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1. Introduction 

Deep brain stimulation (DBS) is a functional neurosurgical procedure used in 

otherwise therapy-resistant neurological or psychiatric conditions. By DBS, electrodes 

are implanted in specific brain regions through which the functioning of this area can be 

modulated with electrical impulses which are controlled by a pacemaker-like device 

implanted usually under the clavicula. The main advantage of DBS over the destructive 

methods such as ablation or resection is its reversibility, so the treatment can be stopped 

at any time in case of unwanted side effects as well as by ineffectiveness. DBS was first 

used to treat psychiatric conditions and to relieve pain. The first permanent therapeutic 

electrode implantation took place in 1948 and is attributed to Lawrence Pool, who 

stimulated the head of the caudate nucleus of a patient suffering from depression and 

anorexia nervosa for several weeks, which improved the patient's condition. The era of 

modern DBS began in the 1980s, when stimulation has been introduced to relieve 

essential and parkinsonian tremor. To date, DBS is approved by the Food and Drug 

Administration (FDA) and Conformité Européenne (CE) with the following indications 

and targets: essential tremor, subthalamic nucleus (STN) DBS in Parkinson's disease, 

globus pallidus stimulation in Parkinson's disease, dystonia and severe obsessive-

compulsive disorder (OCD). In 2010, DBS in intractable epilepsy also received CE-

approval. In addition to the aforementioned indications, clinical trials and animal studies 

are ongoing in many other pathologies such as therapy-resistant chronic pain, Alzheimer's 

disease and various severe psychiatric conditions. [1–3] 

Accurate anatomical knowledge of the targeted regions is essential for the safe and 

effective implantation of DBS electrodes. The aim of this thesis was to investigate and 

describe the topographical neuroanatomy of two brain areas significant for current or 

future DBS therapies: the subthalamus and the septum verum of the human brain. [Figure 

1] 

1.1.The human subthalamus 

The human subthalamus is a complex region in the diencephalic-mesencephalic 

junction playing a role among others in movement regulation. The currently accepted 

description of this area is based on Forel’s observations supplemented later by Dejerine. 
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[4, 5] Forel distinguished 3 layers composing this area. According to his original 

depiction, the most ventral layer is formed by the STN, the intermediate by the zona 

incerta, which continues laterally in the reticular nucleus of the thalamus, and the dorsal 

layer („dorsal medulla of the subthalamus”) which is very rich in myelinated fibers and 

since he regarded it the direct continuation of the mesencephalic tegmentum, he named it 

the H-field. (in German “Haubenfeld”, hence the “H”). The H-field is divided into two 

parts lateral to the mamillothalamic tract (MTT): into a less defined, dorsal layer, which 

is continuous with the most ventral fiber bundles of the thalamus (Field H1) and a more 

ventral, flat layer (Field H2) which spreads out dorsal and rostral to the STN and its fibers 

pierce almost perpendicularly the internal capsule dividing it into smaller fiber groups. 

The H2-field is continuous with the fibers corresponding to the ansa lenticularis at the 

medial edge of the internal capsule and rostrally with the substantia innominata. [4] 

According to the classical literature, the fibers passing through the subthalamic 

region consist mainly of pallidofugal fibers, which terminate in the thalamus 

(pallidothalamic fibers), in the STN (pallidosubthalamic fibers) and in the tegmentum of 

the mesencephalon (pallidotegmental fibers). Most of the pallidothalamic fibers run along 

the lenticular fasciculus (corresponding to Forel's field H2) and the ansa lenticularis, 

which merge in the prerubral area (corresponding to Forel's field H) from where they pass 

dorsolaterally to form - along with fibers from the superior cerebellar peduncle (SCP) and 

sensory afferents of the lemniscal system - the thalamic fasciculus (corresponding to 

Forel's field H1) and terminate in different parts of the thalamus. The ansa lenticularis 

runs on the basal surface of the pallidum, then curves around the cerebral peduncle to 

reach the subthalamic region. The fibers of the lenticular fasciculus, on the other hand, 

traverse the internal capsule, along with the pallidosubthalamic (and subthalamopallidal) 

fibers (i.e. the subthalamic fasciculus). [4–7] 

The subthalamus and its connections include several DBS targets, primarily with 

the indication of movement-, but also various psychiatric disorders. [8, 9] The STN is one 

of the most targeted structure, the stimulation of which has been approved by the FDA 

for the treatment of tremor mainly in Parkinson’s disease. [2] Since this nucleus is 

surrounded by numerous fiber bundles which could also be activated during stimulation, 

it is often not clearly understood exactly which fiber connections are responsible for the 

therapeutic or side effects. An important group of postoperative issues are 
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neuropsychiatric disturbances such as hypomania. [10] Based on their results obtained 

with deterministic diffusion tensor imaging (DTI) tractography, Coenen et al. suggested 

in their study that the background of this side effect may be the co-activation of the medial 

forebrain bundle (MFB) that courses in the close vicinity to the medial part of the STN. 

[11] 

1.2.The medial forebrain bundle 

The MFB is a group of fibers that connect the autonomic and limbic structures of 

the forebrain with the hypothalamus and the brainstem. [7] This fiber tract is well-

described in rodents for a long time, but the first description of its course in the human 

brain was published hardly more than a decade ago using deterministic DTI tractography. 

[11, 12] 

1.2.1. Classical definition of the medial forebrain bundle 

According to the classical description, the MFB is a central pathway of the limbic 

system, which consists of loosely arranged, particularly thin fibers running in a 

rostrocaudal direction through the lateral hypothalamus between the basal forebrain areas 

and the midbrain tegmentum and considered to be a part of the reward system. The fibers 

of the MFB connect the monoaminergic cell groups of the brainstem with the lateral 

hypothalamus, bed nucleus of stria terminalis (BNST), amygdala, the nucleus accumbens 

and several other brain areas, but it forms a discrete fiber bundle only in a few places. It 

is a well-developed connection in non-mammalian vertebrates but relatively small in 

humans. [6, 7] Although there are some schematic depictions about the course of the 

human MFB in the classical literature, it is important to emphasize that these are based 

on results originally inferred from animal studies. To date, no study in the literature has 

directly showed the course of the MFB in the human brain. 

1.2.2. Anatomical description of the medial forebrain bundle in humans 

Coenen et al. presented the first description of the human MFB with deterministic 

DTI-tractography. [11, 12] According to their findings, the human MFB is different from 

that described originally in rodents and consists of two branches. The infero-medial 
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branch (imMFB), which is equivalent to the rodent MFB, runs in a longitudinal direction 

along the lateral wall of the third ventricle and terminates in the lateral hypothalamus. A 

second, supero-lateral branch (slMFB) leaves the former fiber stream in the region of the 

ventral tegmental area (VTA) and runs more laterally, undercrosses the thalamus (hence 

courses through the subthalamic region) and then passes through the ventro-lateral part 

of the anterior limb of the internal capsule (ALIC) to reach the nucleus accumbens and 

the prefrontal cortex (PFC). [11, 12] Prior to the publication of Coenen et al., no 

description mentioned that the MFB would pass through the ALIC. However, since then, 

several diffusion-weighted magnetic resonance imaging (dMRI) fiber tracking studies 

have been published with similar results. [13–20] 

In the recent years, the definition of the human MFB has also been extended based 

on further investigations by tractography (“greater MFB system”) and characterized as a 

prominent fiber pathway that connects the VTA to an extensive area of the cerebral 

cortex, such as motor cortical areas and the cerebellum (“motorMFB”), in addition to its 

limbic parts consisting of the slMFB and imMFB. [21, 22] However, no anatomical study 

yet validated these findings obtained purely with tractography. 

1.2.3. Deep brain stimulation of the human medial forebrain bundle 

After that Coenen et al. suggested that the background of hypomanic symptoms 

may be the co-stimulation of the MFB [11], this fiber bundle rapidly became a promising 

DBS target primarily in therapy-resistant major depression (TRD) [13, 23–25] but also in 

OCD. [26] 

1.3. The human septum verum 

The septum telencephali is a midline forebrain region between the cerebral 

hemispheres. The anatomy and connections of the septal area have been extensively 

discussed in various animal species, but investigations related to the septum in humans 

are rather lacking. For a long time, the human septum was considered as a vestigial 

structure, to which no particular importance or function was attributed. Andy and Stephan 

aimed first the detailed description of this area and showed in their comparative 

histological study that this brain region is actually well-developed also in humans. [27] 
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They distinguished two parts of the human septum: the dorsal located septum pellucidum 

and the more ventrally laying septum verum. The septum pellucidum is a 

phylogenetically new formation, it can only be found in higher primates and humans as 

its development occurs due to the rapid growth of the corpus callosum. The septum verum 

contains most of the septal nuclei and corresponds to the septum of the lower animals. 

