutic approaches will 

benefit from greater knowledge of the precise topography of these sensory pathways 

and their relationships to each other and to other landmarks in the brainstem. This 

Chapter aims to provide advanced mapping of these sensory pathways. 
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4.2 Specific tractography methods 

For the ml: a seed region was placed at the midpons with a volume size of 11 

mm3. A ROI was placed within the sensory decussation with a volume size of 1.4 

mm3. An additional ROI was placed dorsolaterally to the red nucleus with a volume 

size of 6.8 mm3. In this way the program calculated all the tracts which pass from a 

well known region of the ml (at the level of the midpons) and project to the sensory 

decussation caudalwards and the vicinity of the red nucleus rostralwards. 

For the spth: A seeding region was placed at midpons, laterally to the ml with a 

volume size of 12 mm3. A ROI was placed in the caudal medulla dorsolateral to the 

IOPr with a volume of 1.4 mm3. An additional ROI was placed rostrally in the 

isthmus laterally to the ml, with a volume size of 1.7 mm3. In this way, I used the 

previously known ml coordinates such as the well-defined ml topography at midpons 

(Paxinos et al., 2020) as anatomical landmarks to help define and identify in the other 

DTI scalars the precise location of the spth and then create the corresponding masks.  

Subsequently: 

1) For the 5n, vtt and dtt: A seeding region was placed at 5n within the mcp,

with a volume size of 13 mm3. 

2) For vtt and dtt a bilateral ROI was placed approximately 4 mm more

rostrally and within the pons with a volume size of 17 mm3. The bilateral ROI masks 

occupied the entire territory of the ml and trigeminothalamic tracts. To define only 

the trigeminothalamic projections, I placed two additional ROI masks rostralwards 

within the thalamus, in the vicinity of and dorsolaterally to the red nucleus. These 
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two were placed bilaterally. For the dtt: the mask occupied a volume size of 2.2 mm3. 

For the vtt: the mask occupies a volume size of 2.9 mm3.  

3) For the sp5 no ROI mask was used because the projection was clearly

identified as a vertical bundle heading towards the caudal medulla. Note that the 

caudal part of the sp5 is reported by the program (DSI Studio) as two broken bundles 

because I use high FA thresholds in order to identify vertical and horizontal tracts. In 

reality the sp5 is a parabola open towards the midline (crescent shaped in transverse 

cross section) which encircles the corresponding nucleus (Sp5); (see DTI scalars in 

the Appendix Figs. 1, 4, 7, 10 and additional specimens in Appendix Figs. 13 

(Human specimen 2), 15 (Human specimen 3), 16 (Human specimen 4), 17 

(macaque)). 

For all trajectories, common DTI parameters were used as follows. The angular 

threshold was 60%, and an FA threshold of 0.9 was applied. The step size was 

randomly selected from 0.5 voxel to 1.5 voxels. The fibre trajectories were smoothed 

by averaging the propagation direction with a percentage of the previous direction. 

The percentage was randomly selected from 0% to 95% (smoothing = 1.0). A total of 

75,000 trajectories were calculated for ml, 45.000 trajectories for 5n, sp5, vtt and dtt, 

and finally 15,000 trajectories for spth. The trajectories were not manually edited and 

are presented exactly as generated. 
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4.3   Results 

4.3.1    Anatomical details of the dorsal column – medial lemniscus pathway in the 

medulla oblongata  

Fig. 4.1 shows the sensory pathways in relationship to the pons and medulla. 

The cu and gr fasciculi were identified as separate anatomical entities and traced 

ascending through the dorsolateral medulla oblongata. The cu is located lateral to the 

gr, posterior to the sp5, with its fibres enclosing its synaptic target, the Cu, together 

forming the cuneate tubercle (Fig. 4.1a, b, and Appendix Figs. 13a, b, & 17a, b). This 

topography of the caudal medulla is shown in slightly greater detail in Fig. 4.2a. The 

gr ascends in a more dorsomedial position compared to the cu, in proximity to the 

midline, to synapse into the Gr and form the gracile tubercle (Fig. 4.2a, Fig. 4.7, and 

Appendix Figs. 13a, b, & 17a, b). The second-order neuronal projections from these 

nuclei join together, forming the internal arcuate fibres (ia) which course as one 

distinct fibre bundle (Fig. 4.1c, Fig. 4.2a, b, and Appendix Fig. 13b), progressively 

shift dorsoventrally and lateromedially as they ascend. The ia cross the midline 

behind the pyramids to form the sensory decussation (xml) just prior and at the level 

of the inferior pole of the IOPr (Fig. 4.1c, 4.1d, and Appendix Figs. 13b, 17b). From 

this level the projection ascends as the ml throughout the length of the medulla 

oblongata between the midline and the IOPr mediolaterally, the pyramids and the 

tectospinal tract (ts) ventrodorsally (Fig. 4.1d to f, Fig. 4.2c, d, and Appendix Figs. 

13c, d, 15a, b, 16a, b, 17c, d). 
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 Fig. 4.1. The trajectories of the sensory pathways. Dorsal column – medial 

lemniscus pathway, spth, sp5, 5n, vtt and dtt overlaid on transverse sections of 

the caudal part of the medulla oblongata, (a) through to the pontomedullary 

junction (f) and the caudal pons (g) to (i). Tractography, GRE and the 

remaining DTI scalars identified tracts which are colour oriented from 

rostrocaudal (blue), lateromedial (red) and ventrodorsal (green). The 

intermediate oblique orientations assume the corresponding shades (i.e yellow 

as the dtt in (h), ascends towards the diencephalon). The tractographic analysis 

was performed on human specimen 1. Abbreviations: vtt: ventral 

trigeminothalamic tract, dtt: dorsal trigeminothalamic tract, spth: 

spinothalamic tract, 5n: trigeminal nerve, sp5: spinal trigeminal tract, ml: 

medial lemniscus, xml: sensory decussation, ia: internal arcuate fibres, pyx: 

pyramidal decussation, CC: central canal, Sp5C,1,2,3/4: spinal trigeminal 

nucleus, caudal part, laminae one to four, Cu: cuneate nucleus, cu: cuneate 

fasciculus, Gr: gracile nucleus, py: pyramidal tract, Sp5C: spinal trigeminal 

nucleus, caudal part, icp: inferior cerebellar peduncle, scp: superior cerebellar 

peduncle, mcp: middle cerebellar peduncle, MVe: medial vestibular nucleus, 

SpVe: spinal vestibular nucleus, ECu: external cuneate nucleus, SolI: solitary 

nucleus, interstitial part, Sp5I: spinal trigeminal nucleus, interpolar part, ts: 

tectospinal tract, IOPr: inferior olive, principal nucleus, 4V: fourth ventricle, 

oc: olivocerebellar tract, Sp5O: spinal trigeminal nucleus, oral part, lfp: 

longitudinal fibres of the pons, tfp: transverse fibres of the pons, Pn: pontine 

nuclei, PCRt: parvicellular reticular nucleus, IRt: intermediate reticular 

nucleus, LRt: lateral reticular nucleus, LPGi: lateral paragigantocellular 

nucleus, ami: amiculum, ctg: central tegmental tract, Ar: arcuate nucleus, 8n: 

vestibulocochlear nerve. 
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Fig. 4.2.  Oblique sections through the brainstem starting from the caudal 

medulla oblongata until the level of the sensory root of the 5n in the pons. The 

cu and gr fasciculi (a) are shown traced on one side of the brainstem, whereas 

the spth ascends ventrally and sp5 dorsally, on the other side. In (b) the gr and 

cu as they ascend and terminate into the Gr and Cu and from there the internal 

arcuate fibres (in green) course ventromedially to cross and ascend in (c) as ml. 

Note the precise boundaries in (c) of the ml behind the pyramids and in front of 

the ts. The spth is placed laterally and the sp5 dorsally. In (d) the ml and spth 

begin to converge as the two projections ascend rostralwards. From the rostral 

pole (d) of the IOPr the two projections ascend as adjacent anatomical entities. 

In (e) we identified the sensory root of the 5n, the vtt (which crosses on the other 

side) and dtt (which ascends ipsilaterally). In (e) it has been identified the 

topography of the rostral part of the sp5 and in (f) note the relationship at the 

most precise level, between the Pr5, Sp5O and sp5 (magenta fibres). The leader 

line points at the exact location of the Sp5O. The tractographic analysis was 

performed on human specimen 1. On the FAC maps red, blue, and green 

represent anisotropy along medial-lateral, rostral-caudal, and ventral-dorsal 

orientations, respectively. Abbreviations: vtt: ventral trigeminothalamic tract, 

dtt: dorsal trigeminothalamic tract, spth: spinothalamic tract, 5n: trigeminal 

nerve, sp5: spinal trigeminal tract, ml: medial lemniscus, xml: sensory 

decussation, ia: internal arcuate fibres, cu: cuneate fasciculus, pyx: pyramidal 

decussation, CC: central canal, Sp5C,1,2,3/4: spinal trigeminal nucleus, caudal 

part, laminae one to four, Cu: cuneate nucleus, Gr: gracile nucleus, py: 

pyramidal tract, icp: inferior cerebellar peduncle, scp: superior cerebellar 

peduncle, mcp: middle cerebellar peduncle, SpVe: spinal vestibular nucleus, 

ECu: external cuneate nucleus, SolI: solitary nucleus, interstitial part, ts: 

tectospinal tract, mlf: medial longitudinal fasciculus, IOPr: inferior olive, 

principal nucleus, 4V: fourth ventricle, Sp5O: spinal trigeminal nucleus, oral 

part, Pr5: principal sensory trigeminal nucleus, lfp: longitudinal fibres of the 

pons, tfp: transverse fibres of the pons, Pn: pontine nuclei, Ar: arcuate nucleus, 

rs: rubrospinal tract, 6n: abducens nerve, 7n: facial nerve. 
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4.3.2    Anatomical details of the spth in the medulla oblongata 

The spth ascends through the ventrolateral funiculus in the caudal medulla 

where it is confined by the lateral corticospinal tract medially, by the rubrospinal (rs) 

and spinocerebellar tracts (vsc, dsc) dorsolaterally (Fig. 4.1a, Fig. 4.2a, and 

Appendix Figs. 13a, b, 17a). As it ascends, more rostrally, through the caudal 

medulla it is confined by the territories occupied by the lateral reticular nucleus (LRt) 

and intermediate reticular nucleus (IRt) ventromedially, while maintaining the same 

topography (rs, vsc, dsc) dorsolaterally (Fig. 4.1b, c, Fig 4.2b, Fig. 4.7, and Appendix 

Figs. 13b, 17b). At more rostral levels, while the territory occupied by the LRt is 

being displaced by the IOPr, the spth is topographically placed behind the IOPr and 

lateral to the IRt, whereas dorsolaterally is confined by the vsc, dsc, (Figs. 4.1d to f, 

Figs 4.2c, d, and Appendix Figs. 13c, 15a, 16a, 17c). As the spth courses through the 

mid and rostral medulla, it is situated dorsolateral to the IOPr and in proximity to the 

lateral parts of the lateral paragigantocellular (LPGi) and IRt (Fig. 4.1e and Appendix 

Figs. 13d, 15b, 16b, 17d). At the level of the rostral pole of the IOPr while the 

territory occupied by the same nucleus is obliterated (as the IOPr is no longer 

present), the spth begins abruptly to shift medially and converges with the fibres that 

constitute the ml (Fig. 4.1e to g, Fig. 4.2a to d, Fig. 4.3, and Appendix Figs. 13e, f, 

15c, 16c, 17e).  

Note the discontinuities in the ascending fibres in Figs, 4.2 a,c,d and 4.7, just 

where the spth ascends at the level of the rostral pole of the IOPr. Such 

discontinuities can occur in deterministic tractography where the deterministic tensor 

generates several broken streamlines ((Sarwar et al. (2019); Fig. 3 of their article) 
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that fail to traverse the intersecting trajectories within various voxels. These 

discontinuities may also arise from various bundles changing the degree of 

compactness or direction. In this case, the ascending spth is more compact while 

courses the medulla and becomes wider when it courses more rostrally. The bundles 

also twist, for example the ml and spth, through the pons and midbrain (see Fig. 4.1 

& Fig. 4.4). This discontinuity was seen regardless of different FA thresholds applied 

during the experiments. 
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Fig. 4.3. Sensory pathways shown in longitudinal and oblique axis. Note the 

anatomical information shown by the GRE background in sagittal, transverse 

and coronal MRI planes as they intersect and interrelate with the tractography 

bundles. Note in (a) and (b) the xml at which level the internal arcuate fibres 

cross from one side of the medulla to the other and ascend as ml. In (c) and (d) 

note the level where the vtt crosses to join the contralateral pain pathways and 

ascend towards the thalamus. In addition, note that the caudal part of the sp5 

assumes the form of a parabola which is open towards the midline (see Appendix 

Figs. 1, 4, 7, 10 - DTI contrasts). The tractographic analysis was performed on 

human specimen 1. Abbreviations: vtt: ventral trigeminothalamic tract, dtt: 

dorsal trigeminothalamic tract, spth: spinothalamic tract, 5n: trigeminal nerve, 

sp5: spinal trigeminal tract, ml: medial lemniscus, xml: sensory decussation, ia: 

internal arcuate fibres, cu: cuneate fasciculus, ac: anterior commissure, MB: 

mammillary body. 
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4.3.3    Topography of the spinal trigeminal tract (sp5) from the pons to the caudal 

medulla oblongata 

The most rostral part of the sp5 is confined by the middle cerebellar peduncle 

laterally, by the transverse fibres of the pons ventrally, by the spinal trigeminal 

nucleus, oral part (Sp5O) and principal sensory trigeminal nucleus (Pr5) medially 

(Fig. 4.1i, and Appendix Figs. 13f, e, 15d, c, 16d, c, 17e). As it ipsilaterally descends 

the sp5 progressively shifts medioventrally in proximity to the Sp5O and 

parvicellular reticular nucleus (PCRt) until it reaches the pontomedullary junction to 

be confined by the 8th cranial nerve laterally, and by the solitary tract (sol) and spinal 

vestibular nucleus (SpVe) dorsally (Fig. 4.1h, g, f, Fig. 4.2f, e, d, and Appendix Figs. 