[27] Later on, only Horvath and Palkovits investigated the structure of the human septum 

in depth and created a topographical atlas about this region based on histological serial 

sections. [28] They distinguished a medial area containing the medial septal nucleus, the 

triangular nucleus and the nucleus of the diagonal band as well as a lateral area consisting 

of the dorsal and lateral septal nuclei. [28] 

Despite its relatively small size in the human brain, the septum is connected to many 

other areas, which reflects its role in complex operations. One of the most important 

connections of the septal region is the bidirectional septo-hippocampal pathway, which 

is carried out primarily via the precommissural fornix. However, the exact function of the 

septal region is still not fully understood. Our current knowledge is derived mainly from 

animal experiments and some early human studies which suggest that it is an essential 

part of the limbic system and has a key role in various behavioral and memory functions. 

[29–31] As a significant cholinergic center along with other basal forebrain nuclear 

groups, such as the nucleus basalis of Meynert and the diagonal band of Broca, the medial 

part of the septum forms an important organization with the hippocampus and plays a 

significant role in the generation of theta oscillations, the alteration or disturbance of 

which is a common observation in various pathological conditions. [32] 

Animal experiments proved the positive therapeutic effects of stimulation of the 

medial septum by restoring or imitating the physiological hippocampal oscillation. Based 

on these promising results, the medial septum was proposed as a possible target of DBS 

with the indications of treatment-resistant temporal lobe epilepsy [33], cognitive 

impairment after traumatic brain injury [34], Alzheimer’s disease [32], various 

psychiatric disorders [32], and chronic pain. [32] 
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Figure 1 – The positions of the two regions discussed in this thesis on the medial 

surface of the brain 

The white dashed line indicates the septum verum and the black dashed line the 

position of the subthalamic region. Figure legend: AC: anterior commissure; CC: 

corpus callosum; Ch: chiasma opticum, DSCP: decussation of the superior cerebellar 

peduncle; Fx: fornix; HA: habenula; HTh: hypothalamus; MB: mamillary body; MT: 

mesencephalic tectum; P: pons; SP: septum pellucidum; Th: thalamus. Compass: A: 

anterior; P: posterior 
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2. Objectives 

The aims of this thesis were as follows: 

Examination of the subthalamic region: 

− Accurate description of the topographical anatomy of the human subthalamic 

region and its connections promoting the efficiency and safety of future DBS 

therapies. 

− Investigation of the neuroanatomical causes of therapeutic or side effects 

occurring during DBS therapy of this region. 

− Elucidation of the neuroanatomy of the human MFB as a structure topographically 

closely related to this area according to the literature. 

Examination of the septal region (unpublished study): 

− Accurate description of the topographic anatomy and connections of the human 

septum verum as a potential future DBS target. 
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3. Methods 

The macroscopic and histologic studies in this thesis involved 24 formalin-fixed 

human brains. The cadavers were donated with educational and research purposes to the 

Department of Anatomy, Histology and Embryology of the Semmelweis University. The 

tractography studies involved 100 healthy subjects from the open-access Human 

Connectome Project (HCP) database. [35] 

3.1. Fiber dissections 

In the study of the subthalamic region 19, while for the investigation of the septal 

region 28 brain hemispheres were prepared and dissected according to the method of 

Klingler. [36] To facilitate the precise separation of the white matter fibers, a special in-

situ fixation method was used to prevent the deformation of the brains and preserve the 

original anatomical position of the structures. After cannulation of the internal carotid and 

vertebral arteries on both sides, the blood vessels were flushed with 0.9 % saline and 

perfused with 4% formalin solution. The brains were carefully removed after a maximum 

of 72 hours post-mortem time, then immersed in 4% formalin solution as usual for at least 

2 months. After the fixation process all brains were frozen in water at -30 °C for at least 

2 weeks, then thawed out at room temperature and cut in the mid-sagittal plane. The 

dissections were performed in medial to lateral direction under 7x magnification of a 

stereomicroscope (Wild Heerbrugg, Switzerland) and with the aid of microsurgical 

instruments and self-made bamboo sticks. Photos were taken after each step of the 

dissections using 50- and 100-mm macro-objectives mounted on a Canon EOS 5D Mark 

I body (Canon Inc., Japan). 

3.2. Histology 

To validate our findings obtained with fiber dissections, one additional hemisphere 

was prepared for histological examinations. A tissue block containing the area between 

the anterior edge of the caudate nucleus and the decussation of the SCP was made. The 

lateral borders of the block were the cut surface of the brain in the mid-sagittal plane 

medially and the lateral part of the putamen laterally. The block was then manually cut 

into approximately 0.5 mm thick slices in the coronal plane. All slices of the block were 
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then fixed in 4% buffered formalin solution for an additional week. After the fixation, 

dehydration and clearing processes, the slices were embedded in paraffin. 8 μm thick 

serial sections were made from the whole brain-block with 32 μm spaces between the 

slices and stained with silver impregnation of the neurofibrils according to the method of 

Krutsay. [37] This staining method makes the cytoskeletal elements of the neurons 

visible, thus the cytoplasm of the nerve cells as well as the axons and dendrites became 

observable on the sections making it possible to trace the fiber bundles even if they are 

not myelinated. By the evaluation of some of the histological sections, circular polarized 

light was used to increase the contrast between the individual fiber bundles. With this 

method, fiber bundles with different orientations appear in a darker or lighter color 

compared to each other, which makes it easier to separate them. 

During the fiber dissections of the septal region, 12 additional samples were 

removed randomly and stained with Luxol fast blue combined with Sirius red to validate 

the course of the dissected fibers. 

3.3. Tractography 

Beside the cadaveric investigations, the reconstruction of the human MFB was also 

aimed involving 100 healthy subjects (age between 26-35 years, 50 women, 50 men) of 

the HCP [35] using dMRI-tractography. Whole-brain tractographies were performed by 

means of the open-source MRtrix3 software package (version 3.0.3) [38] using two 

reconstruction algorithms: probabilistic DTI and Multi-Shell Multi-Tissue Constrained 

Spherical Deconvolution (MSMT-CSD). [38–41] A total of 1 million streamlines were 

reconstructed with both methods in all of the cases using grey matter/white matter 

interface seeding (based on co-registered T1-weighted images, see Figure 2) and 5 

different cutoff values for both methods (0.2, 0.23, 0.25, 0.27 and 0.3 fractional 

anisotropy levels (FA) for DTI and 0.07, 0.1, 0.13, 0.15 and 0.17 fiber orientation 

distribution (FOD) thresholds for MSMT-CSD). All other parameters such as step size, 

angle threshold and minimal/maximal fiber length were left as default. [see 38–41] 



13 

 

Figure 2 – Region of interest on an axial T1-weighted magnetic resonance (MR) 

image using grey matter/white matter interface seeding  

Using co-registered structural T1-weighted MR-images, the automatically segmented 

border between grey and white matter was used as seed region (orange) to obtain 

whole-brain tractograms. 

The slMFB was isolated from the whole-brain tractogram using a 5x5x5 mm3 cubic 

region of interest (ROI) between the red nucleus and the MTT according to Coenen et al. 

[12] as well as a ROI in the ALIC placed in the coronal plane at the level of the anterior 

commissure. To determine the proportion of streamlines corresponding to the slMFB in 

the ALIC, also the streamlines passing through the ALIC were separately isolated using 

the same ROI as in the first step. All ROIs were manually defined to ensure their correct 

anatomical position in each cases. [Figure 3] 
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Figure 3 – Region of interests (ROI) used for track-selection of the 

superolateral branch of the medial forebrain bundle (slMFB) from the whole-

brain tractogram [42] 

Panel A: ROIs placed both sides in the anterior limb of the internal capsule in the 

coronal plane at the level of the anterior commissure. Panel B-D: ROIs defined 

according to Coenen et al. [12] to the streamline selection of the slMFB from the 

whole-brain tractogram in the coronal (B), axial (C) and sagittal (D) planes. Figure 

legend: AC: anterior commissure; CC: corpus callosum; CN: caudate nucleus; Fx: 

fornix; GPe: globus pallidus externus; MB: mamillary body; MTT: mamillothalamic 

tract; PU: putamen; RN: red nucleus; SN: substantia nigra; STN: subthalamic 

nucleus; Th: thalamus 

3.4. Individual contributions 

The fiber dissections of the subthalamic region, the histological examinations and 

the tractographies are work of Cintia Mészáros. The fiber dissections of the septum verum 

are attributed to László Bárány. 
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4. Results 

4.1. Subthalamic region 

At the beginning of the dissections, the hypothalamic sulcus coursing on the lateral 

wall of the third ventricle between the thalamus and the hypothalamus served as a good 

landmark. The first step of the dissections was the careful removal of the thalamus and 

the medial part of the hypothalamus, the lateral border of the latter being marked by the 

column of the fornix and the MTT. The exact boundaries of the subthalamic region were 

difficult to define from most directions. Its medial border was continuous with the lateral 

and posterior hypothalamus, while its posterior border with the tegmentum of the 

mesencephalon. There was no apparent border visible towards the thalamus either. 

However, its anterior and lateral boundaries were clearly defined by the internal capsule 

and inferiorly by the transition zone between the crus cerebri and the internal capsule. 

 The fiber bundle of the MFB visualized and described using tractography [11, 12] 

was absent in all 19 examined brain hemispheres (100 %) using fiber dissection. 

4.1.1. The red nucleus and the fasciculus retroflexus 

Due to its fibrous capsule, the red nucleus was relatively well separable from the 

surrounding structures. Under the most superficial layer of its capsule, the fasciculus 

retroflexus (habenulointerpeduncular tract) could be identified on its medial surface. This 

well-defined fiber tract connected the inferior portion of the habenula with the 

interpeduncular region. The capsule of the red nucleus was predominantly composed of 

cerebellar fibers, but other fibers from the brainstem also participated in its creation. Most 

fibers of the nucleus itself and of its capsule ran toward the thalamus composing a part of 

the thalamic fasciculus. [Figures 4 and 7] 
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Figure 4 – Fiber bundles after removing the most superficial fibers of the 

brainstem and the pulvinar of the thalamus. 

The initial section of the fasciculus retroflexus inferior to the habenula served as a 

good orientation point. The distal part of this fiber bundle was covered by the most 

superficial layer of the capsule of the red nucleus, which consisted of fibers originating 

from the brainstem. Figure legend: III: oculomotor nerve; AC: anterior commissure; 

AL: ansa lenticularis; ALIC: anterior limb of the internal capsule; CC: corpus 

callosum; DSCP: decussation of the superior cerebellar peduncle; FR: fasciculus 

retroflexus; HA: habenula; IML: internal medullary lamina of the thalamus; LF: 

lenticular fasciculus; MT: mesencephalic tectum; P: pons; RN: red nucleus. 

Compass: A: anterior; P: posterior 

4.1.2. The ansa lenticularis 

The ansa lenticularis was recognized as a bundle curving around the cerebral 

peduncle and running directly lateral to the MTT and the column of the fornix in the 

lateral hypothalamus. The majority of its fibers originated in the area inferomedial to the 

red nucleus and anterior to the decussation of the SCP and approached, even intermingled 

with the fibers of the oculomotor nerve. Rostrally, the fibers of the ansa lenticularis 

reached the globus pallidus, the ventral pallidum and the substantia innominata. [Figures 

4-8] 
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Figure 5 – The relationship of the ansa lenticularis to the oculomotor nerve and 

the subthalamic nucleus [42] 

Most fibers of the ansa lenticularis originated from the area anterior to the decussation 

of the superior cerebellar peduncle and inferomedial to the red nucleus. The close 

relationship between the ansa lenticularis and the oculomotor nerve is well visible. 

Figure legend: III: oculomotor nerve; AC: anterior commissure; AL: ansa 

lenticularis; ALIC: anterior limb of the internal capsule; CC: corpus callosum;; P: 

pons; STN: subthalamic nucleus. Compass: A: anterior; P: posterior 
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Figure 6 – The course of the ansa lenticularis from an inferomedial aspect [42] 

The topographical relationship between the mamillothalamic tract and the ansa 

lenticularis is well visible. Black arrowhead marks the thin fibers leaving the ansa 

lenticularis and coursing towards the ventral pallidum and the substantia innominata 

from the mesencephalon. Figure legend: AC: anterior commissure; AL: ansa 

lenticularis; ALIC: anterior limb of the internal capsule; CC: corpus callosum; CN: 

caudate nucleus; CP: cerebral peduncle; IThA: interthalamic adhesion, MTT: 

mamillothalamic tract; OT: optic tract; P: pons; SI: substantia innominata; VP: 

ventral pallidum. Compass: A: anterior; L: lateral; M: medial; P: posterior 

4.1.3. The lenticular fasciculus 

The lenticular fasciculus appeared macroscopically as a sheet-like white matter 

covering the STN and rostral to it the fibers of the internal capsule. It was made up of 

several thin layers consisting of fibers that traversed the internal capsule to reach the 

subthalamic region. These fibers initially coursed medially, then made a sharp turn 

laterally to participate in the formation of the thalamic fasciculus. The medial edge of the 

lenticular fasciculus directly adjoined the ansa lenticularis and no apparent border could 

be defined between them until that point where the ansa lenticularis turned around the 
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cerebral peduncle. The most medial fibers running in the immediate vicinity of the ansa 

lenticularis were in relationship with the medial lemniscus. [Figures 4, 7-9] 

Figure 7 – Fiber systems of the subthalamic region from a medial point of view 

after removal of the thalamus, the red nucleus, the decussation of the superior 

cerebellar peduncle and most of the brainstem fibers. [42] 

Black arrowheads mark the thin fiber bundles connecting the ansa lenticularis and the 

lenticular fasciculus to the medial lemniscus running lateral to the red nucleus (already 

removed). It is well observable that no apparent border can be defined between the 

ansa lenticularis and the lenticular fasciculus. Black arrows mark the tear line of the 

most dorsal layers of the lenticular fasciculus just before they pierce the internal 

capsule. Figure legend: III: oculomotor nerve; AC: anterior commissure; AL: ansa 

lenticularis; ALIC: anterior limb of the internal capsule; BIC: brachium of the 

inferior colliculus; CC: corpus callosum; FR: fasciculus retroflexus; HA: habenula; 

LF: lenticular fasciculus; ML: medial lemniscus; MT: mesencephalic tectum; P: 

pons; ThF: thalamic fasciculus. Compass: A: anterior; P: posterior 
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Figure 8 – Histological section in the coronal plane at the level of the 

interthalamic adhesion showing the relationship of the ansa lenticularis to the 

mamillothalamic tract and the lenticular fasciculus. [42] 

The use of circular polarized light allowed the separation of the ansa lenticularis and 

the lenticular fasciculus due to their different fiber orientations. The predominantly 

cross-sectioned ansa lenticularis appears as a darker, while the mainly longitudinal 

and oblique fibers of the lenticular fasciculus as a brighter layer. The white 

arrowheads show fiber bundles of the lenticular fasciculus penetrating the internal 

capsule. Original magnification 4x, stained with neurofibril silver impregnation. The 

left side of the figure corresponds to the medial direction. Figure legend: AL: ansa 

lenticularis; HThS: hypothalamic sulcus; IThA: interthalamic adhesion; LF: 

lenticular fasciculus; mHTh: medial hypothalamus; MTT: mamillothalamic tract; Th: 

thalamus  
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Figure 9 – Coronal section through the rostral part of the red nucleus [42] 

The black arrowheads indicate cross-sections of thin fiber bundles connecting the ansa 

lenticularis and the lenticular fasciculus to the medial lemniscus running on the 

dorsomedial surface of the subthalamic nucleus (STN) and inferolateral to the red 

nucleus (see macroscopically in Figure 7). Using circular polarized light, the lenticular 

fasciculus appears as a bright layer dorsal and lateral to these bundles. The ambiguous 

medial border of the STN is also well observable. The left side of the figure 

corresponds to the medial direction. Original magnification 4x, stained with 

neurofibril silver impregnation. Figure legend: AL: ansa lenticularis; CRT: cerebello-

rubro-thalamic fibers; LF: lenticular fasciculus; RN: red nucleus; SNc: pars 

compacta of the substantia nigra; SNr: pars reticularis of the substantia nigra; STN: 

subthalamic nucleus 

4.1.4. The thalamic fasciculus 

The thalamic fasciculus was identified as a less defined bundle consisting mainly 

of bilateral cerebellar fibers as well as fibers from the lenticular fasciculus. It coursed 

lateral to the red nucleus and the fasciculus retroflexus before it entered the thalamus. 