13,e, 15c, 16c, 17e, d). At the level of the rostral pole of the IOPr, the sp5 further 

shifts medially while it descends. It is confined by the spth ventrally, by the spinal 

trigeminal nucleus, interpolar part (Sp5I) medially, by the SpVe, the solitary nucleus, 

interstitial part (SolI) dorsally, by the inferior cerebellar peduncle (icp) dorsolaterally 

(Fig. 4.1f, e, d, Fig. 4.2d, c, and Appendix Figs. 13d, 15b, a, 16b, a, 17d, c). Caudal 

to the xml the sp5 approaches even more the spth ventrally, whereas it is confined by 

the cu and external cuneate nucleus (ECu) dorsally, and by the icp and dsc 

dorsolaterally. Finally, in the caudal part of the medulla the sp5 courses in the 

vicinity of the spth ventrally, the spinal trigeminal nucleus, caudal part (Sp5c) 

medially, the complex territory occupied by the lateral pericuneate (LPCu), cu, ECu 

and Cu dorsally, and icp laterally (Fig. 4.1c, b, a, Fig. 4.2a, b, and Appendix Figs. 

13c, b, a, 17b, a). Note that in my tractographic analysis the caudal part of the sp5 is 

presented split due to the high FA threshold that I use for the vertical bundles. 
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4.3.4    Anatomical details of the ml, spth, 5n, vtt and dtt in the pons 

After the pontomedullary junction the bundles that form medially the ml and 

laterally the spth, begin to converge as adjacent anatomical entities and shift 

progressively dorsally while ascending to more rostral levels throughout the pons, to 

occupy a position behind the transverse fibres of the pons. The ml and spth are 

confined dorsally by the pontine reticular nucleus, oral part (PnO) until the midpons, 

by the superior cerebellar peduncle (scp) from mid to rostral pons. Dorsolaterally the 

two projections are confined by the ventrolateral tegmental area (VLTg) and the 

lateral lemniscus (ll), throughout the pontine tegmentum. The spth constitutes about 

1/4th of the entire territory of the three projections (Fig. 4.1f to I, Fig. 4.2e, f, Fig. 4.3, 

Fig. 4.4d, and Appendix Figs. 13f, g, h, 15d, e, f, 16d, e, f, 17e, f, g).
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Fig. 4.4. Cross sections through the pons Varolii. Representative images 

showing the relationship between the ipsilateral and contralateral pain pathways. 

In (a) and (b) the sensory root of 5n (in green) as slices through the mcp to 

approach the Pr5 and Sp5. The course of the vtt and dtt (in red) has been 

identified within the transverse fibres of the pons. The two projections finally 

bend (the vtt after having crossed on the other side of the pons) and ascend 

towards the thalamus. From (d) to (f) while the fibre bundles that constitute the 

pain pathways approach the rostral pons they begin to shift from a mediolateral 

to a more oblique ventrodorsal direction. The tractographic analysis was 

performed on human specimen 1. Abbreviations: vtt: ventral trigeminothalamic 

tract, dtt: dorsal trigeminothalamic tract, spth: spinothalamic tract, 5n: 

trigeminal nerve, ml: medial lemniscus, scp: superior cerebellar peduncle, mcp: 

middle cerebellar peduncle, 4V: fourth ventricle, Sp5O: spinal trigeminal 

nucleus, oral part, lfp: longitudinal fibres of the pons, tfp: transverse fibres of the 

pons, Pn: pontine nuclei, PCRt: parvicellular reticular nucleus, ctg: central 

tegmental tract, 4n: trochlear nerve, x4n: decussation of the trochlear nerve, ll: 

lateral lemniscus, smv: superior medullary velum, mtg: mammillotegmental tract, 

mlf: medial longitudinal fasciculus, VLTg: ventrolateral tegmental area. 
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At about 6 millimetres (mm) more rostrally from the pontomedullary junction 

in the human, and 3 mm more rostrally in the macaque, the sensory root of the 

trigeminal nerve (5n) enters obliquely the pons following a rostrocaudal, ventrodorsal 

and lateromedial direction, surging through the middle cerebellar peduncle (mcp) to 

convey its sensory root (s5) to both the Pr5 and the Sp5 which is located ventrally to 

the former (Fig. 4.2e, f, Fig 4.4a to c, a, and Appendix Figs. 13g, 15e, 16e, 17f, e). 

The vtt and dtt course in the vicinity of Pr5. Tractography showed that the fibres that 

constitute these two tracts (vtt and dtt) travel within the transverse fibres of the pons 

(Fig. 4.2e, f, Fig 4.4a, b). The vtt is placed ventrally, whereas the dtt runs dorsally to 

the former. As the dtt reaches the midline bends and ascends, ipsilaterally, to 

interweave with the fibres of the ml, occupying a mediodorsal position throughout 

the length of the pons, whereas the vtt crosses the midline to ascend contralaterally 

within the fibres of the contralateral ml and follows the same direction as the 

ipsilateral dtt until the thalamus (Fig. 4.2e, f and Fig. 4.4a to c). In the rostral pons, 

all three projections (tth, ml and spth) begin to shift obliquely anticlockwise from a 

mediolateral to a ventrodorsal direction until meeting the junction of rhombomere 

one and two, where the xscp is found (pontomesencephalic junction; Fig. 4.4d to f, 

Fig. 4.5a, and Appendix Figs. 13h, i, 15f, g, 16f, g, 17g. h). 
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Fig. 4.5. Cross sections through the brainstem, starting from the 

pontomesencephalic junction (rhombomere one and two) until the 

diencephalon and the nuclei of termination of the pain pathways. In (a) the ml 

begins to shift dorsally while the tth ascends internally to the SNC. The spth has 

shifted more dorsolaterally in front of the ll. Note the symmetrical position that 

the vtt (contralateral) and dtt (ipsilateral) occupy while they ascend towards the 

thalamus. In (b) and (c) the projections pass through the isthmus. Note the 

anatomical relationships between the bundles and the 3n in (c). From (d) to (f) 

the ml begins to converge with the spth while ascending through the mRt, 

laterally to the red nucleus and finally the tth shifts dorsally so that the three 

projections align mediolaterally (f). From (g) to (i) the tth ascends and synapses 

into the VPM, whereas the ml and spth as a single anatomical entity terminate 

into the VPL. The tractographic analysis was performed on human specimen 1. 

Abbreviations: vtt: ventral trigeminothalamic tract, dtt: dorsal 

trigeminothalamic tract, spth: spinothalamic tract, 5n: trigeminal nerve, ml: 

medial lemniscus, Aq: aqueduct, Pn: pontine nuclei, tfp1: most ventral 

transverse fibre of the pons, 4V: fourth ventricle, Sp5O: spinal trigeminal

nucleus, oral part, lfp: longitudinal fibres of the pons, tfp: transverse fibres of the 

pons, PCRt: parvicellular reticular nucleus, ctg: central tegmental tract, x4n: 

decussation of the trochlear nerve, ll: lateral lemniscus, smv: superior medullary 

velum, mtg: mammillotegmental tract, mlf: medial longitudinal fasciculus, SC: 

superior colliculus, CIC: central nucleus of the inferior colliculus, cp: cerebral 

peduncle, xscp: decussation of the superior cerebellar peduncle, R: red nucleus, 

3n: oculomotor nerve, SN: substantia nigra, MB: mammillary body, Thal: 

thalamus, VMP: ventral posteromedial nucleus, VPL: ventral posterolateral 

nucleus, STh: subthalamic nucleus of Luys, opt: optic tract. 
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4.3.5    Topography of the ml, spth and tth in the isthmus, midbrain and thalamus 

As the fibre bundles project through the isthmus, the tth shifts ventrally to 

ascend internally to the substantia nigra pars compacta (SNC) and laterally to the 

decussation of the superior cerebellar peduncle (xscp), whereas the ml and spth are 

located more posteriorly between the isthmic reticular formation (isRt) medially, the 

ll, dorsally (Fig. 4.5a to c, Fig. 4.6a, b, and Appendix Figs. 13i, j, 15g, h, 16g, i, 17h, 

i). Furthermore, I observe that the fibres that constitute the ml detach and deviate 

from the main bulk of the ascending sensory pathways and progressively shift 

posteriorly while ascending throughout the isthmus, in proximity to the xscp, (Fig. 

4.5a to c, Fig. 4.6b and Fig. 4.7). Similarly, the spth shifts to occupy the most lateral 

and external position between the ml ventrally, the ll dorsally, and the brachium of 

the inferior colliculus (bic) laterally, through the isthmus passing the xscp until the 

level of the exit of the third cranial nerve (3n), (Fig. 4.5c, Fig. 4.6c, Fig. 4.7, and 

Appendix Figs. 13j, 17i). At the level of the red nucleus the ascending sensory 

pathways maintain the same pattern as they ascend through the mesencephalic 

reticular formation (mRt), whereas at the rostral pole of the red nucleus the tth shifts 

more dorsally (Fig. 4.5e) to align mediolaterally with the ml and spth (Fig. 4.5f, Fig. 

4.6d, and Appendix Figs. 13k, 17j).  
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Fig. 4.6. Oblique sections from the pons-midbrain junction in (a) and (b) 

through the midbrain in (c) to the diencephalon in (d) that show the 

relationship between the pain pathways and the adjacent anatomical 

structures only feasible with this technique. The tractographic analysis was 

performed on human specimen 1. Abbreviations: vtt: ventral trigeminothalamic 

tract, dtt: dorsal trigeminothalamic tract, spth: spinothalamic tract, 5n: 

trigeminal nerve, sp5: spinal trigeminal tract, ml: medial lemniscus, xml: 

sensory decussation, cu: cuneate fasciculus, gr: gracile fasciculus, pc: posterior 

commissure, MB: mammillary body, Pi: pineal gland, Hy: hypothalamus, SN: 

substantia nigra, opt: optic tract, R: red nucleus, CIC: central nucleus of the 

inferior colliculus, xscp: decussation of the superior cerebellar peduncle, Pn: 

pontine nuclei, tfp1: most ventral transverse fibre of the pons, cp: cerebral 

peduncle. 
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In the diencephalon, at the level where the mamillary bodies align with the 

pineal gland (Fig. 4.5f) the ml and the spth begin to converge as they ascend through 

the prosomere 1 reticular formation (p1Rt) and form a single anatomical entity from 

the level of the caudal pole of the hypothalamus heading rostralwards (Fig. 4.5g and 

Fig. 4.6d). As the three pathways ascend, they progressively shift posterolaterally 

until the tth reaches its target at the VPM whereas the ml alongside the spth 

terminates as a united bundle into the VPL of the thalamus (Fig. 4.7, and Appendix 

Figs. 13l, 17k).  
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Fig. 4.7. 3D overview of the dorsal column – medial lemniscus pathway, spth, 

5n, sp5, vtt and dtt throughout the brainstem and thalamus. The tractographic 

analysis was performed on human specimen 1. Abbreviations: vtt: ventral 

trigeminothalamic tract, dtt: dorsal trigeminothalamic tract, spth: 

spinothalamic tract, 5n: trigeminal nerve, sp5: spinal trigeminal tract, ml: 

medial lemniscus, xml: sensory decussation, cu: cuneate fasciculus, gr: gracile 

fasciculus, ia: internal arcuate fibres, scp: superior cerebellar peduncle, MB: 

mammillary body, Pi: pineal gland, Thal: thalamus, VPM: ventral 

posteromedial nucleus, VPL: ventral posterolateral nucleus, xscp: decussation

of the superior cerebellar peduncle, Pn: pontine nuclei, tfp1: most ventral 

transverse fibre of the pons, cp: cerebral peduncle. 
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4.4   Discussion 

4.4.1    Implications for surgical treatment of pain and brain trauma 

The present study maps the sensory pathways such as the dorsal-column 

medial lemniscus pathway (dcml), the spinothalamic tract (spth), the segment of the 

trigeminal nerve within the brainstem, the spinal trigeminal tract (sp5), and 

trigeminothalamic tracts (tth) through ultra-high field MRI and tractography on 

human and macaque postmortem tissue. The aforementioned projections also known 

as pain pathways because of the morbidity associated with a lesion throughout their 

course (Kitahata, 1993), have been identified, herein, in the medulla oblongata, 

basilar pons, midbrain and thalamus. The cuneate (cu) and gracile (gr) fasciculi are 

identified as separate anatomical entities. The internal arcuate fibres that arise after 

the cu and gr synapse into the corresponding nuclei cross the midline behind the 

pyramids to form the sensory decussation (xml). From this level, the projection 

ascends as medial lemniscus (ml) throughout the pons, midbrain and finally 

terminates into the ventral posterolateral nucleus (VPL) of the thalamus. The 

pathway transiting via these general landmarks through the medulla, pons, midbrain 

and then finally terminating in the ventral tier of the thalamus is in alignment with 

previous studies (Xiao et al., 2016, Hagmann et al., 2003, Qiu et al., 2012). The 

course of the ml, spth, and tth through the pons to their final terminations in the 

thalamus correspond with the most detailed atlas of the human brainstem (Paxinos et 

al., 2020). This thesis presents a 3D detailed topography of these sensory pathways 

and the relationship between the adjacent structures. In addition, the present study 

shows in detail the course and topography of the spth as it ascends through the caudal 

medulla to reach the pons and midbrain and finally it converges with the ml to 
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terminate into the VPL. The termination of the spth in the thalamus is consistent with 

conclusions from experimental lesions in the spinal cord of Macaca mulatta (Hodge 

and Apkarian, 1990, Kerr, 1975). Moreover, the course of the sensory root of the 

trigeminal nerve and the spinal trigeminal tract (sp5) as it descends towards the 

medulla are precisely mapped. This course of the sp5 is consistent with that in the 

Macaca mulatta (Warren and May, 2013). In this paper, the authors injected the Pr5 

(principal sensory trigeminal nucleus) with WGA-HRP and identified labelled 

neurons through the dorsolateral pons and medulla oblongata, and ultimately within 

the dorsal horn of the spinal cord (DH). Interestingly, we confirm this finding on the 

FAC of the macaque (Appendix Fig. 17a). Finally, the ventral and dorsal 

trigeminothalamic tracts (vtt, dtt) were also traced, being bilateral bundles ascending 

towards the ventral posteromedial (VPM) nucleus of the thalamus. The topography 

of the final segment of the trigeminothalamic tract in the thalamus was also 

consistent with Friedberg et al. (2004) who specifically followed the sensory 

information pathway from neurons which innervate the whisker follicles in the rat’s 

face, through the Sp5 and Pr5 to the VPM of the thalamus. 

The complexity of the fibre architecture in the human brainstem and the 

inability to precisely map in 3D the pain pathways due to the lack of sophisticated 

methods are some of the reasons which make chronic pain often difficult to treat (Dia 

Tine et al., 2009). More precisely, surgical interruption of a particular tract in order 

to mitigate chronic pain is not always effective in reducing pain symptoms due to our 

lack of knowledge about the anatomical relationship between the major sensory 

pathways (dorsal column – medial lemniscus pathway, spth, 5n, sp5, vtt and dtt). For 

example, microscopic decompression or interruption of a particular tract of the entire 
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pathway (in cases of trigeminal neuralgia associated with a solitary pontine lesion; 

Tohyama et al. (2020)) within the brainstem could be used in cases of chronic pain 

refractory to classical pharmacological or surgical procedures such as brain 

stereotactic radiosurgery.  

The present study may also have clinical benefits in relation to brainstem 

traumatic lesions. Various authors report a narrowing of the spth after two weeks in 

patients with head trauma that can subsequently result in partial tearing of the spth in 

the lower brainstem. While MRI scanners and subsequent tractography were able to 

identify narrowing of the spth compared to normal controls, the resolution of the 

images was not high enough for the authors to identify the topography of the spth 

thus enabling neurosurgical intervention (Jang et al., 2016). The detailed maps 

reported herein, which offer a precise location of the pain pathways could be 

combined with in vivo MRI in such patients to study the topography and detect silent 

lesions in relation to symptomatology, obtain prognostic information, follow up and 

guide rehabilitation in relation to neuronal proliferation during recovery, and 

potentially aid therapeutic interventions such as transcranial magnetic stimulation 

(TMS) for pain alleviation (George et al., 2003).  

4.4.2    Advances in knowledge of the sensory tracts 

Our knowledge obtained with histology and microdissection techniques about 

the anatomy of the ml described that the neurons of the dorsal column nuclei cross 

over (sensory decussation) to the other side of the medulla oblongata as internal 
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arcuate fibres to form the ml (Rodríguez-Mena and Türe, 2017, Romanowski et al., 

2011). In the pons the ml had been shown to ascend in front of the trigeminal 

lemniscus and behind the transverse fibres of the pons, whereas for the rest of the 

brainstem the axons were known to ascend behind the red nucleus to finally synapse 

into the VPL nucleus of the thalamus (Xiao et al., 2016, Kamali et al., 2009, Qiu et 

al., 2012). All these studies validate the gross anatomy of the ml within the brainstem 

and thalamus, and are in alignment with my current findings of a detailed 3D map of 

the sensory projections from the caudal medulla until the thalamus, highlighting the 

relationship between these pain pathways. 

To a minor degree it was known about the descriptive anatomy of the spth in 

the human brainstem and thalamus. Various authors report that the spth as part of the 

anterolateral system in the medulla oblongata courses without precise boundaries 

between the IOPr and the Sp5. In the pons and midbrain the spth was reported to 

course dorsolaterally to the ml and finally terminates into the VPL of the thalamus 

(Kerr, 1975, Khalid and Tubbs, 2017).  

This thesis provides a detailed study in which I used ultra-high-field MRI, 

deterministic tractography and DTI scalars alongside the structural anatomical GRE 

contrast to define standard anatomical landmarks between the sensory pathways and 

the adjacent nuclei and fibre bundles. The current dataset provides advanced 

anatomical knowledge unspecified at this precise level anywhere else in literature, 

combining the sensory tracts with more than 117 anatomical areas, parts and 

structures through the brainstem and thalamus. 
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4.4.3    Advanced resolution of the trigeminal pathways 

Finally, the course of the sensory root of the trigeminal nerve, the vtt and the 

dtt in the human brainstem has been mapped, herein, using tractographic analysis 

derived from ultra-high resolution diffusion weighted imaging (DWI). This study 

identifies two bundles. One bundle crosses the midline and ascends contralaterally as 

the vtt, and a second bundle runs dorsally to the former and ascends ipsilaterally as 

dtt. In support of the presence of two discrete fibre bundles, it has been documented 

in kittens ascending bilateral projections from the Pr5 to the thalamus with the 

uncrossed component being smaller than the crossed one (Torvik, 1957). 

Subsequently, Rausell and Jones (1991) identified in the monkey, bilateral 

somatosensory afferents through distinct compartments of the VPM, with these 

afferents then projecting to the primary somatosensory cortex. Finally, functional 

MRI (fMRI) in humans has shown that unilateral noxious stimulation of the orofacial 

region activates both the ipsilateral and contralateral thalami, insulae, and primary 

somatosensory cortices (Nash et al., 2010) which is consistent with the identification 

in the present study of bilateral ascending ventral and dorsal trigeminothalamic 

projections.  

While the above studies are supported by the present work, there has been 

some controversy surrounding the course of the vtt and dtt. Henssen et al. (2019) 

used ultra-high-field MRI and FAC sections combined with polarized light 

microscopy (PLM) in human postmortem tissue to identify the vtt and dtt. The 

authors reported that the sensory root of the trigeminal nerve bifurcates into the 

ventral and dorsal trigeminothalamic tracts (vtt & dtt). Subsequently, the vtt is 
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reported to project medially in a red region in which the authors delineated as 

medial lemniscus (ml). This disagrees with our delineations in which the red 

region is part of the transverse fibres of the pons, whereas we find the ml to project 

rostrocaudally (blue fibres) in the pontine tegmentum. Our delineations are also 

consistent with Paxinos et al. (2020). Therefore, those red fibres that cross from 

lateral to medial constitute the dorsal part of the transverse fibres of the pons. The 

ml courses rostro-caudally, as a result it cannot leave a red signature on the FAC, 

but only a blue signature. The red fibres that cross lateromedially (see Fig. 4A in 

Henssen et al. (2019)) constitute the dorsal part of the transverse fibres of the pons 

in which I also found the vtt and dtt. More recently, Guberinic et al. (2020) using 

polarized light microscopy combined with postmortem MRI, identified two 

branches peeling off from the trigeminal nerve -one ventral and one dorsal, and 

they confirm that the vtt projects towards the transverse fibres of the pons. 

However, both Henssen et al. (2019) and Guberinic et al. (2020) reported that the 

dtt courses dorsally and lateromedially through the pontine tegmentum to ascend 

towards the thalamus. This latter finding is in contrast to our observations, where 

there was no evidence of clear projection which courses lateromedially through 

and within the pontine tegmentum to ascend, afterwards, behind the ml as the 

ipsilateral tth. Despite many attempts using a vast variety of seeds and ROI masks, 

there was no evidence of a lateral-to-medial projection through the pontine 

tegmentum. The reasons for this discrepancy are unclear. My tracking results 

regarding the precise pathway of the vtt is based on higher resolution data images, 

however this high resolution is from a single human specimen. It remains possible 

that the pathway I traced had some aspects unique to this human. Clearly, further 
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ultra-high-resolution brainstem samples are needed, and additional techniques 

such as Gallyas staining and biological tracers should be used to elucidate the 

topography of the vtt and dtt at this level.  

While the anatomical landmarks have been corroborated by the additional 

three human FAC and macaque images in Appendix Figs. 13 - 18, I acknowledge 

that the suggested surgical pathways derive from tractography of the best human 

specimen 1. Deviations, however, from the reported tractography would have most 

likely been evident on the DTI of these other specimens. As a result, the sensory 

projections identified in this Chapter are solid bundles which leave a corresponding 

signature between the structural anatomical GRE (50 μm) contrast and the other DTI 

contrasts (200 μm) such as the MD, AD, RD, DWI and most particularly the FAC 

(see Appendix Figs. 1 – 18, the pattern of the projections is consistent across five 

specimens), and the fact that different contrasts leave such a similar signature 

allowed me to use the background GRE of the images and most particularly the 

opposite side of the same GRE as further validation.  

The DTI image samples included four human brains and one macaque, all at 

the resolution sufficient for GRE and FAC analysis of gross structures and major 

pathways. 
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4.4.4    Comparing macaque and human brainstem structures 

A couple of key points emerged in comparing human and macaque. 

Firstly, the medulla oblongata in the macaque seems to be compressed ventrodorsally 

and elongated lateromedially, compared to the medulla in the human (see and 

compare Appendix Figs. 13, 15, 16, and Fig. 17).  

Secondly, in the human the IOPr protrudes ventrolaterally, whereas in the macaque 

the IOPr does not extend beyond the curve which forms between the py ventrally, 

and the spth, vsc, dsc, and icp dorsally. On the other hand, the IOPr seems to be more 

elongated rostrocaudally in the macaque, therefore I encounter at the level of the pyx 

and xml the caudal pole of the IOPr in the macaque (Appendix Fig. 17a, b) whereas 

in the human the caudal pole of the IOPr emerges at more rostral levels (Fig. 4.1d 

and Appendix Fig. 13c).  

Thirdly, a lateromedial bundle-like structure (red on the FAC) was apparent in the 

macaque (100 μm of isotropic resolution for the FAC); (Fig. 17f), behind the ml and 

spth in the pontine tegmentum, which was absent in the human (200 μm of isotropic 

resolution for the FAC). This could be the trapezoid body, hence further research and 

tracing is needed to identify if this structure connects the superior olivary nucleus to 

the cochlear nucleus.  

Fourthly, I observed in the macaque the butterfly-pattern of the grey matter of the 

spinal cord projecting up until the medulla oblongata (Appendix Fig. 17a). This 

colourful pattern consists of red, green, and azure on the FAC and is confined 

ventrally by the py, pyx, IOPr, spth, rs, and dsc, whereas dorsally is confined by the 
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cu, on both sides. In addition, in the dorsolateral region of this butterfly-pattern 

within the caudal medulla I found the sp5 and Sp5C1, 2, 3/4 to project into the dorsal 

horn of the spinal cord (DH) and this is in alignment with what was reported by 

Warren and May (2013). This observation is also in alignment with what proposed 

by Martinez-de-la-Torre et al. (2018) that the pyx is located in a zone which is 

defined as part of the spinal cord, and our data show that the pyx is indeed located at 

the same level as the level at which the sp5 projects into the DH. However, this 

anatomical configuration was not observed in the human (Appendix Fig. 13a). I 

cannot give a plausible explanation regarding this difference, and again it should be 

validated in additional macaque and other primate samples. 
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CHAPTER 5: 
The dentato-rubro-

thalamic tract in the 
human and macaque 
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5.1 Introduction 

One of the challenges in connectomics is to find methods which are accurate 

enough to elucidate the specific pathways in the human brain at a sufficient 

resolution to allow for a comprehensive understanding of their role in physiology as 

well as in pathologies. One such example is the pathway between the cerebellum and 

thalamus, the dentato-rubro-thalamic tract (drt). The drt is the major output tract of 

the cerebellum, connecting the dentate nucleus (which is the largest, most lateral, and 

phylogenetically most recent of the cerebellar nuclei) with the red nucleus in the 

midbrain, before ascending to synapse into the ventral lateral nucleus (VL); (ventral 

tier) of the thalamus (Akakin et al., 2014). The VL then projects to the primary motor 

and premotor areas as well as prefrontal and posterior parietal areas of the cerebral 

cortex (Dum and Strick, 2003). 

The drt is involved in a range of cerebellar functions, including fine movement 

control and gait coordination while it maintains posture, muscle tone and voluntary 

muscle activity (Roostaei et al., 2014). Dysfunction of the drt or its targets is 

implicated in movement disorders including essential tremor and multiple sclerosis 

(Alesch et al., 1995, Torres et al., 2010). Essential tremor is the most common 

neurologic cause of postural or action tremor. The upper limbs are usually 

symmetrically involved, however the head and voice can also be involved. The 

etiology of essential tremor is mostly elusive. About half of the cases appear to result 

from a genetic mutation (familial tremor), however a specific genetic locus has never 

been identified. In addition, various cases of traumatic brain injury reported 

symptoms such as resting and intentional tremor as well as ataxic gait, some time 
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following the incident. These types of disfunction of the drt caused by traumatic 

brain injury are only now highlighted through diffusion tensor tractography (Jang and 

Kwon, 2015), as a result, analysis of the drt could be useful in elucidating the exact 

location of a lesion which causes post-traumatic abnormal movements. 

Deep-brain-stimulation (DBS) is the most common, effective and safe surgical 

treatment for essential tremor. This invasive surgical procedure traditionally targets 

the ventral tier of the thalamus and achieves a one-year tremor reductions ranging 

from 66% to 78% for bilateral DBS. The overall quality of life of such patients is 

significantly improved, however transient symptoms such as paraesthesia, dysarthria 

and ataxia are commonly reported as adverse effects (Dallapiazza et al., 2019). Use 

of pre-operative MRI imaging and diffusion tractography to trace the thalamic 

afferents of the drt has enabled more precise and successful DBS for tremor 

suppression, both in case reports and post-hoc analysis. Despite subtle anatomical 

variations that might be present between individuals, by directly targeting the drt and 

subsequent placement of electrode contacts within the pathway, seems to be a more 

effective strategy for tremor suppression (Fenoy and Schiess, 2017).  

Diffusion tensor tractography (DTT) derives from diffusion tensor imaging 

(DTI) and allows the visualisation in 3D of white matter tracts. Historically, 

tractography was limited by low spatial resolution, difficulty in estimating fibre 

orientations and crossing fibres within each voxel and low signal-to-noise ratio. 

However, with the advent of ultra-high field magnetic resonance imaging and more 

sophisticated post-processing algorithms (Calabrese et al., 2015a), it is now widely 

applied preoperatively in patients with tumours because it is the only reliable non-
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invasive technique which allows for the identification of the fibre bundles both 

adjacent to and inside the tumour (Mori et al., 2002). More recently, a variety of 

diffusion studies using ultra-high-field scanners have compared their tractography 

results with traditional histology (myelin staining and polarized light microscopy) 

and demonstrated high spatial accuracy of postmortem tractography when compared 

to a histological reconstruction (Mollink et al., 2016, Henssen et al., 2019).  