Some fibers of the lemniscal system also joined it from the posterior direction. [Figure 

7] 

  

RN 

STN 

CRT 

SNc 

SNr 

LF 

AL 

1 mm 



22 

 

4.1.5. The subthalamic nucleus 

The STN appeared as a lens-shaped grey matter under the caudal portion of the 

lenticular fasciculus. It was bordered rostrally by the internal capsule and the rostral 

portion of the lenticular fasciculus, laterally by the internal capsule, caudally by bilateral 

cerebellar fibers as well as the bundles of the lemniscal system and medially by the lateral 

hypothalamus and the ansa lenticularis. Its inferior border was the transition zone between 

the crus cerebri and the internal capsule together with the substantia nigra. Its medial 

border was continuous with the adjacent hypothalamus and covered by the ansa 

lenticularis. From this region, a fiber bundle could be followed to the anterior tip of the 

globus pallidus externus (GPe) as well as towards the PFC through the ALIC running in 

the most lateral part of the ansa lenticularis. [Figures 5, 9-11] 

Figure 10 – The subthalamic nucleus (STN) after removal of the thalamus as 

well as most of the subthalamic and brainstem fibers from a dorsomedial point 

of view. [42] 

The dashed line marks the medial tip of the STN which is continuous with the adjacent 

hypothalamus. This region corresponds to the limbic cone of the STN. White 

arrowhead marks the fiber bundle arising from this region and running in the most 

lateral part of the ansa lenticularis to the anterior tip of the external globus pallidus as 

well as towards the prefrontal cortex through the anterior limb of the internal capsule. 

Figure legend: III: oculomotor nerve; AC: anterior commissure; ALIC: anterior limb 

of the internal capsule; CC: corpus callosum; DSCP: position of the removed 
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decussation of the superior cerebellar peduncle; SN: substantia nigra; STN: 

subthalamic nucleus. Compass: A: anterior; P: posterior 

4.1.6. The substantia nigra 

The substantia nigra could be observed as a thin plate of grey matter at the border 

of the mesencephalic tegmentum and the crus cerebri. Its two parts were clearly 

distinguishable: the dorsal pars compacta with its typically black color, and the ventral 

pars reticularis with its reddish-brown color. Its rostral end extended into the subthalamic 

region ventral to the STN, while its caudal end reached the upper pons. [Figures 9 and 

10] 

4.1.7. The external globus pallidus 

Ventral to the anterior commissure, the grey matter of the ventral pallidum was 

recognizable, where thin fibers running along the ansa lenticularis terminated. The 

anterior tip of the GPe was visible dorsal to the anterior commissure, directly lateral to 

the ALIC. In this part of the GPe fibers terminated from the medial tip of the STN initially 

traveling in the most lateral part of the ansa lenticularis. The globus pallidus did not have 

an ordinary grey matter appearance due to the many fibers passing through it; therefore, 

it was difficult to separate it from the adjacent structures. Its close relationship with the 

ALIC was remarkable, from which it was practically inseparable; the border between 

them was both macro- and microscopically rather ambiguous. Some fibers could also be 

observed entering the ALIC from the GPe. [Figures 11-13] 
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Figure 11 – The relationship between the anterior limb of the internal capsule 

and the anterior tip of the globus pallidus externus [42] 

The black arrowheads indicate fibers originating from the limbic cone of the STN 

running in the most lateral part of the ansa lenticularis. Fibers entering the ALIC from 

the GPe are marked with white arrowhead. The ambiguous border between them is 

well observable. Figure legend: AC: anterior commissure; AL: ansa lenticularis; 

ALIC: anterior limb of the internal capsule; AMY: amygdala; CC: corpus callosum; 

CN: caudate nucleus; CP: cerebral peduncle; GPe: globus pallidus externus; OT: 

optic tract; PU: putamen. Compass: A: anterior; L: lateral; M: medial; P: posterior 
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Figure 12 – Coronal section at the level of the nucleus accumbens. [42] 

White arrowheads indicate the lateral border of the globus pallidus externus (GPe). 

Note the close relationship between the ALIC and the anterior tip of the GPe. Original 

magnification 4x, stained with neurofibril silver impregnation. The left side of the 

figure corresponds to the medial direction. Figure legend: ALIC: anterior limb of the 

internal capsule; CN: caudate nucleus; DB: diagonal band of Broca; NAcc: nucleus 

accumbens; PU: putamen. 
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Figure 13 – Coronal section at the level of the anterior commissure. [42] 

In the area marked with a white dotted line, fiber exchange between the anterior limb 

of the internal capsule and the globus pallidus externus can be observed. Gratiolet’s 

canal is marked with a black arrowhead. Ventral to the anterior commissure, white 

arrowheads indicate cross-sections of fiber bundles corresponding to the thin fibers 

running along the ansa lenticularis towards the ventral pallidum and the substantia 

innominata as showed macroscopically in Figure 6. Original magnification 4x, stained 

with neurofibril silver impregnation. The left side of the figure corresponds to the 

medial direction. Figure legend: AC: anterior commissure; ALIC: anterior limb of 

the internal capsule; CN: caudate nucleus; GPe: globus pallidus externus; VP: 

ventral pallidum 
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4.1.8. Tractography 

The results obtained with tractography were notably dependent on the cutoff values, 

especially when using MSMT-CSD. Streamlines between the ROI defined by Coenen et 

al. [12] and the PFC traveling through the ALIC could be observed in all cases when 

using DTI, independent from the FA-threshold. However, using MSMT-CSD, the raising 

of the FOD threshold caused a strong decrease of the number of streamlines with a similar 

course. Using the ALIC as a single ROI, the streamlines corresponding to the anterior 

thalamic radiation as well as Arnold’s frontopontine tract were constant findings. 

Interestingly, the average number of streamlines running through the ALIC increased 

despite raising the cutoff values, which was accompanied by a reduction in the number 

of definitely false-positive streamlines (e.g. that belonged to the fornix), especially when 

using MSMT-CSD. The increase of the FOD cutoff value finally resulted in the 

elimination of the streamlines corresponding to the slMFB. [Figures 14, 15 and Table 

1] 
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Figure 14 - Tractograms showing the superolateral branch of the medial 

forebrain bundle (slMFB) isolated from the whole brain tractogram using the 

region of interests showed in Figure 3. [42] 

The left side of the figure shows results obtained with DTI-tractography, depending 

on the FA threshold. On the right, tractograms obtained using MSMT-CSD-

tractography are shown, depending on the FOD threshold. Using DTI, the streamlines 

corresponding to the slMFB were present almost independently of the FA threshold. 
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However, they disappeared by increasing the FOD threshold when using MSMT-

CSD. 

Figure 15 - Tractograms showing the streamlines passing through the anterior 

limb of the internal capsule (ALIC) isolated from the whole brain tractogram 

using the region of interest (ROI) showed in Figure 3/A. [42] 
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Same subject and side as in Figure 14. On the left side, results obtained with DTI-

tractography can be seen depending on the FA threshold. On the right side, 

tractograms obtained using MSMT-CSD-tractography are shown, depending on the 

FOD threshold. With DTI, very extensive connections can be observed, which hardly 

changed when the threshold is raised. Streamlines corresponding to the slMFB are 

also visible. On the other hand, when raising the FOD threshold using MSMT-CSD, 

the anterior thalamic radiation and frontopontine tract running through the ALIC are 

more and more clearly represented thanks to the disappearing false-positive 

streamlines. 

Table 1 – Quantitative results obtained with tractography 

Average streamline count and proportion of the slMFB streamlines in the ALIC by 

increasing the cutoff values using DTI- and MSMT-CSD-tractography based on the 

results obtained from all 200 brain hemispheres. 

DTI MSMT-CSD 

FA 

threshold 

Average 

streamline 

count in 

the ALIC 

Average 

streamline 

count 

representing 

the slMFB 

Proportion of 

the 

streamlines 

representing 

the slMFB 

running 

through the 

ALIC 

FOD 

threshold 

Average 

streamline 

count in 

the ALIC 

Average 

streamline 

count 

representing 

the slMFB 

Proportion of 

the 

streamlines 

representing 

the slMFB 

running 

through the 

ALIC 

0.2 9594 626 6.35% 0.07 6995 231 3.20% 

0.23 10488 612 5.69% 0.1 7609 133 1.68% 

0.25 11209 588 5.14% 0.13 8489 56 0.63% 

0.27 12032 559 4.57% 0.15 9053 26 0.27% 

0.3 13470 499 3.64% 0.17 9528 11 0.10% 
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4.2. Septum verum 

The septum verum composed the ventral part of the medial wall of the lateral 

ventricle’s frontal horn. Macroscopically it was difficult to find a clear boundary between 

it and the dorsal laying septum pellucidum. Rostrally, it was bordered by the rostrum of 

the corpus callosum and the anterior parolfactory sulcus, ventrally by the hypothalamus 

and caudally by the column of the fornix, the anterior commissure and the lamina 

terminalis. The dorsal part of its lateral surface was covered by ventricular ependyma, 

while its ventral part was continuous with the grey matter of the nucleus accumbens and 

the BNST. 