Given the importance of the drt in movement and other disorders, a number of 

recent studies have attempted to better define the drt. Earlier work, using anterograde 

degeneration studies after lesions into the dentate nucleus of the macaque (Macaca 

mulatta), reported that the drt fibres course through the superior cerebellar peduncle 

(scp) or Brachium Conjunctivum; as used by the Terminologia Anatomica (Allen, 

2009) until they reach the isthmus where the majority of the fibres cross, 

contralaterally, through the superior cerebellar decussation (xscp), whereas some 

non-crossing fibres ascend ipsilaterally towards the red nucleus (Petersen et al., 

2018). Further tractography studies with MRI at 1.5T attempted to trace the scp or 

parts of the drt (Kwon et al., 2011a) however, the long and disynaptic nature of this 

decussating and non-decussating pathway meant such low resolution studies were not 

clinically useful. Using a single postmortem brain specimen of an 87 year old woman 

at higher resolution (7T), Mollink et al. (2016) demonstrated that the DTI had 

reasonable success in accurately delineating white matter tracts as correlated with 3D 

histological reconstruction, although the extent of overlap differed at different levels 

of the drt precluding full, accurate delineation of this pathway. Delineation was 

particularly poor in the xscp where the fibres mingled, and in the red nucleus which 

is characterised by a precise topographical distribution of fibre populations. 
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The 7T MRI material of postmortem brainstem from the Duke Center for In 

Vivo Microscopy provides the highest resolution images to date of brainstem 

pathways (see Table 1, p 82). As described in Chapters 1 & 2, the advanced 

postprocessing algorithms and optimised MRI acquisition parameters, including the 

prolonged scanning time (208 hours for DWI - Duke) resulted in these high quality 

images. Although the drt has been previously mapped by a number of authors, the 

much higher isotropic resolution of human specimen 1 enables deterministic 

tractography and higher order investigative models such as the tensor glyphs to 

delineate the drt at a more precise level. The aim of this Chapter is to provide this 

higher resolution mapping of the entire drt projection and its surrounding structures. 

It is hoped this more precise topography may assist targeting the drt during 

neurosurgery or aid invasive insertion of an electrode within its fibres for deep brain 

stimulation.  

5.2 Specific methods 

The results have been achieved using deterministic tractography based on high-

angular-resolution diffusion imaging (HARDI) and a higher-order tensor glyph 

model. Human specimen 1 was selected for all the tractography studies in this 

Chapter due to the high quality of this dataset (see section 2.4). These high resolution 

GRE and tractography images from Duke specimen 1 are complemented by the FAC 

maps derived from three more human specimens and one macaque (see Appendix 

Figs. 13 to 18). Since the drt constitutes a long ascending projection, it is particularly 
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challenging to obtain tractography results through the whole course of the pathway, 

thus only human specimen 1 achieved this.   

Regarding the masks and tractography parameters, I used, a seed region placed 

bilaterally in the superior cerebellar peduncle with a volume size of 11 mm3. The 

seed and ROI masks of all the result Chapters are shown in the Appendix Figs. 19 – 

22). A ROI was placed within the red nucleus with a volume size of 23 mm3.  

The angular threshold was 20%, and an FA threshold of 0.15 was applied. The 

step size was randomly selected from 0.5 voxel to 1.5 voxels. The fibre trajectories 

were smoothed by averaging the propagation direction with a percentage of the 

previous direction. Smoothing gives the “momentum” of the propagation direction. If 

smoothing is 0, the propagation direction is independent of the previous direction. If 

smoothing is 1.0, as in the present Chapter, the percentage is randomly selected from 

0% to 95%. No tracts were discarded. A total of 75,000 trajectories were calculated. 

The trajectories were not manually edited and are presented exactly as generated. 

 The tensor glyph in Fig. 5.3 displaying the first eigenvector in every voxel was 

generated with the framework and analysis tools provided in the FMRIB Software 

Library (FSL; Woolrich et al. (2009)). 
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5.3   Results 

5.3.1    Topography of the scp and analysis of the fibre arrangement from caudal 

pontine levels to the isthmus 

The output fibres of the cerebellum heading towards the cerebral cortex pass 

through the scp, hence the 3D masks were manually drawn on the structural MRI 

contrast within the caudal scp bilaterally. The borders of the scp could be clearly 

delineated from the MRI / FAC images by combining the transverse, sagittal and 

coronal sections (see intersections in Fig. 5.1a). Subsequently, two ROI masks were 

placed bilaterally, in the red nucleus while no masks were created for the thalamus. 

In Fig. 5.1, and Appendix Figs. 13, 15, 16, 17, 18 the borders of the scp and the 

orientation of the fibres within the scp are delineated using FAC. The scp begins to 

form at caudal pontine levels (Fig. 5.1a, Fig. 5.2, and Appendix Figs. 13g, 15e, 16e, 

17e, 18c) and constitutes the side walls of the fourth ventricle. Topographically, the 

scp is confined medially from the central tegmental tract (ctg) which courses through 

the pontine tegmentum, ventrally from the medial, spinal and trigeminal lemnisci, 

and laterally from the lateral lemniscus (Fig. 5.1a, b, and Appendix Figs. 13h, 15e, f, 

16 e, f, 17g). While the scp ascends, it assumes an oblique lateromedial and 

dorsoventral direction reminiscent of the lateral surface areas of a triangular prism 

(Fig. 5.1a, sagittal and coronal sections, Fig. 5.2). Until the midpons, the scp ascends 

on both sides as a wedge-shaped compact fibre bundle pointing ventrolaterally (Fig. 

5.1a, and Appendix Figs. 13g, 15e, 16e, 17f).  
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At the level of the midpons, the ventral fibres of the scp begin to swift 

ventromedially (Fig. 5.1b, and Appendix Figs. 13h, 15f, 16f, 17f, g) into the pontine 

tegmentum, until they reach the level of the xscp in the isthmus (Fig. 5.1c, Fig. 5.2c, 

d, and Appendix Figs. 13i, 15g, 16g, 17h, 18b), having a cross-section that bears a 

resemblance to a parabola, crescent or scimitar shape (medial-side U-shaped or 

banana-shaped anatomical entity; see also arrows in Fig. 5.1) which is open towards 

the midline.  
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Fig. 5.1. Mapping out the borders of the superior cerebellar peduncle (scp) 

from directionally coloured fractional anisotropy (FAC) of the whole ex vivo 

human brainstem at the level of midpons in (a), rostral pons in (b) and (c), and 

in the mesencephalon (isthmus) in (d). The left, centre and right columns show 

the transverse, sagittal and coronal sections of the brainstem and thalamus, 

respectively. Where the perpendicular lines intersect is the exact point of the scp 

in the transverse, sagittal and coronal sections. The spatial distribution of the 

fibres of the scp is that of the lateral surface areas of a triangular prism in (a), 

sagittal and coronal sections. Note how the fibres that constitute the scp shift 

ventromedially to form a parabola that assumes a shape similar to a U-like 

structure which is open towards the midline until they decussate in the isthmus. 

In (b) the first fibres to decussate are the most ventral ones and gradually the 

intermediate and dorsal ones follow the crossing in (c). The dorsal part of the 

scp assumes a deep blue colour where gradually it becomes azure and magenta 

ventrally as the fibres shift dorsoventrally and lateromedially to decussate. In red 

(c) are the decussating fibres, in yellow (d) are the fibres of the xscp that

obliquely shift while they cross over. The arrows show the borders of the scp

from the caudal pons to the midbrain. FAC sections from human specimen 1. On

the FAC maps red, blue, and green represent anisotropy along medial-lateral,

rostral-caudal, and ventral-dorsal orientations, respectively. Abbreviations: tth:

trigeminothalamic tract, spth: spinothalamic tract, 5n: trigeminal nerve, sp5:

spinal trigeminal tract, ml: medial lemniscus, scp: superior cerebellar peduncle,

MB: mammillary body, Pi: pineal gland, Thal: thalamus, mcp: middle cerebellar

peduncle, lfp: longitudinal fibres of the pons, xscp: decussation of the superior

cerebellar peduncle, Pn: pontine nuclei, tfp1: most ventral transverse fibre of the

pons, cp: cerebral peduncle, ac: anterior commissure, CIC: central nucleus of

the inferior colliculus, SC: superior colliculus, IC: inferior colliculus, ll: lateral

lemniscus, ic: internal capsule, ctg: central tegmental tract, R: red nucleus, Aq:

aqueduct, 3V: third ventricle, 4V: fourth ventricle, IOPr: inferior olive, principal

nucleus, x4n: decussation of the trochlear nerve, csc: commissure of the superior

colliculus, mt: mammillothalamic tract, ct: cerebellothalamic tract.
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Fig. 5.2. 3D representation of the drt at lower (left) and higher (right) 

magnification. In (a) and (b) the scp and xscp as seen through oblique planes. 

In (c) and (d) the drt is shown from a horizontal perspective. The drt is traced 

from the caudal scp to the xscp and red nucleus which eventually terminates into 

the VL nucleus of the thalamus. The tractographic analysis was performed on 

human specimen 1. On the FAC maps red, blue, and green represent anisotropy 

along medial-lateral, rostral-caudal, and ventral-dorsal orientations, 

respectively. Abbreviations: tth: trigeminothalamic tract, spth: spinothalamic 

tract, 5n: trigeminal nerve, sp5: spinal trigeminal tract, ml: medial lemniscus, 

scp: superior cerebellar peduncle, icp: inferior cerebellar peduncle, Pi: pineal 

gland, Thal: thalamus, Pul: pulvinar, xscp: decussation of the superior 

cerebellar peduncle, Pn: pontine nuclei, tfp: transverse fibres of the pons, ll: 

lateral lemniscus, ctg: central tegmental tract. 
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Note in Fig. 5.1a, coronal view, herein, the myelinated axons are identified for 

the first time (magenta in DTI – rostrocaudal and mediolateral orientation) which 

form the circuit that conveys and integrates information between the inferior and 

superior colliculi. In addition, note how these axons converge into the commissure of 

the superior colliculus (csc) to cross over. 

5.3.2    Analysis of the fibre arrangement of the drt into the xscp 

 The first fibres to decussate from the drt occur at the level of the isthmus (red 

tracts in Fig. 5.1c, right to left orientation) being the most ventral fibres. 

Subsequently, at more rostral levels the U-shaped arrangement of the fibres of the 

scp begin to shift more medially (Fig. 5.1d) and gradually the intermediate and dorsal 

fibres decussate (obliquely) from both sides. This can also be seen for the tracts in 

Fig. 5.2d where some of the ventral fibres coming from one side intertwine with the 

intermediate fibres crossing from the opposite side and assume an orange colour 

prior to the midline due to their oblique orientation (see also Fig. 5.1d). At the 

midline, the fibres shift more obliquely and assume a yellow colour in FAC and the 

tensor glyph (Fig. 5.2d, 5.3). 

The tensor glyph in Fig. 5.3 analyses the orientation of the fibres in the xscp 

in greater detail. The pathway of the drt at this level assumes a lateromedial 

intertwined arrangement and the tensor glyph provides a powerful mathematical 

language to analyse this complex and elusive architecture. Some of the ventral fibres 

from each side can cross horizontally (red in FAC). Other fibres from the ventral part 

decussate to an intermediate position. Subsequently, fibres from the intermediate part 
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can cross over to an intermediate position, while other fibres decussate more 

ventrally or intertwine dorsally on the other side. Similarly, the dorsal fibres that 

decussate from one side can assume a dorsal or intermediate position on the opposite 

side to later ascend towards the red nucleus (Fig. 5.3). This arrangement comprises 

only the decussating drt. The non-decussating drt ascends more laterally (blue fibres 

in FAC and tensor glyph). Although I was unable to determine the exact percentage 

of the ipsilateral (non-decussating) and contralateral (decussating) drt I observed the 

existence of both, where the vast majority of the fibres decussate as it can be deduced 

by the volume of the tracts within the xscp (Figs. 5.1d & 5.3).
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Fig. 5.3. Glyph-based fibre visualisation of diffusion tensor fields from human specimen 1 are seen at 

the level of the xscp. The fibres can be clearly seen in the xscp intertwine. Some of the ventral fibres 

(arrow-head 1) cross ventrally to the opposite side (arrow 1), whereas other fibres are branching off 

while crossing obliquely and assume an intermediate position (more dorsally) on the opposite side 

(arrow 2). Similarly, some of the intermediate fibres (arrow-head 2) decussate and assume an 

intermediate position (arrow 3), others course obliquely (yellow in FAC, Fig. 1d), to a ventral position 

(arrow 4), others can be displaced dorsally (arrow-head 3). Finally, some of the dorsal fibres (arrow-

head 3) can decussate dorsally (arrow 5) whereas other fibres intertwine to an intermediate position 

(arrow-head 2).  
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5.3.3     Topography of the drt from the xscp to the red nucleus 

 After having crossed at the level of the isthmus (Fig. 5.2, 5.6c), the drt 

ascends for approximately two mm in the human, and one mm in the macaque on 

both sides to reach the red nucleus. This can be seen in the FAC images of Fig. 5.4, 

and Appendix Figs. 13j, k (arrows), 14b, 18b. At this level, the fibres surrounding the 

red nucleus are shown as green in FAC (Fig. 5.4a), also due to the presence of the 

fasciculus retroflexus (fr); (see also Appendix Fig. 17j, k). Note also at this level a 

small and clearly defined cross-commissural fibre pathway connecting the bilateral 

superior colliculi (csc, red in Fig. 5.4a). The drt is topographically identified between 

the parabrachial pigmented (PBP) nucleus ventrally, the ctg dorsally, the 

mesencephalic reticular formation (mRt) dorsolaterally, and the rostral linear nucleus 

(RLi) medially (Fig. 5.4, Fig. 5.5a, and Fig. 5.6d).
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Fig. 5.4. Spatial distribution of drt fibres as they course the red nucleus. FAC 

images from human specimen 1 at the level of midbrain in transverse (a), 

sagittal (b) and coronal (c) sections. The scp fibres are shown (greenish colour) 

surrounding the red nucleus (intersections) to ascend as cerebellothalamic tract, 

whereas the vast part of the fibres that terminate as the dentato-rubral tract are 

found more centrally (blue). Note in (a) the csc as a lateromedial 

interhemispheric commissural connection (red) between the two superior 

colliculi (SC). On the FAC maps red, blue, and green represent anisotropy along 

medial-lateral, rostral-caudal, and ventral-dorsal orientations, respectively. 