4.2.1. The precommissural fornix 

The precommissural fibers of the fornix composed the lateral part of the corpus of 

the fornix and left its main bundle just dorsal to the foramen of Monro. After a short 

course in anteroinferior direction, they terminated in the septal nuclei rostral to the 

anterior commissure. A thin grey matter substance corresponding to the most caudal 

septal nuclei was also observable on the dorsal side of these fibers until the level of the 

foramen of Monro. [Figures 16, 17 and 19] 

4.2.2. The fasciculus inferior of the septum pellucidum 

These fibers originated from the septal nuclei and intermingled with the terminating 

fibers of the precommissural fornix. After a straight course in anterosuperior direction 

they joined the fasciculus superior of the septum pellucidum at the genu of the corpus 

callosum, then turned lateral and were lost between the fibers of the forceps minor of the 

corpus callosum. [Figures 16, 19 and 20] 
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Figure 16 – Topographical relationships of the white matter connections of the 

septal region after the removal of the septum pellucidum and most of the septal 

nuclei from a medial point of view. 

No apparent border can be seen between the septum verum, the caudate nucleus and 

the nucleus accumbens. Figure legend: AC: anterior commissure; AS: 

amygdaloseptal fibers; Ci: cingulum; CN: caudate nucleus; FiSP: fasciculus inferior 

of the septum pellucidum; Fpo: postcommissural fornix; Fpr: precommissural fornix; 

IThA: interthalamic adhesion; MB: mamillary body; NAcc: nucleus accumbens; OT: 

optic tract; SMTh: stria medullaris of thalamus; SN: septal nuclei. Compass: A: 

anterior; P: posterior 

4.2.3. The cingulum 

The cingulum was a prominent white matter bundle coursing parallel to the dorsal 

surface of the corpus callosum. Ventral to the genu of the corpus callosum, a fiber bundle 

was visible connecting the cingulum to the rostral part of the septum verum, just ventral 

to the fibers of the fasciculus inferior of the septum pellucidum. This bundle was covered 

medially by the most superficial part of the vertical limb of the diagonal band of Broca. 

[Figures 16, 17 and 20] 

AC 

IThA 

MB 

NAcc 

SN 

Fpr 

Ci 

CN 

AS 

Fpo 

SMTh 

Fpo 

SN 

OT P A 



33 

 

4.2.4. The medial olfactory stria 

The medial olfactory stria left the olfactory tract just anterior to the anterior 

perforated substance and coursed in a dorsomedial direction towards the septum verum. 

Its fibers terminated in the rostral part of the septum verum just posterior to the fibers 

belonging to the cingulum. [Figures 17 and 20] 

Figure 17 - White matter connections of the septum verum from a medial point 

of view. 

The septum pellucidum, the diagonal band of Broca and the grey matter of the 

subcallosal area were removed. The fiber bundle connecting the cingulum to the 

rostral part of the septum verum is indicated with a black arrowhead. White arrowhead 

marks the connection between the postcommissural column of the fornix and the stria 

medullaris of thalamus. Figure legend: AC: anterior commissure; AS: 

amygdaloseptal fibers; CC: corpus callosum; Ci: cingulum; CN: caudate nucleus; 

Fpo: postcommissural fibers of the fornix; Fpr: precommissural fibers of the fornix; 

MB: mamillary body; MOS: medial olfactory stria; MTT: mammillothalamic tract; 

Olf: olfactory tract; SMTh: stria medullaris of thalamus; SN: septal nuclei; Th: 

thalamus. Compass: A: anterior; P: posterior 
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4.2.5. The ventral amygdalofugal pathway 

After removing the grey matter of the diagonal band of Broca, the amygdaloseptal 

fibers connecting the ipsilateral amygdala to the septal nuclei became visible. This 

pathway consisted of a horizontal and a vertical limb. Its horizontal limb could be 

observed on the basal surface of the brain and ran parallel and ventral to the anterior 

commissure. Directly caudal to it, the inferior thalamic peduncle containing the 

amygdalothalamic and amygdalohypothalamic fibers could be observed. The vertical part 

of the amygdaloseptal fibers coursed on the medial surface of the brain through the 

paraterminal gyrus and a part of this bundle joined the subgenual cingulum. [Figures 16-

18, 20, 22 and 23] 

Figure 18 – Fiber connections coursing through the basal forebrain from a 

mediobasal point of view. 

The diagonal band of Broca containing the amygdaloseptal fibers run just anterior to 

the amygdalothalamic fibers to the septal nuclei. Figure legend: AC: anterior 

commissure; AHTh: amygdalohypothalamic fibers; AL: ansa lenticularis; AS: 

amygdaloseptal fibers; ATh: amygdalothalamic fibers; CC: corpus callosum; CN: 

caudate nucleus; MTT: mamillothalamic tract; NAcc: nucleus accumbens; Olf: 

olfactory tract; OT: optic tract; SMTh: stria medullaris of thalamus; Th: thalamus. 

Compass: A: anterior; L: lateral; M: medial; P: posterior 
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4.2.6. The stria medullaris of thalamus 

The main bundle of the SMTh could be seen coursing between the posterior border 

of the interventricular foramen and the ipsilateral habenula along the border of the medial 

and dorsal surface of the thalamus. Some fibers of it crossed the midline through the 

habenular commissure and the interthalamic adhesion. Thalamohabenular fibers were 

also constant findings connecting the anterior thalamic nuclei and the habenula. 

An interesting observation of this study was that a significant amount of fibers left the 

postcommissural column of the fornix at the beginning of its pars tecta and connected it 

to the ipsilateral SMTh as well as the anterior nuclei of the ipsilateral thalamus. These 

bundles could be observed in all cases at the level of the anterior commissure as they 

leave the column of the fornix and made a short hairpin-like turn along the inferior border 

of the interventricular foramen. The fibers running to the SMTh and the thalamus formed 

either a common bundle or the ones coursing to the thalamus left the postcommissural 

fornix a few millimeters distal to the fibers connecting it to the SMTh. [Figures 16-23] 

Figure 19 – The region of septum verum before the removal of the diagonal 

band of Broca.  

The hairpin-like course of the fibers connecting the postcommissural column of the 

fornix to the stria medullaris of thalamus is well visible (white arrowheads). Figure 

legend: AC: anterior commissure; ChPl: choroid plexus; DBB: diagonal band of 

Broca; FiSP: fasciculus inferior of the septum pellucidum; Fpo: postcommissural 
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fibers of the fornix; Fpr: precommissural fibers of the fornix; HTh: hypothalamus; 

MB: mamillary body; Th: thalamus. Compass: A: anterior; P: posterior 

Figure 20 – The fiber connections of the septum verum after the removal of the 

diagonal band of Broca. 

Removing the ependyma covering the medial surface of the thalamus as well as a part 

of the medial hypothalamus revealed the fiber bundle connecting the postcommissural 

column of the fornix to the anterior thalamic nuclei (black arrowhead). Just proximal 

to it, the connection with the stria medullaris of thalamus is also visible (white 

arrowhead). Figure legend: AC: anterior commissure; AS: amygdaloseptal fibers; 

Ch: optic chiasm; Ci: cingulum; CN: caudate nucleus; FiSP: fasciculus inferior of 

the septum pellucidum; Fpo: postcommissural fibers of the fornix; IThA: 

interthalamic adhesion; MB: mamillary body; MOS: medial olfactory stria; SMTh: 

stria medullaris of thalamus; SN: septal nuclei; Th: thalamus. Compass: A: anterior; 

P: posterior 
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Figure 21 – Histological validation of the fiber connections between the 

postcommissural column of the fornix and the stria medullaris of thalamus 

(SMTh) as well as the anterior thalamic nuclei. 

Panel A: The plane and localization of the histological sections are indicated with 

dashed lines. Panel B: white arrowhead marks the connection between the 

postcommissural fornix and the SMTh. Stained with silver impregnation, original 

magnification 5x. Panel C: black arrowheads indicate the connecting fibers between 

the postcommissural fornix and the SMTh in the horizontal plane at the level of the 

anterior commissure. Stained with Luxol fast blue combined with Sirius red, original 

magnification 20x. Panel D: White arrowheads mark the fibers leaving the 

postcommissural fornix and joining the stria medullaris or terminating in the 

thalamus. Stained with silver impregnation, original magnification 5x. Figure legend: 

AC: anterior commissure; Fpo: postcommissural fibers of the fornix; Fpr: 

precommissural fibers of the fornix; HTh: hypothalamus; SMTh: stria medullaris of 

thalamus; Th: thalamus 
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4.2.7. The stria terminalis 

The stria terminalis representing the dorsal amygdalofugal pathway coursed in the 

sulcus between the caudate nucleus and the thalamus as part of the inferolateral border of 

the lateral ventricle’s pars centralis and connected the amygdala with various regions. The 

distal part of this bundle was revealed by the careful removal most of the septum verum 

and the postcommissural fornix. The terminating fibers of the stria terminalis could be 

divided in nuclear, precommissural and postcommissural components. Most of its fibers 

terminated in the BNST, a triangular-shaped grey matter structure located directly lateral 

to the septum verum and just dorsal to the anterior commissure. The removing of this 

nucleus revealed the postcommissural fibers of the stria terminalis reaching the anterior 

hypothalamic area. Some of these fibers intermingled with the postcommissural fornix 

and the proximal fibers of the SMTh. The precommissural portion of the stria terminalis 

coursed just anterior to the BNST and terminated on the medial side of the nucleus 

accumbens, rostral to the anterior commissure. [Figures 22 and 23] 

Figure 22 – Deeper layer of the connections of the septum verum from medial. 

White arrowhead indicate the nuclear component of the stria terminalis terminating in 

the bed nucleus of the stria terminalis. Figure legend: AC: anterior commissure; 

AHTh: amygdalohypothalamic fibers; AS: amygdaloseptal fibers; ATh: 

amygdalothalamic fibers; ATR: anterior thalamic radiation; BNST: bed nucleus of 

the stria terminalis; CN: caudate nucleus; MTT: mammillothalamic tract; NAcc: 
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nucleus accumbens; SMTh: stria medullaris of thalamus; SN: septal nuclei; ST: stria 

terminalis; Th: thalamus. Compass: A: anterior; P: posterior 

Figure 23 – Removing the bed nucleus of the stria terminalis the 

postcommissural fibers of the stria terminalis coursing to the hypothalamus 

became visible (black arrowhead). 

White arrowhead indicate the fiber bundle between the stria medullaris thalami and 

the anterior thalamic nuclei. Figure legend: AC: anterior commissure; AS: 

amygdaloseptal fibers; ATh: amygdalothalamic fibers; ATR: anterior thalamic 

radiation; CN: caudate nucleus; Fpo: postcommissural fibers of the fornix; IThA: 

interthalamic adhesion; MB: mamillary body; SMTh: stria medullaris of thalamus; 

ST: stria terminalis; Th: thalamus. Compass: A: anterior; P: posterior 
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5. Discussion 

5.1. The subthalamic region 

The fiber dissections revealed an important difference regarding the course of the 

ansa lenticularis compared to the original descriptions of the subthalamic region based on 

Forel’s and later Dejerine’s histological observations. [4,5] Although this fiber bundle ran 

through the basal forebrain region indeed and curved around the cerebral peduncle, it did 

not participate in the formation of the thalamic fasciculus. Additionally, the MFB could 

not been distinguished as a separate bundle in any of the investigated cases neither 

macroscopically nor microscopically. Interestingly, most fibers running along the ansa 

lenticularis exactly mirrored the course of the MFB known from its classical descriptions. 

[6, 7] Some fibers of it connected midline regions of the lower midbrain/upper pons 

(presumably the raphe nuclei) and the substantia nigra with basal forebrain regions such 

as the ventral pallidum and the substantia innominata, but the largest part of it was 

associated to the area inferomedial to the red nucleus and anterior to the decussation of 

the SCP. This latter region corresponds to the VTA [43], a dopaminergic territory of the 

brainstem, which is considered to play an important role in limbic functions. [6, 7] 

Both dissection and histological control revealed that the ansa lenticularis pass on 

the lateral aspect of the MTT through the lateral hypothalamus, reflecting the course of 

the MFB described in the classical literature. [6, 7] Thin fiber bundles of the ansa 

lenticularis and lenticular fasciculus were also revealed caudally joining the medial 

lemniscus. These fibers ran in the posterior subthalamus, ventrolateral to the red nucleus 

and ventral to the cerebello-rubro-thalamic tract, but their exact origin and termination 

could not be determined using fiber dissection or histology. The summary of the results 

obtained with fiber dissection is shown on a schematic diagram in Figure 24.  
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Figure 24 - Schematic diagram showing the fiber connections of the 

subthalamic region based on the results of the fiber dissections. [42] 

The thalamic fasciculus is encircled with a dotted line. Figure legend: Colored areas: 

green: subthalamic nucleus; red: red nucleus; blue: decussation of the superior 

cerebellar peduncle; grey: substantia nigra. Fiber tracts: orange: lenticular 

fasciculus; green: ansa lenticularis; blue: contralateral cerebellar fibers; red: 

ipsilateral cerebellar fibers; purple: medial lemniscus. III: oculomotor nerve; AC: 

anterior commissure; ALIC: anterior limb of the internal capsule; CC: corpus 

callosum; CN: caudate nucleus; FR: fasciculus retroflexus; Fx: fornix; HA: 

habenula; HTh: hypothalamus; MB: mamillary body; MT: midbrain tectum; MTT: 

mamillothalamic tract; P: pons; Th: thalamus; ThF: thalamic fasciculus 

According to Nieuwenhuys et al., the bundle of the MFB running through the lateral 

hypothalamus separates into a medial and a lateral stream at the diencephalic-

mesencephalic junction. [7] The medial stream may be equivalent to the fibers originating 

in midline brainstem regions such as the VTA, while the latter described thin bundles 

may represent the lateral stream temporarily joining the medial lemniscus to reach the 

monoaminergic cell groups in the caudal brainstem. The results of the fiber dissections 

suggest that most of the monoaminergic fibers corresponding to the rodent MFB join the 

ansa lenticularis in humans. Tracing experiments in monkeys [44] and 

immunohistochemical findings in monkey and human brain [45–48] support this theory. 

The MFB is well-described in rodents as a loosely arranged fiber bundle running 

through the lateral hypothalamus, but its course in the human brain is still contradictory. 
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The first description of this pathway in humans was published using deterministic DTI-

tractography. [11, 12] According to the findings of Coenen et al., the human MFB follows 

a different course as described in rodents and consists of two branches. One part of it was 

called the imMFB and according to their explanation, it is equivalent to the rodent MFB 

and runs in a longitudinal direction along the lateral wall of the third ventricle. The second 

branch, which they named slMFB leaves the latter fiber stream in the region of the VTA 

and runs more laterally through the subthalamic region to pass through the ventro-lateral 

part of the ALIC towards the PFC. [11, 12] Since their study, numerous similar results 

have been published obtained with tractography. [13–20] However, some authors did not 

agree with this slMFB-concept. In the studies of Haynes and Haber [49] and Haber et al. 

[50, 51] they performed tract tracing studies and dMRI-tractography on non-human 

primates as well as human dMRI examinations. Using tract tracing they found that the 

MFB does not pass through the ALIC, but reaches the PFC ventral to the anterior 

commissure. In contrast, they obtained similar results as Coenen et al. [12, 50] using 

dMRI-tractography. The term of slMFB has also been repeatedly criticized, since it 

considerably differs from the MFB described originally in rodents. Therefore, it was later 

referred to as the projection pathway of the VTA (VTApp). [50, 52]  

According to the findings presented in this thesis, the caudal part of the streamlines 

described by Coenen et al. corresponds to the ansa lenticularis as well as the lenticular 

fasciculus. These tracts run in close proximity to each other and because of this, it is likely 

that the fiber tracking methods cannot surely depict them as separate bundles. Moreover, 

the fibers of the lenticular fasciculus pierce the internal capsule at the anterior border of 

the subthalamic region and their fibers intermingle extensively in this region, which is 

also problematic by the accurate depiction of them by using tractography. Haber et al. 

found in their immunohistochemical study of non-human primates that a number of 

monoaminergic fibers leaving the VTA cross the internal capsule to reach the striatum 

(the fiber dissections revealed that these fibers likely join the lenticular fasciculus). They 

also claimed that this crossing represents a challenge in the accurate depiction of these 

fibers using dMRI-tractography, which results in false-positive streamlines coursing 

through the internal capsule to the PFC. [50, 51] It is well-known that tractography suffers 

limitations in the correct mapping of such areas with crossing and kissing fibers as well 

as in “bottleneck” regions. [53] These limiting factors occur cumulatively in the 



43 

 

subthalamic region. Therefore, in this study also a higher-order fiber tracking method was 

used beyond DTI. The MSMT-CSD tractography allows namely more precise fiber 

orientation estimation than the diffusion tensor model. [40] Using MSMT-CSD, it was 

not possible to obtain a uniform tractogram representing the slMFB. The streamline count 

as well as the proportion of streamlines in the ALIC corresponding to the slMFB strongly 

decreased with the raising of the FOD cutoff value (see Table 1). Interestingly, the 

average number of streamlines running through the ALIC increased despite raising the 

cutoff values, which was accompanied with the reduction of definitely false-positive 

streamlines (e.g. those representing the fornix) by visual control and finally resulted in a 

complete elimination of the slMFB as well. Along with the findings of the fiber 

dissections, these results also suggest that the streamlines of the slMFB are in fact false-

positive streamlines and they are only a product of the limitations of DTI-tractography. 