Abbreviations: Pi: pineal gland, spth: spinothalamic tract, sp5: spinal trigeminal 

tract, ml: medial lemniscus, scp: superior cerebellar peduncle, MB: mammillary 

body, Thal: thalamus, mcp: middle cerebellar peduncle, lfp: longitudinal fibres of 

the pons, tfp1: most ventral transverse fibre of the pons, cp: cerebral peduncle, 

ac: anterior commissure, SC: superior colliculus, IC: inferior colliculus, ic: 

internal capsule, 3V: third ventricle, IOPr: inferior olive, principal nucleus, csc: 

commissure of the superior colliculus, RPC: red nucleus, parvicellular part, 

SNR: substantia nigra, pars reticulata, SNCD: substantia nigra, pars compacta 

dorsalis, RMC: red nucleus, magnocellular part, MG: medial geniculate, Pul: 

pulvinar, mt: mammillothalamic tract, ct: cerebellothalamic tract. 
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5.3.4    Arrangement of the drt at the level of the red nucleus 

For approximately 9 mm in the human (see also coronal view in Fig. 2.2 and 

Appendix Fig. 14b) and 4.5 – 5 mm in the macaque (Appendix Fig. 18b) the drt 

courses through the red nucleus to ascend towards the thalamus. The spatial 

distribution of the fibres that constitute this pathway is such that the fibres from the 

dentate to the red nucleus (dentato-rubral tract) are placed more centrally and 

terminate into the red nucleus (Fig. 5.5a & b, blue fibres in the centre of the red 

nucleus) compared to those that will eventually constitute the cerebellothalamic 

pathway (greenish fibres in the periphery of the red nucleus in Fig. 5.5a & b). Thus, 

the projections en route to the thalamus are located more externally (Fig. 5.5b, c) and 

continue to ascend towards more rostral levels beyond the rostral pole of the red 

nucleus which obliterates at the level of the caudal pole of the STh (Fig. 5.5d, Fig. 

5.6e).
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Fig. 5.5. Architectural arrangement of the drt through the red nucleus from 

the midbrain to the diencephalon. The course of the cerebellothalamic fibres 

surrounding the red nucleus is shown from (a) to (d). Note in (a) and (b) how 

the dentato-rubral tract terminates into the central part of the rostral red 

nucleus (diencephalic part of the red nucleus) whereas the rest of the 

projection ascends towards the VL nucleus of the thalamus in (c) and (d). The 

tractographic analysis was performed on human specimen 1. Abbreviations: 

Pi: pineal gland, MB: mammillary body, Thal: thalamus, cp: cerebral 

peduncle, ac: anterior commissure, Hy: hypothalamus, SC: superior 

colliculus, ic: internal capsule, STh: subthalamic nucleus of Luys, pc: 

posterior commissure, Aq: aqueduct, opt: optic tract, R: red nucleus, SN: 

substantia nigra, f: fornix, mt: mammillothalamic tract, SNR: substantia nigra, 

pars reticulata, MG: medial geniculate, Pul: pulvinar, VTA: ventral tegmental 

area, RLi: rostral linear nucleus, mRt: mesencephalic reticular formation, 

p1Rt: prosomere 1 reticular formation, PBP: parabrachial pigmented nucleus. 
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Fig. 5.6. Tractographic analysis combined with the structural GRE 

background reveals the complexity of the patterning that the fibres assume, 

and their relationship with the surrounding structures from the pons in (a) to 

the diencephalon in (f). Note in (c) the external limit of the xscp in the vicinity 

of the substantia nigra at the level between rhombomere one and two. In (d) 

and (e) the cerebellar projections course through the red nucleus towards the 

diencephalon in (f). The tractographic analysis was performed on human 

specimen 1. Abbreviations: Pi: pineal gland, Thal: thalamus, 3V: third 

ventricle, 4V: fourth ventricle, cp: cerebral peduncle, Pn: pontine nuclei, tfp: 

transverse fibres of the pons, tfp1: most ventral transverse fibre of the pons, 

Hy: hypothalamus, SC: superior colliculus, ic: internal capsule, STh: 

subthalamic nucleus of Luys, pc: posterior commissure, Aq: aqueduct, opt: 

optic tract, R: red nucleus, SN: substantia nigra, f: fornix, mt: 

mammillothalamic tract, SNR: substantia nigra, pars reticulata, MG: medial 

geniculate, Pul: pulvinar, xscp: decussation of the superior cerebellar 

peduncle, H1: field H1 of Forel. 
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5.3.5     Topography of the cerebellothalamic tract through the diencephalon 

 After having coursed through the entire length of the red nucleus the 

cerebellothalamic (ct) fibres ascend and course through the fields of Forel (Fig. 5.6e, 

Fig. 5.7a). The fibres are topographically distributed behind the subthalamic nucleus 

and ansa lenticularis, whereas the mammillothalamic tract ascends more 

ventromedially (Fig. 5.7a, and Appendix Figs. 13 final panel, 17k, 18b). The 

cerebellothalamic tract terminates into the VL nucleus of the thalamus which is 

found internally to the posterior limb of the internal capsule and ventrally to the 

lateral posterior thalamic nucleus (Fig. 5.7b, c, and Appendix Figs. 14, 17l).
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Fig. 5.7. Cross sections at the level of the diencephalon from caudal (a) to 

rostral (c). Through the fields of Forel, the cerebellothalamic pathway courses 

behind the subthalamic nucleus of Luys in (a) and ansa lenticularis, whereas in 

the ventromedial part of the thalamus the mammillothalamic tract and the fornix 

ascend. Finally, in (b) and (c) the afferent leg of the cerebrocerebellar circuit 

terminates into the VL nucleus of the thalamus. The tractographic analysis was 

performed on human specimen 1. Abbreviations: Thal: thalamus, 3V: third 

ventricle, ic: internal capsule, STh: subthalamic nucleus of Luys, f: fornix, mt: 

mammillothalamic tract, H1: field H1 of Forel, VL: ventral lateral nucleus, ac: 

anterior commissure. 
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5.4   Discussion 

The dentato-rubro-thalamic (drt) is the output tract from the cerebellum to the 

thalamus and from there to the neocortex. The drt originates in the dentate nucleus of 

the cerebellum and its fibres course via the scp to decussate and ascend towards the 

red nucleus in the mesencephalon. Finally, the drt ascends and terminates into the VL 

nucleus of the thalamus (Kwon et al., 2011a).  

The current study uses ultra-high resolution MRI, deterministic tractography 

and tensor glyphs to map the course of the fibres that constitute the drt in the human 

and macaque brains. Derived from a high quality brainstem tissue and sophisticated 

post-processing, the current results characterised and anatomically described this 

white matter tract at a resolution level beyond that previously reported (see also table 

1 in Ch 1, and Appendix Fig. 26).  

Calabrese et al. (2015b) used the same human specimen 1 as analysed here. 

They undertook probabilistic tractography of the drt and then used this as a template 

to estimate the precise site of electrodes inserted in twelve patients for deep brain 

stimulation (DBS) to treat tremor, where these patients had low resolution clinical 

MRIs to mark electrode sites. The work analysed herein presents a number of 

differences from that conducted by Calabrese et al. (2015b). Firstly, as my work is 

predominantly a descriptive anatomy study, I present a series of transverse, coronal, 

and sagittal sections from the caudal pons to the red nucleus (Fig. 5.1 and Fig. 5.4) 

using the FAC to anatomically describe the drt in 3D. Secondly, my work includes 

HARDI deterministic tractography combined with the annotated GRE background, 

providing the drt within the surrounding structures. Finally, I used the tensor glyph 
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(obtained with the FSL program) to unravel the fibre architecture of the drt within the 

superior cerebellar decussation. In summary, my work extends that of Calabrese et al. 

(2015b) by providing more detailed descriptive anatomy of the drt and surrounding 

brainstem and thalamic structures. 

5.4.1 Decussating vs non-decussating pathway 

Although the drt has been classically described as a decussating pathway, 

debate exists as to the extent in which it decussates or ascends ipsilaterally. A variety 

of studies have demonstrated a non-decussating (ipsilateral) drt in the rat (Aumann 

and Horne, 1996), in the cat (Flood and Jansen, 1966), in the monkey (Wiesendanger 

and Wiesendanger, 1985), and finally, in the human (Meola et al., 2016a). The 

significance of a bilateral projection is highlighted by the fact that when a lesion such 

as stroke, tumour or arteriovenous malformation involves a cerebellar hemisphere 

and by extension the dentate nucleus, bilateral limb motor impairment was observed 

(Fisher et al., 2006). Just as the corticospinal tract decussates and projects bilaterally 

heading towards the spinal cord, the same occurs for the corticopontine tract 

(Morecraft et al., 2018), the ventral and dorsal trigeminothalamic tracts and finally, 

for the drt. As a result, the same information processed in the dentate nucleus, 

projects at each cerebral hemisphere. This bilateral projection pattern could be 

advantageous in cases of neurological damage so that the information is being 

preserved. In the present study, I have observed the existence of both an ipsilateral 

and contralateral drt by using two seed masks at the same level, one for each of the 

two scp’s. Moreover, I observed that the vast majority of the fibres decussate, 

whereas the lateral fibres of the xscp (blue fibres in periphery of xscp in FAC; Fig. 
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5.1d) do not decussate, rather they ascend ipsilaterally on both sides as non-

decussating drt. However, I was unable to determine the exact percentage of the 

decussating fibres because in order to trace this complex pathway it was necessary to 

use two additional bilateral 3D ROI masks at the level of the red nucleus. As a result, 

any attempt to calculate the quantity of both ipsilateral and contralateral projections 

would be erroneous (Fig. 5.2). Although quantitative determination of nerve fibre 

density is challenging, to resolve this enigma an investigator could use the traditional 

way of counting fibres manually via fluorescence immunolabeling methods, or more 

sophisticated line intensity scan analysis (Sathyanesan et al., 2012). Nevertheless, 

further research is needed to determine whether or not these techniques are 

applicable for the xscp quantification. 

5.4.2    Terminations of the drt 

Our results regarding the projection from the dentate nucleus, through the scp, 

until the midbrain and the nucleus of termination (VL) in the thalamus are 

compatible with what was found in the monkey following WGA-HRP injections into 

the dentate nucleus (Sakai et al., 1996). Although the authors traced the projection 

from the dentate nucleus, through the scp to the red nucleus, they were unable to map 

the fibre tracts at the level of the xscp nor did they determine the exact portion of the 

red nucleus that receives the dentato-rubral projection. On the other hand, Stanton 

(1980) found that the dentate nucleus projects to the parvicellular red nucleus (RPC) 

and more precisely, that there is a projection from the rostroventral dentate to the 

lateral hindlimb areas in the RPC. I confirm and extend these results with my 
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tractography studies, observing that fibres which occupy the central parts of the drt 

terminate within the rostral red nucleus whereas the rest of the cerebellar projection 

continue through the scp towards the thalamus (see sagittal and coronal location of 

RPC in Fig. 5.4, and dentato-rubral fibres within the central part of the rostral red 

nucleus in Fig. 5.5a &b).  

5.4.3    Implications for DBS treatment of tremor 

The major implications of our study is that ex vivo MR histology obtained 

by ultra-high-field scanners produces anatomically accurate results that can be 

exploited for precise neurosurgical planning. As I described in the introduction (Ch 

5.1), invasive deep brain stimulation for essential tremor traditionally targets the 

ventral tier of the thalamus, where it can achieve a reduction in tremor score one 

year post surgery ranging from 66% - 78% decrease as compared to pre-surgical 

scores (Dallapiazza et al., 2019). Adverse effects related to neurosurgery and DBS 

in the ventral tier of the thalamus include paraesthesia, ataxia and dysarthria, 

however it remains an effective strategy for tremor suppression.  

A number of studies using clinical MRI and tractography have suggested 

that the drt is the locus of therapeutic benefit for tremor reduction. A correlation 

has been found between proximity to the drt and therapeutic benefit (Calabrese et 

al., 2015b, Fenoy and Schiess, 2017, Coenen et al., 2020, Coenen et al., 2011b, 

Coenen et al., 2014, Barkhoudarian et al., 2010, Coenen et al., 2011a, Henderson, 

2012). In addition, Coenen et al. (2014) reported that electric fields applied on the 

anterior border and on the centre of the drt presented moderate and excellent 
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reduction in tremor, respectively. More specifically, Fenoy and Schiess (2017) 

used both clinical tractography and traditional atlas (Schaltenbrand, 1977) to 

identify the placement of electrode contacts for tremor control. Stereotactic 

coordinates ranging from 1 mm (caudal to the intercommissural line) to 2.9 mm 

(rostral to the intercommissural line) within the drt fibres resulted in effective 

tremor control (suggesting a direct drt targeting). Fenoy and Schiess (2017) suggest 

that the total rostrocaudal length in which the electrodes can be placed is 3.9 mm 

within the drt. Hence, mapping the drt with improved resolution, achieved here on 

human specimen 1, 2 and the macaque (see also Appendix Figs. 13, 14, 17, 18 

regarding the rostral part of the drt), is highly important. Although this high 

resolution tractography was conducted on human specimen 1, the FAC of human 

specimen 2 and the macaque corroborated the rostral part of the drt identified with 

tractography in the present study. Therefore, my current results identify this 3.9 

mm length as starting from the rostral pole of the red nucleus in which its 

parvicellular subdivision is defined (Fig. 5.5c), up until the ventral lateral nucleus 

of the thalamus at the level of the fornix, ventrally (Fig. 5.7c). Therefore, the 

landmarks for DBS in this segment of the drt can be defined ventrally in relation to 

the mammillary bodies, hypothalamus and optic tract as seen in Fig. 5.5c, until the 

fornix and the rostral part of the anterior commissure as seen in Fig. 5.7c. 

Moreover, the brainstem and thalamus in the present thesis were sectioned 

perpendicularly to their long axis, aligning with the configuration used in the most 

detailed and up-to-date chemoarchitectonic and myeloarchitectonic atlas of the 

human brainstem (Paxinos et al., 2020). Given that the drt and its nucleus of 

termination including the above landmarks are found ventrally throughout the 
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midbrain and thalamus, cutting the dataset perpendicularly to its long axis (and not 

according to the MNI space) could not be subjected to major morphological 

variations which are connected to the angle between the sagittal and transverse 

sections (perpendicular vs MNI space).  

Therefore, the current work offers a 3D anatomical map of the drt which 

could more efficiently guide electrode placement directly within its fibres for 

future neurosurgical studies and applications regarding deep brain stimulation. 

Other more caudal key landmarks identified in this 3D map may also be possible 

targets for tremor reduction. 

5.4.4    The complexity of the drt 

The drt shows marked complexity, due to the fact that it is a disynaptic 

pathway with specific topography within the red nucleus on one hand and on the 

other it crosses over in the xscp to ascend as decussating and non-decussating 

projection. Moreover, not only does it decussate but as I demonstrated with the tensor 

glyphs the fibres within the decussation intertwine from both sides so that the 

information from the dentate nucleus disperses through various parts of the drt. This 

renders the identification and anatomical description of this pathway and its various 

components more complex than the descending and ascending pathways described in 

Chapters 3 and 4. This complexity may reflect the function of the cerebellum to 

integrate neuronal input and transmit this integrated information to the cerebral 

cortex for modulation and refinement of motor control. This complexity is also 

consistent with the intricate anatomical arrangement of the cerebrocerebellar circuit 
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as described in Chapter 3, since the drt represents the afferent leg from the 

cerebellum to the thalamus. 

This observation regarding the complexity of the drt seems to be connected to 

the role that the cerebellum undertook during evolution. For over two hundred years, 

it has been understood and scientifically accepted that lesions of the cerebellum 

impair movement coordination. Luciani (1893) summarised the cerebellar syndrome 

and by extension the function of the skeletomotor cerebellum as a triad of symptoms: 

atonia (loss of muscle tone), ataxia (poor coordination), and astasia (inability to stand 

unassisted and loss of continuity of movement). Tasks that make the human species 

unique compared to non-human primates such as the ability to employ finer motor 

skills (dexterity), visuomotor functions through visual inputs to the cerebellum 

(vestibulo-ocular reflex by the flocculus, saccades, optokinetic and pursuit by the 

oculomotor vermis); (Glickstein et al., 1998), as well as non-motor functions of the 

cerebellum such as neurocognition (Stoodley and Schmahmann, 2018), are connected 

to the development and evolution of a complex organisation of the cerebrocerebellar 

circuit in Homo sapiens. The organisation of the cerebrocerebellar circuit is less 

complex in non-human primates (Macaca mulatta), for example the longitudinal 

fibres of the pons are four in the macaque vs nine in the human (see Chapter three), 

the interdigitations between these bundles are less in the macaque, the transverse 

fibres of the pons are five in the macaque vs ten in the human, and finally the same 

volume of the pons, crus cerebri but also the volume of the brainstem itself is smaller 

in the macaque. As we further analyse the change in the anatomical structures and 

characteristics of one species over another, we observe that the cerebrocerebellar 

circuit is rudimentary in the rat (Paxinos et al., 2015) and virtually absent in the bird 



 263 

which lacks cerebellar hemispheres and has virtually no neocortex (Puelles et al., 

2018).  Finally, it may be that the complexity of the drt and most particularly the fibre 

intertwining within the xscp and fibre arrangement in the red nucleus is also greater 

in the human, than in non-human primates, and may even depend on the extent of 

skill and dexterity of the specific individual, however further research is needed. 

5.4.5    Clinical Implications 

Tractography of white matter connectivity is widely applied before 

neurosurgical procedures (Fernandez-Miranda et al., 2012). For example, applying 

this technique to ultra-high resolution postmortem data provides anatomical accuracy 

high enough for us to use as an investigative tool in order to map uncharted territories 

such as the scp, the xscp and red nucleus which could be used in neurosurgery and 

further propose possible anatomical sites for invasive insertion of electrodes.  

 Identification of the fine architecture of the drt will aid in understanding 

diseases associated with tremor and poor motor control, and to assist in their surgical 

treatments by offering a map for deep brain stimulation. This has been achieved 

using firstly, fractional anisotropy colour maps (FAC), secondly, deterministic 

tractography and thirdly, a higher-order tensor glyph. 

This thesis provides evidence that there is no a priori reason to support the 

proposition that resolution is the main parameter for clearer brain visualisation. 

Thereby, diffusion imaging proves to be inherently a more sensitive and specific 

method for identification of fibres versus histology. The anatomical information that 

we obtained from the Duke specimen 1 at 200 μm of resolution for the diffusion data, 
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enabled us to create higher order models (HARDI, tensor glyphs) in order to 

elucidate structures and pathways previously concealed from traditional histology 

methods (1 μm), but also from more sophisticated and modern techniques developed 

in the last two decades such as polarized light microscopy (Axer et al., 2011). 

Although the drt is a larger projection compared to the tracts identified in Chapter 

four (dorsal column – medial lemniscus pathway, spth, 5n, sp5, vtt, dtt), it is 

expected that idiosyncratic differences will be present between human samples. 

However, the descriptive anatomy reported in the present thesis and the anatomical 

delineations regarding the drt correspond (in areas in which the FAC rendered the 

delineations possible) between human specimens 1, 2, 3, 4 and the macaque (see 

Appendix Figs. 13 – 18). 
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Chapter 6: 
Conclusions 
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This thesis applied advanced DTI and tractography approaches to ultra-high-

resolution MRI data from postmortem human and macaque brains to map out the 

brainstem and thalamus. In Chapter 2, I analyse the methodology and technical 

approaches such as the use of different DTI contrasts which open corresponding 

windows of view and shed light into brain anatomy regarding this novel method of 

brain mapping in its natural 3D space. In addition, I emphasise the importance of 

isotropic spatial resolution both in fibre tracking on the anatomical GRE, DTI 

contrasts and in tractography as the final output in investigative studies. I indicate 

that an investigator should always confirm and be guided in relation to structural 

anatomical contrasts in the transverse, sagittal and coronal sections. In Chapter 3, I 

mapped the internal capsule, crus cerebri, basilar pons and pyramids. In Chapter 4, I 

identified the sensory pathways such as the dorsal column-medial lemniscus pathway 

(dcml), the spth, the 5n, the sp5, the vtt and dtt projections from the caudal medulla 

until the corresponding nuclei of termination in the thalamus. The major contribution 

of this Chapter is the identification at the most precise level of the spth throughout 

the brainstem and thalamus, and the establishment of anatomical landmarks between 

the pain projections and the adjacent structures. In Chapter 5, I mapped the return leg 

of the cerebrocerebellar circuit from the most caudal part of the scp until the VL 

nucleus of the thalamus. Throughout this pathway, the precise topography and 

anatomical arrangements of the scp, xscp, the fibre arrangement within the red 

nucleus, and the pattern of the drt projection within the diencephalon have been 

unravelled for more comprehensive knowledge in neuroscience and neurosurgery.  
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6.1        Synopsis of Discoveries 

 Tractography analysed the pathways as they course through the thalamus and 

brainstem. More specifically, the internal capsule was subdivided into four parts 

along its long axis. The most external three parts are all occupied by cortico-pontine, 

-bulbar, -spinal projections with precise anatomical distributions. Moreover, the

fourth most internal part of the internal capsule is occupied by the motor pathways 

that ultimately project to the substantia nigra (striatonigral and corticonigral 

projections). In this way there is a topographical organisation of the descending fibre 

bundles at this level such that (a) the most external part is occupied by the fibres that 

will eventually constitute the cervical component of the pyramidal tract, (b) the 

intermediate part by fibres of the thoracic component and (c) the internal part by 

fibres of the lumbar and sacral components. In addition, all the above three external 

parts contain corticopontine and corticobulbar projections. Finally, (d) the most 

internal part of the internal capsule is occupied by fibres en route to the substantia 

nigra pars reticulata. As the fibre bundles which constitute the three most external 

parts of the internal capsule descend beyond the diencephalon, they shift and assume 

a ventrolateral position in the shape of curved lamellae which fan out in the 

pontomesencephalic junction (rhombomere 2 & 1) where pontine grey matter and 

transverse fibres of the pons afterwards alternate between these curved lamellae.  

Through the basilar pons, the lamellae descend in three groups of bundles 

(primary subdivisions; ventral, intermediate, dorsal) which can be further subdivided 

into nine distinct fibre bundles (secondary subdivisions) with a certain degree of 

interdigitations. All the subdivisions contain corticobulbar and corticospinal fibres 

within their medial parts, and corticopontine fibres within their most lateral and 
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external aspects, maintaining the same spatial distribution as in the crus cerebri. This 

study was the first to demonstrate such a topographic distribution. At each level, as 

the bundles descend caudally, the corticopontine fibres break off and bend to then 

synapse onto the pontine nuclei, which constitute the somata of origin of the 

transverse fibres of the pons. The ventral bundles in the basilar pons twist medially 

and are the cervical component of the pyramids; the intermediate bundles are found 

lateral to the cervical and are the thoracic component; similarly, the dorsal bundles 

twist laterally to the thoracic and are the lumbar and sacral components of the 

pyramid.  

A novel fibre bundle (herein named the Stria Pontis) anatomically described, 

and suggested to convey cortical information to the pontine tegmentum. The Stria 

Pontis is a collection of transverse fibre tracts along the midline of the pons, 

identified from the rostral (rhombomere 2) to the caudal pons (rhombomere 4). In 

addition, I have been able to identify its termination fibres coursing within 

approximately 500 μm of the motor trigeminal and abducens nuclei in the pontine 

tegmentum at caudal pontine levels, hence I presume that the Stria is the final 

segment of the corticotegmental pathway. All these descending pathways mapped in 

Chapter 3 were seen across four human specimens, and were contrasted with a less 

complex pattern in a single macaque specimen. 

Using the best quality and resolution obtained for specimen 1, Chapter 4 and 

5 visualised in 3D, for the first time, the exact topography of the pain pathways in the 

human brainstem and the output pathway of the cerebellum to the thalamus (the 

dentato-rubro-thalamic tract). The results were validated where possible by the FAC 

of three more human specimens and one macaque. Prior research using viral tracing 
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techniques in animals and neuronal electrophysiology combined with fMRI studies in 

humans, identified the pain pathways but their detailed topography remained largely 

elusive (Yang et al., 2009, Jang and Seo, 2015, Yen et al., 1991, McGovern et al., 

2015). I succeeded in tracing the spinothalamic and dorsal column – medial 

lemniscus pathways through the brainstem and thalamus, including defining the 

trigeminal nerve, sp5, vtt and dtt within the brainstem as they project towards the 

thalamus. In Chapter 5, I traced the dentato-rubro-thalamic tract from the caudal part 

of the scp to the VL nucleus of the thalamus. A couple of key points emerged in 

Chapter 5: the complexity of the superior cerebellar decussation has been revealed, 

for the first time, using higher order models such as the tensor glyphs, and 

tractography identified the part of the red nucleus that receives the cerebello-rubral 

projection which is in alignment with viral tracing studies. I detected both an 

ipsilateral and contralateral drt projection, nevertheless, I was unable to evaluate the 

precise percentage of an ipsilateral versus a contralateral drt, although the majority of 

the fibres decussate centrally whereas the minority ascend laterally through the 

midbrain. 

6.2      Complex mathematical algorithms and sophisticated higher order techniques 

promote modernised fibre tracking  

 In Chapter 2, I provided a set of stepwise instructions for fibre tracking using 

deterministic tractography, FAC, and tensor glyphs. Although much trial and error 

and optimising is needed, the resolution of the MRI data enabled us to verify the 

tracts directly, something that cannot be applied to this extent in vivo MRI studies. In 
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addition, this work highlights the significance and validity of ex vivo ultra-high field 

MRI and sophisticated post-processing techniques such as high angular resolution 

diffusion imaging (HARDI) deterministic tractography which can be used as an 

investigative tool in connectomics (Boukadi et al., 2019, Wang et al., 2012, Van 

Essen et al., 2013). However, to date HARDI scheme in ex vivo specimens at 

microscopic resolution is performed in very few centres across the world and only 

now its major exploitation will reverberate in medicine. Just to mention an example, 

the number of the MRI scanners operating at 7T only now exceeds 70 around the 

world (Clarke et al., 2020). Tractography, based on diffusion tensor imaging (DTI), 

is a technique with great potential to indicate and highlight the in vivo integrity of 

white matter tracts and for this reason it is widely used for neurosurgical planning 

(Essayed et al., 2017, Panesar et al., 2019, Zoli et al., 2021, Shukla et al., 2017, 

Henderson et al., 2020). Moreover, tractography offers the ex vivo investigation of 

the pathways within the brain (Ellingson et al., 2008), also demonstrated herein, 

which can be used as an explorative tool to identify the patterning and integrity of 

brain fibre bundles. This has been accomplished since the advent of ultra-high-field 

MRI scanners and more detailed MRI post-processing, thus permitting us to achieve 

a resolution (50 μm for the human GRE and 25 μm for the macaque) that gradually 

approaches that of histology (1 μm; Yilmazer-Hanke et al. (2020)). Deterministic 

tractography allowed us to use a “deterministic” approach to investigate the brain 

pathways (Tan et al., 2015), the anatomical GRE permitted us to show the 

relationship of these pathways with the adjacent nuclei and most particularly we were 

able to shed light within the same pathways by exploiting the FAC at 200 μm and 

higher order techniques such as the tensor glyphs (for example, the topography 
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within the basilar pons, also within the descending bundles, xscp, red nucleus and so 

on).  

Regarding the overarching hypothesis of this work, I conclude from the 

results reported herein, that there is indeed a further organisation and topography 

within the pathways through the brainstem and thalamus beyond that previously 

appreciated. The current work attests to the fact that as we develop sophisticated 

techniques, the more we will shed light on the structural and functional organisation 

of the brain.  

6.3       Implications of the work 

My overarching aim of the present studies was not only to verify previous 

studies nor was it to create new scientific theories but it was descriptive anatomy. I 

wanted to provide insights into the anatomy of the above pathways in humans, using 

some of the highest resolution data available (see table 1 in Ch 1). This work could 

significantly contribute to creating new knowledge and may consolidate diffusion 

imaging even more as a significant tool for basic brain research (Morita et al., 2016). 

Furthermore, this is applied science and can be clinically used to aid neurosurgery 

and stereotactic radiotherapy (Wang et al., 2019). For example, the motor pathways 

described in Chapter 3 can be disrupted in cases of pontine gliomas (Janjua et al., 

2020), ischemic pathology (Calabrò et al., 2009), vasculitis (Razek et al., 2014), 

traumatic brainstem injury (Al-Sarraj et al., 2012), abscesses (Sclar et al., 2007) and 

finally central pontine myelinolysis (Martin, 2004); the pain and sensory pathways in 

Chapter 4 disrupted in lesions such as ectatic vessels (Savitz et al., 2006) or multiple 
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sclerosis (Skorić et al., 2014), infections (Hall, 1993), atherosclerotic disease (Feng 

et al., 2013) and most particularly in trigeminal neuralgia (Hughes et al., 2016), while 

the dentato-rubro-thalamic tract disrupted in essential tremor (Schlaier et al., 2015) 

and multiple sclerosis (Torres et al., 2010). I hope this work can provide a detailed 

map which includes the identification of anatomical landmarks in order to be used for 

invasive and non-invasive therapeutic techniques. In the immediate term, clinicians 

could be able to more accurately diagnose neurological upper or lower limb 

impairments associated with a tumour in the ventral or dorsal basilar pons 

respectively (Cavalheiro et al., 2015), and enabling a more targeted therapy 

(antiedema treatment, key-hole neurosurgery, gamma knife stereotactic radiotherapy, 

targeted therapy based on molecular biological markers) at the most precise level 

with minimal damage to adjacent nuclei and bundles (Shcherbenko, 2015). 