However, several studies report positive therapeutic effects of slMFB DBS, 

typically in TRD [54] and OCD [26] when electrodes are implanted direct rostral to the 

red nucleus to stimulate the slMFB. [13] According to the fiber dissections carried out in 

this study, the most prominent structure of this region is the ansa lenticularis and most 

likely the activation of the monoaminergic fibers running along it is responsible for the 

therapeutic effect. Moreover, the most common side effects during slMFB DBS are 

oculomotor symptoms, which are also utilized for intraoperative identification of correct 

electrode position. [13, 25] The close, intermingling relationship between the ansa 

lenticularis and the exiting fibers of the oculomotor nerve explains this phenomenon.  

Another important observation of this study was that the medial tip of the STN was 

continuous with the lateral hypothalamus both macro- and microscopically which 

contradicts the latest findings of Coenen et al. obtained with tracing studies of the 

marmoset brain. [55] Forel and Dejerine already noted that the medial border of this 

nucleus is rather ambiguous. [4, 5] Results of Haynes and Haber suggested that the medial 

part of the STN extends into the lateral hypothalamus and this region has a number of 

limbic connections with the PFC (limbic cone of the STN). [49] Moreover, a recent study 

emphasized that the STN originates from the hypothalamus during ontogeny and is 

actually a part of the posterior hypothalamic region. [56] The incomplete separation of 

these two structures during development can be a possible explanation for the ambiguous 

border between them. Our anatomical findings support the existence of the limbic cone 
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region of the STN. We found a number of fibers originating from this region and coursing 

initially along the ansa lenticularis to the anterior tip of the GPe and through the ALIC 

towards the PFC. Moreover, we observed fibers entering the ALIC from the GPe which 

likely predicts that this part of the basal ganglia provides a connection between the limbic 

cone of the STN and the PFC. It has already been adressed that the globus pallidus has a 

role not only in motor circuits, but also in limbic and associative functions. [57] In the 

case study of Saad et al. they observed cognitive and behavioral impairments without 

motor symptoms in a young patient due to calcification of the anterior part of the GPe. 

[58] Adler et al. also identified the role of the GPe in behaviour, presumably in the reward 

circuitry, in a stimulation experiment on a monkey. [59] Furthermore, Baumann et al. 

found reduced GPe volume in patients with history of affective disorders, compared to 

healthy control subjects. [60] Our results also support these findings and accordingly it is 

likely that the GPe could also be a suitable target of DBS in the treatment of TRD. [59] 
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5.2. The septum verum 

According to the description of Andy and Stephan, most of the septal nuclei found 

in animals are well developed also in humans, only the caudal group is mostly absent or 

at least significantly regressed. The main difference compared to the septal region of 

lower animals is the appearance of the septum pellucidum, due to which the septal nuclei 

of the human brain are elongated in the vertical direction. Andy and Stephan distinguished 

two parts of the human septum: the septum pellucidum and the septum verum. [27] 

However, these two parts cannot be sharply demarcated macroscopically, since a part of 

the septal nuclei is located in the ventral part of the septum pellucidum, and the 

precommissural fornix - which is one of the most robust connections of the septum verum 

- also courses through it. [61] Horvath and Palkovits obtained similar results regarding 

the structure of the human septum, but they used a simplified division, separating the 

medial and lateral nuclear groups. They also distinguished the nucleus triangularis 

described as underdeveloped by Andy and Stephan, although they also noted that 

compared to the size of the whole septum, it is smaller in humans than in rats. Another 

relevant difference is that the BNST belonging to the caudal nuclear group according to 

Andy and Stephan was no longer classified as a septal nucleus by them. [28] 

The connections of the septum verum in humans have been depicted only in a few 

dMRI-studies so far and with varying success. The SMTh was first visualized by 

Kochanski et al. [62] and later by Roddy et al. [63] using tractography. However, they 

did not describe the connection between the SMTh and the postcommissural fornix 

dissected in this study, nor the crossing fibers of the SMTh through the interthalamic 

adhesion. Probably the size of these structures already exceeds the resolution of the fiber 

tracking method. Kwon et al. depicted the stria terminalis for the first time with 

tractography, but they could visualize only its hypothalamic (postcommissural) 

component. [64] Later, Kamali et al. successfully depicted the pre- and postcommissural 

parts of the stria terminalis with high-resolution tractography. They also described an 

extension of the precommissural fornix to the medial temporal lobe [65] however, these 

fibers could not been distinguished during fiber dissections. Li et al. also aimed the 

visualization of the stria terminalis and other amygdalofugal fibers by tractography. They 

could find only the nuclear component of this bundle, but they successfully depicted the 
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amygdaloseptal fibers. [66] Our dissections could reveal all the subcomponents of the 

stria terminalis described by Klingler and Gloor, except the commissural component. 

However, they also found these fibers only occasionally in their material. [67] Based on 

our fiber dissections, the fasciculus inferior of the septum pellucidum along with a bundle 

of the cingulum also originates in the septum verum. The fasciculi of the septum 

pellucidum were first visualized using track-density imaging (TDI) by Cho et al. [68] 

however, to date only the fasciculus superior was further investigated by them, and they 

concluded that it is most likely a connection between the fornix and the PFC. [69] Based 

on our current and previous [61] results, the fasciculus inferior of the septum pellucidum 

approaches, probably also intermingles with the fibers of the fasciculus superior, turns 

laterally and then joins the fibers of the corpus callosum and presumably - similar to the 

fasciculus superior - travels to the PFC via the forceps minor. Thus, the fasciculus inferior 

of the septum pellucidum may also be a connection between the septum verum and the 

PFC, but further studies are needed to confirm this assumption. 

During the fiber dissections of the septal region, a less-known and -accepted 

connection between the postcommissural column of the fornix and the SMTh was also 

revealed, which was confirmed by histological validation as well. A macroscopic 

representation of this connection could only be found in the atlas of Pernkopf, in which it 

was designated as the hippocampo-habenular tract. [70] Based on careful review of the 

literature, it is a very controversial relationship, both in terms of its existence and the 

origin or termination of its fibers. In addition to the name ‘hippocampo-habenular tract’, 

it can also be found as the (medial) cortico-habenular tract, but most often it was simply 

referred to as the fibers connecting the postcommissural fornix to the SMTh. All 

information available about this structure in the literature was based on histological 

observations. First Gudden mentioned in his comparative study a fiber bundle leaving the 

fornix ("lateral uncrossed bundle of the fornix"), which, according to him, is connected 

to the stratum zonale of the thalamus and degenerates when the ipsilateral Ammon's horn 

is removed. Based on his observations, however, the SMTh only crosses the column of 

the fornix, without fiber exchange between them. [71] Honegger clearly stated that the 

column of the fornix sends a bundle of fibers to the SMTh in both animals and humans 

and in the human brain a particularly compact bundle can be observed. [72] Lotheissen 

and Kölliker also confirmed its existence. [73, 74] However, Edinger and Wallenberg 
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categorically rejected the presence of the cortico-habenular tract based on their 

observations in reptiles, amphibians, and birds [75], as did Cajal. [76] Humphrey 

described the connection in bats but could not determine its relationship to the 

hippocampus. [77] Young found this structure in rabbit [78] and Marburg confirmed its 

existence also in the human brain. [79] In the following years, several lesion studies were 

published in this regard. Sprague and Meyer observed no degeneration of the SMTh in 

rabbits with hippocampal lesions. [80] Nauta and Raisman detected degenerating fibers 

in the SMTh and habenula after lesion of the septal region in rats, but not in the case of 

hippocampal lesion. [81, 82] In his lesion study of rats, Guillery described fibers coursing 

from the fornix to the SMTh, but they did not join the SMTh, but ran caudally from it and 

terminated in the thalamus. [83] Based on their investigations of rats, rabbits and 

monkeys, Powell and Cowan found that even by complete bilateral lesion of the fornix 

an intact fiber bundle coming most likely from the septum always remains, the course of 

which corresponds to the previously described medial cortico-habenular tract and is 

visible only up to the crossing of the fornix with the SMTh. However, they could not 

further specify its termination and assumed that either it joins the SMTh, or the fibers are 

lost in the parataenial nucleus of the thalamus, perhaps in the hypothalamus. [84] The 

quantitative study of Powell et al. shows that only approximately half of the fibers 

coursing in the initial part of the postcommissural fornix reaches the mamillary bodies in 

humans, thus a significant number of fibers must leave it between these two points. They 

observed that this fiber loss is most gradual in humans, with fibers leaving the fornix 

along the entire length of the hypothalamus. According to their opinion, the fiber bundle 

originally described as the medial cortico-habenular tract consists of hippocampo-

thalamic and septo-thalamic fibers. [85] Valenstein and Nauta found in their comparative 

study in rats, hamsters, cats and monkeys that septal fibers run through the fornix to the 

habenula and the anterior thalamus, but they could only prove the existence of some 

hippocampo-habenular fibers in hamsters. However, they observed that compared to the 

other examined animals, the bundle of fibers connecting the fornix to the thalamus is 

highly developed in monkeys, and in the case of a septal lesion, they observed the greatest 

degree of SMTh and habenula degeneration in this animal. [86] The lesion study of 

monkeys of Votaw and Lauer showed that the habenula receives bilateral fibers from 