6.4       Future Perspectives 

I see this work progressing in a number of different ways. Firstly, the FAC 

volumetric dataset from the Center for In Vivo Microscopy, my tractography scripts 

and my maps can be incorporated into a database so surgeons and oncologists could 

overlay my subdivisions on their lower resolution clinical MRI of their patient brain, 

and thereby guide neurosurgery or deliver radiotherapy. Secondly, we may extend 

the research on the Stria Pontis by using electrophysiology in rodent brain and fMRI 

in humans to further validate, if possible, the function or implications for cranial 

nerve output. In addition, Golgi staining could be used to identify and follow each 

axon from the soma which is placed in the basilar pons and projects towards the 
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midline and further to the pontine tegmentum. This is a particular and time-

consuming technique because Golgi staining allows the identification of a relatively 

small percentage of cells, and the selection process remains elusive (Di Cristo and 

Chattopadhyaya, 2020). Moreover, polarized light microscopy in humans, CLARITY 

technique, and recombinant viral tracing in non-human primates could be used as 

further investigative tools (Oldenbourg, 2013, Zhang et al., 2018a, Nectow and 

Nestler, 2020). Finally, the development of stronger magnetic fields and more 

sophisticated data post-processing will yield higher resolution images to affirm the 

topography within the descending bundles (corticopontine vs cortico-bulbar, -spinal 

tracts), and the origin and termination of the Stria Pontis. 

6.5       Final Comment 

Technologies that probe neural circuitry herald the golden age of brain 

science. Prior to the advent of superconducting magnets, visual examination of brain 

connections by expert neuroanatomists was limited to shades of grey and in two 

dimensions. By comparison, my work could set the threshold for a high quality three-

dimensional colourful novel brain exploration in a way that brain mapping will take 

on a new dimension. In the long term, the development of more powerful magnetic 

fields capable of generating higher resolution images and increasingly sophisticated 

data post-processing will bring about a deeper insight for researchers and clinicians 

to fathom the pathways in the brain. 
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“The brain is a world consisting of a number of unexplored continents and great 

stretches of unknown territory”. Santiago Ramon y Cajal (1852-1934) 

“Since the initial suggestion by Lauterbur (Nature, 1973) that the technique of 

nuclear magnetic resonance could be used to produce images of intact biological 

materials”, the first researcher to bring this vision to practice was Dr. G. Allan 

Johnson.  
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MRI/DTI template - Preview and Description: 

Fig. 1. Fractional Anisotropy (FA) - Transverse section, human specimen 1. 
DTI contrast at 200 μm resolution, showing the medulla at the same level as the 
GRE in Fig. 2.1. Arrows: sp5, Arrowheads: spth 
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Fig. 2. Fractional Anisotropy (FA) – Sagittal section, human specimen 1, at 
the level of the brainstem and thalamus. Arrow: sp5, Arrowheads: spth 
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Fig. 3. Fractional Anisotropy (FA) - Coronal section, human specimen 1, 
at the level of the brainstem and thalamus. Arrows: sp5, Arrowhead: spth. 
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Fig. 4. Axial Diffusivity (AD) - Transverse section, human specimen 1. DTI 
contrast at 200 μm resolution of the medulla at the same level as the above DTI 
contrasts (e.i., compare with FA in Fig. 1). Arrows: sp5, Arrowheads: spth. 
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Fig. 5. Axial Diffusivity (AD) - Coronal section, human specimen 1, at the level 
of the brainstem and thalamus. Arrow: sp5 
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Fig. 6. Axial diffusivity (AD) - Sagittal section, human specimen 1, at the level 
of the brainstem and thalamus. Arrows: sp5, Arrowhead: spth. 
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Fig. 7. Mean Diffusivity (MD) - Transverse section, human specimen 1. DTI 
contrast at 200 μm resolution, showing the medulla at the same level as the other 
DTI contrasts (i.e., compare Figs 1 and 4). Arrows: sp5, Arrowheads: spth 
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Fig. 8. Mean diffusivity (MD) - Coronal section, human specimen 1 showing 
the brainstem and thalamus. Arrow: sp5 
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Fig. 9. Mean Diffusivity (MD) - Sagittal section, human specimen 1 of the 
brainstem and thalamus. Arrows: sp5, Arrowhead: spth. 
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Fig. 10. Radial Diffusivity (RD) - Transverse section, human specimen 1. DTI 
contrast at 200 μm resolution, showing the medulla at the same level as the other 
DTI contrasts (i.e., compare Figs. 1, 4, 7). Arrows: sp5, Arrowheads: spth 
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Fig. 11. Radial Diffusivity (RD) - Coronal section, human specimen 1 of the 
brainstem and thalamus. Arrow: sp5 
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Fig. 12. Radial Diffusivity (RD) - Sagittal section, human specimen 1 of the 
brainstem and thalamus. Arrows: sp5, Arrowhead: spth        
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Fig. 13. Transverse FAC sections from the level of the pyramidal decussation 

in the medulla oblongata (panel a) until the ventral tier of the thalamus (panel 

l). Each section is derived from the same specimen (human specimen 2). 

Compare with the higher quality GRE and FAC images from human specimen 1 

(Figs in Ch 4 and 5), used as background for 3D tractography throughout the 

brainstem and thalamus. The location of the gr, cu, spth and their relationship 

with adjacent structures are indicated. The sp5, and the components of its 

nucleus (oralis, interpolaris, and caudalis) can be followed through their course, 

and the tth can be traced from mid pontine levels until the VPM. In addition, the 

FAC shows the course and configuration of the scp, xscp, and the ct that 

surrounds the red nucleus like a “penumbra” (arrows in j and k; blue signature 

on the FAC) to project within the ventral thalamus. Red, blue, and green 

represent anisotropy along medial-lateral, rostral-caudal, and ventral-dorsal 

orientation, respectively. Abbreviations: tth: trigeminothalamic tract, spth: 

spinothalamic tract, 5n: trigeminal nerve, sp5: spinal trigeminal tract, ml: 

medial lemniscus, xml: sensory decussation, ia: internal arcuate fibres, pyx: 

pyramidal decussation, CC: central canal, Sp5C,1,2,3/4: spinal trigeminal 

nucleus, caudal part, laminae one to four, Cu: cuneate nucleus, cu: cuneate 

fasciculus, Gr: gracile nucleus, py: pyramidal tract, lcs: lateral corticospinal 

tract, Sp5C: spinal trigeminal nucleus, caudal part, icp: inferior cerebellar 

peduncle, vsc: ventral spinocerebellar tract, dsc: dorsal spinocerebellar tract, 

rs: rubrospinal tract, scp: superior cerebellar peduncle, xscp: decussation of the 

superior cerebellar peduncle, mcp: middle cerebellar peduncle, Cb: cerebellum, 

ct: cerebellothalamic tract,  
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 MVe: medial vestibular nucleus, SpVe: spinal vestibular nucleus, ECu: 

external cuneate nucleus, SolI: solitary nucleus, interstitial part, Sp5I: 

spinal trigeminal nucleus, interpolar part, ts: tectospinal tract, IOPr: 

inferior olive, principal nucleus, 3V: third ventricle, 4V: fourth ventricle, 

oc: olivocerebellar tract, Sp5O: spinal trigeminal nucleus, oral part, lfp: 

longitudinal fibres of the pons, tfp: transverse fibres of the pons, Pn: 

pontine nuclei, PCRt: parvicellular reticular nucleus, IRt: intermediate 

reticular nucleus, LRt: lateral reticular nucleus, LPGi: lateral 

paragigantocellular nucleus, ami: amiculum, ctg: central tegmental tract, 

Ar: arcuate nucleus, SNR: substantia nigra, pars reticulata, ll: lateral 

lemniscus, SC: superior colliculus, Aq: cerebral aqueduct, R: red nucleus, 

RPC: red nucleus, parvicellular part, STh: subthalamic nucleus of Luys, 

MB: mammillary bodies, 3n: third nerve, f: fornix. 
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Fig. 14. Transverse and the corresponding intersecting coronal and sagittal planes in 

the 2nd human specimen, displayed with FAC. The point at which the line intersections 

are visualised, the FAC reveals the VL located medial to the ic. In a (transverse), b 

(coronal) and c (sagittal) planes. Note in (b) the course of the drt from the xscp through 

the red nucleus and its ascent antidromically (compared to the bundles that form the ic) to 

the thalamus (see arrows in b). In (c) the FAC shows a sagittal section of the thalamus and 

the corresponding location of the VL at the point where the intersecting lines can be seen. 

Red, blue, and green on the FAC maps represent anisotropy along medial-lateral, rostral-

caudal, and ventral-dorsal orientations, respectively. Abbreviations: 3V: third ventricle, 

Thal: thalamus, ct: cerebellothalamic tract, opt: optic tract, ac: anterior commissure, cp: 

cerebral peduncle, VL: ventral lateral nucleus of the thalamus, VPM: ventral 

posteromedial nucleus of the thalamus, SN: substantia nigra, ic: internal capsule, R: red 

nucleus, drt: dentato-rubro-thalamic tract, xscp: decussation of the superior cerebellar 

peduncle, mcp: middle cerebellar peduncle, Cb: cerebellum, pyx: decussation of the 

pyramidal tract, SC: superior colliculus, IC: inferior colliculus, ml: medial lemniscus, lfp: 

longitudinal fibres of the pons, tfp: transverse fibres of the pons, IOPr: inferior olive, 

principal nucleus, ac: anterior commissure. 
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 Fig. 15. Transverse sections from the level of the IOPr in the medulla 

oblongata (panel a) until the midbrain (panel i). Each section is derived from 

the same specimen (human specimen 3). Compare with the high quality GRE 

and FAC images from human specimen 1 (Figs in Ch 4 and 5). The precise 

location of the spth and its relationship with adjacent structures can be 

visualised on the FAC. In addition, the sp5, and the two components of its 

nucleus (Sp5 oralis, and interpolaris) can be followed throughout their course. 

Moreover, the tth can be traced from mid pontine levels until the midbrain 

behind the red nucleus. The caudal medulla and midbrain can be clearly seen on 

the images are damaged, limiting the ability to follow fibre tracts with 

tractography. However, this FAC is still informative enough to broadly confirm 

the gross anatomical findings from human specimen 1. On the FAC maps red, 

blue, and green represent anisotropy along medial-lateral, rostral-caudal, and 

ventral-dorsal orientations, respectively. Abbreviations: tth: trigeminothalamic 

tract, spth: spinothalamic tract, 5n: trigeminal nerve, sp5: spinal trigeminal 

tract, ml: medial lemniscus, xml: sensory decussation, ia: internal arcuate 

fibres, pyx: pyramidal decussation, Cu: cuneate nucleus, cu: cuneate fasciculus, 

Gr: gracile nucleus, py: pyramidal tract, icp: inferior cerebellar peduncle, scp: 

superior cerebellar peduncle, mtg: mammillotegmental tract, mlf: medial 

longitudinal fasciculus, xscp: decussation of the superior cerebellar peduncle, 

mcp: middle cerebellar peduncle, MVe: medial vestibular nucleus, SpVe: spinal 

vestibular nucleus, ECu: external cuneate nucleus, SolI: solitary nucleus, 

interstitial part, Sp5I: spinal trigeminal nucleus, interpolar part, ts: tectospinal 

tract, IOPr: inferior olive, principal nucleus, 4V: fourth ventricle, oc: 

olivocerebellar tract, Sp5O: spinal trigeminal nucleus, oral part, lfp: 

longitudinal fibres of the pons, tfp: transverse fibres of the pons, Pn: pontine 

nuclei, PCRt: parvicellular reticular nucleus, IRt: intermediate reticular 

nucleus, LRt: lateral reticular nucleus, LPGi: lateral paragigantocellular 

nucleus, ami: amiculum, ctg: central tegmental tract, SNR: substantia nigra, 

pars reticulata, ll: lateral lemniscus, Aq: cerebral aqueduct, R: red nucleus. 
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  Fig. 16. Transverse sections from the level of the IOPr in the medulla 

oblongata (panel a) until the midbrain (panel i). This FAC dataset from human 

specimen 4 is also not of sufficient quality to allow fibre tracking with 

tractography, but the FAC from the rostral medulla until the rostral pons does 

support the gross anatomical conclusions from human specimen 1 reported in 

Chapters 4 and 5. The location of the spth and its relationship with adjacent 

structures can be visualised of the FAC. The ml can be followed from the rostral 

medulla behind the pyramid, until the midbrain where it twists to further ascend. 

In addition, the sp5, and the two components of its nucleus (Sp5 oralis, and 

interpolaris) can be followed throughout their course. Moreover, the tth can be 

followed from mid pontine levels until the midbrain. The poor quality of the 

caudal medulla and midbrain may result from blood clots. On the FAC maps red, 

blue, and green represent anisotropy along medial-lateral, rostral-caudal, and 

ventral-dorsal orientations, respectively. Abbreviations: tth: trigeminothalamic 

tract, spth: spinothalamic tract, 5n: trigeminal nerve, sp5: spinal trigeminal 

tract, ml: medial lemniscus, Cu: cuneate nucleus, cu: cuneate fasciculus, Gr: 

gracile nucleus, py: pyramidal tract, icp: inferior cerebellar peduncle, scp: 

superior cerebellar peduncle, xscp: decussation of the superior cerebellar 

peduncle, mcp: middle cerebellar peduncle, mtg: mammillotegmental tract, mlf: 

medial longitudinal fasciculus, MVe: medial vestibular nucleus, SpVe: spinal 

vestibular nucleus, ECu: external cuneate nucleus, SolI: solitary nucleus, 

interstitial part, Sp5I: spinal trigeminal nucleus, interpolar part, ts: tectospinal 

tract, IOPr: inferior olive, principal nucleus, 4V: fourth ventricle, oc: 

olivocerebellar tract, Sp5O: spinal trigeminal nucleus, oral part, lfp: 

longitudinal fibres of the pons, tfp: transverse fibres of the pons, PCRt: 

parvicellular reticular nucleus, IRt: intermediate reticular nucleus, LRt: lateral 

reticular nucleus, ctg: central tegmental tract, ll: lateral lemniscus, R: red 

nucleus. 
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Fig. 17. Transverse sections at 100 μm isotropic resolution from the level of 

the pyramidal decussation (panel a) until the ventral tier of the thalamus 

(panel l). Sections derive from the same primate (macaque) specimen and 

displayed as FAC with red, blue, and green representing anisotropy along 

medial-lateral, rostral-caudal, and ventral-dorsal orientations, respectively. The 

FAC shows and confirms the relationship between the ascending sensory tracts 

such as the gr, cu, and the spth (panels a, b), as well as the descending sp5 

(panels e - a) and its configuration that surrounds the Sp5 nucleus like a 

crescent (blue in FAC, see panels b, a). Finally, the ml, tth, scp, xscp and the 

course of the drt from the midbrain through the red nucleus until the thalamus 

are highlighted on the FAC maps. Abbreviations: tth: trigeminothalamic tract, 

spth: spinothalamic tract, 5n: trigeminal nerve, sp5: spinal trigeminal tract, ml: 

medial lemniscus, xml: sensory decussation, pyx: pyramidal decussation, CC: 

central canal, Sp5C,1,2,3/4: spinal trigeminal nucleus, caudal part, laminae one 

to four, Cu: cuneate nucleus, cu: cuneate fasciculus, Gr: gracile nucleus, py: 

pyramidal tract, vfu: ventral funiculus, MdD: medullary reticular nucleus, 

dorsal part, MdV: medullary reticular nucleus, ventral part, Sp5C: spinal 

trigeminal nucleus, caudal part, icp: inferior cerebellar peduncle, scp: superior 

cerebellar peduncle, xscp: decussation of the superior cerebellar peduncle, mcp: 

middle cerebellar peduncle, ct: cerebellothalamic tract, MVe: medial vestibular 

nucleus, SpVe: spinal vestibular nucleus, ECu: external cuneate nucleus, Sol: 

solitary nucleus, Sp5I: spinal trigeminal nucleus, interpolar part, ts: tectospinal 

tract, IOPr: inferior olive, principal nucleus, 3V: third ventricle, 4V: fourth 

ventricle, oc: olivocerebellar tract, Sp5O: spinal trigeminal nucleus, oral part, 

lfp: longitudinal fibres of the pons, tfp: transverse fibres of the pons, PCRt: 

parvicellular reticular nucleus, IRt: intermediate reticular nucleus, LRt: lateral 

reticular nucleus, LPGi: lateral paragigantocellular nucleus, ami: amiculum, 

ctg: central tegmental tract, SNR: substantia nigra, pars reticulata, ll: lateral 

lemniscus, SC: superior colliculus, Aq: cerebral aqueduct, R: red nucleus, STh: 

subthalamic nucleus of Luys,  
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MB: mammillary bodies, 3n: third nerve, f: fornix, Hy: hypothalamus, opt: optic 

tract, ct: cerebellothalamic tract, ac: anterior commissure, VPM: ventral 

posteromedial nucleus of the thalamus, VPL: ventral posterolateral nucleus of 

the thalamus, VL: ventral lateral nucleus of the thalamus, ic: internal capsule, 

bic: brachium of the inferior colliculus, DH: dorsal horn of the spinal cord, 

12N: hypoglossal nucleus, 10n: vagus nerve, Pr5: principal sensory trigeminal 

nucleus, 7n: facial nerve, 4N: trochlear nucleus, Pul: pulvinar, MG: medial 

geniculate nucleus, Thal: thalamus, fr: fasciculus retroflexus, Hb: habenula, 

AV: anteroventral nucleus of the thalamus, Rt: reticular nucleus, mlf: medial 

longitudinal fasciculus, tz: trapezoid body, PnC: pontine reticular nucleus, 

caudal part, H1: field H1 of Forel, ZI: zona incerta. 
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 Fig. 18. Transverse and the corresponding intersecting coronal and sagittal 

planes in the macaque. Sections all derive from the same macaque as in Fig. 17 

and displayed as FAC, with red, blue, and green representing anisotropy along 

medial-lateral, rostral-caudal, and ventral-dorsal orientations, respectively. The 

point at which the line intersections are visualised, the FAC reveals the rostral 

part of the ct through the ventral thalamus in a (transverse), b (coronal), and c 

(sagittal) planes. Note in (b) the course of the drt from the xscp through the red 

nucleus and how it ascends laterally (see arrows in b) to reach the thalamus. In 

(c) the FAC shows the course of the scp from caudal pontine levels until the

rostral pons. Abbreviations: 3V: third ventricle, Thal: thalamus, ct:

cerebellothalamic tract, STh: subthalamic nucleus of Luys, opt: optic tract, cp:

cerebral peduncle, Hy: hypothalamus, VL: ventral lateral nucleus of the

thalamus, SN: substantia nigra, ic: internal capsule, R: red nucleus, drt:

dentato-rubro-thalamic tract, xscp: decussation of the superior cerebellar

peduncle, 3n: third nerve, mcp: middle cerebellar peduncle, pyx: decussation of

the pyramidal tract, SC: superior colliculus, IC: inferior colliculus, ml: medial

lemniscus, lfp: longitudinal fibres of the pons, tfp: transverse fibres of the pons,

IOPr: inferior olive, principal nucleus, ac: anterior commissure.
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Fig. 19. Masks used for fibre tracking of the Pain pathways. See 

tractography in Ch 4, the seed masks here represent the point from which 

tractography commences to calculate the trajectory of a pathway under 

investigation towards the corresponding region of interest (ROI). The 

program uses an algorithm (Euler method) to produce fibre tracts after a 

number of iterations. I report an example of how the seed and ROI masks 

could be used for this novel way of fibre tracking. Abbreviations: vtt: 

ventral trigeminothalamic tract, dtt: dorsal trigeminothalamic tract, ml: 

medial lemniscus, spth: spinothalamic tract, 5n: trigeminal nerve, dcml: 

dorsal column – medial lemniscus pathway, ROI: region of interest. 
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Fig. 20. Descending fibre bundles masks. I report herein the seed mask at the 

level of the crus cerebri and the ROI mask at midpons. Both were used for the 

identification of the nine descending bundles.  
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Fig. 21. Seed and region of interest (ROI) masks for the identification of the 

dentato-rubro-thalamic tract (drt). I show the bilateral seed masks at the level of 

the scp and the ROI masks within the red nucleus.  
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Fig. 22. Graphical user interface of DSI Studio as seen in pane a, b, and 

c. Each panel represents a screen shot from the tractography software tool

for diffusion MRI analysis, showing how the seed masks were set for human

specimen 1. The main figure inset shows the diffusion images from which

the fibre tracts are calculated. With the inset to the left showing the

corresponding eigenvectors which overlap the FAC contrast. The insets to

the right show the tractography parameters. The three panels (a – c) show

the seed masks at the level of the crus cerebri. Note the ventral,

intermediate, and dorsal lamellae-like manually drawn seed masks that

highlight the organisation of the descending bundles.



 342 



 343 

Fig. 23. Overlap of different contrasts to achieve an accurate 3D 

visualisation of brain structures in 3D Slicer. Two different contrasts such as 

the GRE and FAC of human specimen 1 are shown. In panel a, the GRE is 

overlapped to the FAC. However, the FAC is not visualised. Panel b shows 

the 3D view of the brainstem and thalamus as computationally reconstructed 

by the transverse, sagittal, and coronal planes. In panel c the sagittal view of 

the FAC on the GRE is also shown, however, the GRE is not visualised. 

Finally, panel d shows the coronal view of the brainstem and thalamus at 50 

% visualisation for both the GRE and FAC. As an example, I have set an 

intersection point at the Stria Pontis at the level of the midpons, and this 

intersect can be seen in each contrast in transverse, sagittal, and coronal 

sections to enable the investigator to anatomically describe the landmarks of 

the pathway. Note the high level of alignment between the GRE and FAC. 
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Fig. 24. Corticofugal pathways as reported by DTI and tractography at 
1.25 x 1.25 x 1.25 mm3 voxel size. I report, herein, an example of 
tractography to be compared with the tractography in my current 
research. Note the corticospinal and corticofugal projections as revealed 
in the latest diffusion tensor tractography (published in late 2019). Also 
note the omission of anatomical information nor any subdivisions 
throughout the brainstem. Image taken from: https://doi.org/10.3390/
diagnostics9040155 
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Fig. 25. The medial lemniscus as reported by scanning multiple subjects at 

1.25 mm isotropic spatial resolution. By comparison with the medial 

lemniscus (ml) in Figs 4.1 – 4.7 in Ch 4 (200 μm isotropic resolution for the 

diffusion data – 50 μm isotropic resolution for the GRE background). The 

image above is from the Human Brain MRI Data and Connectome Atlas 

(published in 2018). Image taken from: http://brain.labsolver.org/ 
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Fig. 26. The drt and corticospinal tracts as reported by tractography at 2 X 2 X 2 

mm isotropic. In comparison to my tractography, I report an image regarding the 

dentato-rubro-thalamic (drt) and corticospinal tracts as depicted by an article 

published in 2016 whereby the authors tried to shed light on these complex tracts 

due to their clinical significance. Image taken from: 

https://doi.org/10.1186/s13104-016-2162-8 

https://doi.org/10.1186/s13104-016-2162-8
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Fig. 27. Subdivisions of the descending fibre bundles. In this figure, I report the 

subdivisions of the descending fibre bundles according to cardinal anatomical 

directions. Therefore, the descending bundles within the basilar pons 

(longitudinal fibres of the pons) are subdivided into three main groups of 

bundles; ventral, intermediate and dorsal (primary subdivisions; which are 

always stable). These bundles can be further subdivided into a total of nine 

bundles (four ventral, two intermediate, and three dorsal). This nomenclature 

reflects their lamellar shape and position from the crus cerebri and throughout 

the basilar pons. For example, the three most ventral descending bundles (v1 or 

ventral, alpha part; v2 or ventral, beta part; v3 or ventral, gamma part) are united 

in the crus cerebri and they divide as they descend caudalwards at the level of the 

midpons to reunite again medially including the forth bundle (v4 or ventral, 

dorsolateral part) as cervical pyramidal tract. Similarly, the two bundles that 

form the intermediate group (thoracic component of the pyramidal tract) are 

united in the crus cerebri and split in the rostral pons forming a ventrolateral (i1 

or intermediate, ventrolateral part) and a dorsomedial (i2 or intermediate, 

dorsomedial part) lamellae, and so on. 
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Fig. 28. Subdivisions of the transverse fibres of the pons. I report herein, the 

subdivisions of the transverse fibres of the pons as I named them in relation to the 

nine descending fibre bundles. Thus, the transverse fibres of the pons are 

subdivided in three primary groups which are anatomically and functionally 

related to the primary subdivisions of the descending bundles (ventral, 

intermediate, dorsal). The two transverse fibres located at the extremities of the 

basilar pons are always stable between the two sides of the brainstem and 

between the various specimens, therefore, I named them as ventral and dorsal 

arcuate respectively, which reflects the shape that these two bundles assume and 

resembles to an arch. Similarly, I inserted the prefix “para” to the rest of the 

bundles due to the fact that the transverse fibres are adjacent to the descending 

bundles. For example, the most ventral descending bundle v1 (in blue) sheds 

corticopontine fibres which innervate adjacent pontine grey matter, which in turn 

forms the ventral arcuate (tfp1) and the paraventral, alpha part, and so on. 

Therefore, the cortical information from one descending bundle courses through 

two transverse fibres of the pons. 
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Fig. 29. An example of how my subdivisions could be used in clinical practice. I 

report an example of how the map of the bundles through the pons (which 

constituted an uncharted territory) can be used for therapeutic purposes and most 

particularly for radiation therapy such as Gamma knife and minimally invasive 

approaches such as keyhole neurosurgery. For example, the above patient who 

presents a right pontine glioma (arrows) will gradually lose the function of the 

left lower limb. Only now will we be able to precisely treat through my 

subdivisions and maps, with minimal damage to adjacent bundles, this kind of 

cerebral lesions, so that the tumour and edema do not further spread onto the 

intermediate group of bundles with thoracic deterioration.  
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Fig. 30. Fractional coloured anisotropy (FAC) maps of the human brainstem 

and thalamus in coronal (a), (d), (g), sagittal (b), (e), (h), and transverse (c), 

(f), (i) sections. The 3D maps show the relationship between the fields H2 and 

H1 of Forel, the zona incerta, the subthalamic nucleus of Luys, and the 

mammillothalamic tract which could highlight the topography and guide more 

efficiently deep brain stimulation of structures such as the subthalamic nucleus 

and zona incerta for Parkinson’s disease (see anatomical descriptions on page 

144). This topography was particularly evident on human specimen 1 as shown 

bilaterally in (a), (d), and (g). On the FAC maps red, blue, and green represent 

anisotropy along medial-lateral, rostral-caudal, and ventral-dorsal orientations, 

respectively. Abbreviations: Thal: thalamus, 3V: third ventricle, mt: 

mammillothalamic tract, H1: Field H1 of Forel, ZI: zona incerta, H2: Field H2 

of Forel, STh: subthalamic nucleus of Luys, ic: internal capsule, cp: cerebral 

peduncle, tfp: transverse fibres of the pons, mcp: middle cerebellar peduncle, 5n: 

trigeminal nerve, IOPr: inferior olive, principal nucleus, ml: medial lemniscus, 

py: pyramidal tract, opt: optic tract, R: red nucleus, SN: substantia nigra, scp: 

superior cerebellar peduncle, lfp: longitudinal fibres of the pons, f: fornix. 
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 Fig. 31. GRE (gradient recalled echo) sequence at 25 μm of isotropic 

resolution showing the coronal (a), sagittal (b), and transverse (c) sections of 

the brainstem and thalamus in the macaque. Brain mapping at its natural 3D 

space enables the investigator to identify and anatomically describe brain 

structures. The GRE at this microscopic resolution shows a clear distinction 

between fibre tracts such as the Stria Pontis (arrow heads) and other 

rostrocaudally and lateromedially oriented fibres (e.g. the fibres decussating 

within the xscp in panels a and b). The signal of the Stria Pontis in the GRE 

images appears as a continuous linear structure which expands like a wedge, 

at rostral pontine levels (this expansion seems peculiar to the macaque and 

was not seen in the four human specimens). Note that the boundaries of the 

Stria extend from rhombomere 2 to rhombomere 4 as highlighted by red 

arrows in (a). Abbreviations: ic: internal capsule, cp: cerebral peduncle, SN: 

substantia nigra, R: red nucleus, xscp: decussation of the superior cerebellar 

peduncle, mcp: middle cerebellar peduncle, pyx: decussation of the pyramidal 

tract, lfp: longitudinal fibres of the pons, tfp: transverse fibres of the pons, ac: 

anterior commissure, opt: optic tract, Thal: thalamus, VH: ventral horn of the 

spinal cord. 
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