Ammon's horn via the fornix and SMTh and there is a homolateral connection between 
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Ammon's horn and the septum. [87] Based on the literature, it is well visible that the 

existence and origin of this connection as well as its termination are very contradictory, 

and it is very likely that there are also interspecies differences. It is assumable that this 

bundle may contain fibers of both septal and hippocampal origin. Our results obtained 

with fiber dissection and conventional histology unambiguously confirmed the 

connection between the postcommissural fornix and the SMTh, however, due to the 

nature of these techniques, we could not determine the origin and termination of these 

fibers. It is possible that they reach the habenula or they only temporarily join the SMTh 

and terminate in one or more of the thalamic nuclei. Watanabe et al. showed in their study 

that during brain development, the cells of the nucleus triangularis and the bed nucleus of 

the anterior commissure belonging to the caudal septal nuclear group originate from the 

anterior part of the diencephalon (eminentia thalamica) in rats. These cells develop 

directly behind the foramen of Monro and migrate through the fornix in a rostrodorsal 

direction to their final location in the septum, while their axons contact the medial 

habenula via the SMTh. [88, 89] This may explain why some septal fibers follow this 

route. Weidacker et al. investigated the activity of the human habenula in loss avoidance 

using functional MRI and described its functional relationship with the hippocampus. [90] 

Goutagny et al. showed in his electrophysiological study of rats that although we do not 

know a direct connection between these two structures, there is a functional connection 

between the lateral habenula and the hippocampus. Moreover, the lateral habenula 

influences hippocampal theta oscillations and plays a role in memory functions. [91] 

Aizawa et al. obtained similar results and they described the diagonal band of Broca as a 

relay station connecting these two areas. [92] The fiber bundle presented in this thesis can 

represent this connection either directly or through the septal region. However, its exact 

function and possible clinical significance needs to be clarified in the future. 

Our knowledge about the physiological and pathological functioning of the septum 

is still very incomplete and we can only infer it mainly based on animal experiments. Its 

role in the reward system was quite early revealed. [93, 94] Currently, most of the 

information we have is related to the medial septum, which along with the diagonal band 

of Broca and the nucleus basalis of Meynert forms the most important cholinergic center 

of the brain. [7] Dysfunction of these areas for any reason, which may be damage or 

insufficient circulation of the anterior communicating artery or due to neurodegenerative 
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processes, leads to memory disorders (basal forebrain impairment). [31] One of the most 

significant relationships of the septal region is the bidirectional septo-hippocampal 

connection, which is carried out primarily via the precommissural fornix. Through this 

pathway, the medial septum is not only involved in the cholinergic neuromodulation of 

the hippocampus, but also plays an important role in the rhythm generation and 

synchronization of hippocampal theta oscillations, which are also essential for the 

formation of memory traces. [31] In addition to its memory functions, the theta rhythm 

generation of the medial septum-diagonal band complex also plays an important role in 

the motivation of movement (locomotion) initiation. [95] We have much less knowledge 

about the function of the lateral septum. According to a recent review of Patel, it is 

primarily involved in processes related to anxiety and it mediates both anxiogenic and 

anxiolytic effects. [96] The role of the septum also arises in a number of other pathologies 

and conditions. Using MRI, Butler et al. found enlarged volume of the septal area in 

patients with temporal lobe epilepsy without mesial temporal sclerosis [97, 98] before the 

clinical manifestation of Alzheimer’s disease [99] as well as in healthy volunteers with 

increased accuracy of the source memory. [100] The volume enlargement of this area was 

also observed in post-mortem dissections in kuru disease. [101] Brisch et al. found a 

reduced neuronal density of the lateral septum, but without accompanying volume 

changes in schizophrenic patients. [102] 

In addition to its pathological changes, the clinical relevance of the knowledge of 

the septal region and its connections is given by their use as a potential DBS target. The 

septum is one of the experimentally earliest stimulated brain areas. Olds and Milner's self-

stimulation experiment of rats highlighted the role of the septum in the reward system 

[93] which was later proven in human subjects as well. [94] However, it has now become 

clear that the septum has a role in much more complex functions, thus it may be a potential 

DBS target in several pathologies, primarily those related to the disturbance of 

hippocampal theta oscillations. [32] Jeong et al. demonstrated in a rat dementia model 

(basal forebrain cholinergic lesion) that hippocampal cholinergic activity and 

neurogenesis increased as a result of DBS of the medial septum, and the rats' performance 

became as good as that of the control animals. [103] The medial septum may therefore be 

a promising target in Alzheimer's disease or Parkinson's / Lewy body dementia [31] as 

well as in the case of cognitive dysfunction resulting from traumatic brain injury. [104, 



50 

 

105] Based on animal experiments, stimulation of this area may also be effective in 

therapy-resistant temporal lobe epilepsy. [33, 106] Although the modern definition of the 

septum handles it as a separate entity, it should be mentioned that the BNST is also an 

emerging target region of DBS in the treatment of various psychiatric diseases, primarily 

in OCD [107] but it may also be effective in major depression [108], anorexia nervosa 

[109, 110]  and addiction. [111, 112]  The subgenual cingulate cortex is also an 

intensively studied region as a DBS target mainly in major depressive disorder. The 

results of Howell et al. suggest that during stimulation of this area, the cingulum and the 

forceps minor are the most important connections that are activated and may be 

responsible for the therapeutic effect. [113] The fiber dissections showed that a bundle of 

the cingulum originated in the septal nuclei along with the fasciculus inferior of the 

septum pellucidum, the fibers of which joined the corpus callosum and may reach the 

PFC through the forceps minor. Therefore, it is possible that DBS of the subgenual area 

also affects fibers that belong to the septum verum. 
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6. Conclusions 

This thesis aimed to provide a topographical characterization of the subthalamic 

area with particular interest in the course of the human MFB using fiber dissection, 

histology and tractography. The MFB could not be identified as a discrete bundle. It is 

likely that most of the monoaminergic fibers representing the rodent MFB join the ansa 

lenticularis in the human brain. The existence of the slMFB described using tractography 

could not be confirmed. [11, 12] These streamlines likely arise from the limitations of the 

dMRI fiber tracking method. The existence of the limbic cone region of the STN could 

be verified with fiber connections originating from this region and coursing in the lateral 

hypothalamus to the GPe and through the ALIC towards the PFC. Moreover, the GPe was 

identified as a relay station between the limbic cone region of the STN and the PFC. 

The topographical anatomy of the human septum verum and its white matter 

connections was also depicted using fiber dissection supplemented with histological 

validation. The anatomical knowledge provided by this description is intended to 

facilitate the safety and accuracy of future DBS therapies, which are currently used only 

in form of animal experiments.  
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7. Summary 

In this thesis, two brain areas important for DBS were presented using fiber 

dissection and histological validation. 

DBS makes it possible to modulate a specific function of certain brain areas in a 

reversible way. Accurate anatomical knowledge of the target area is obviously essential 

for the correct implantation of the stimulation electrodes. The STN is currently the most 

commonly used target structure primarily stimulated in Parkinson's disease. However, it 

is surrounded by numerous fiber bundles, the co-stimulation of which may play a role in 

the triggering of therapeutic or side effects. 

One of these fiber bundles – based on tractography studies – is the MFB, which was 

considered to be responsible for the development of hypomanic side effects. Although 

this fiber bundle has been extensively studied in rodents, we still only have speculations 

about its course in the human brain. Based on the results presented in this thesis, most of 

the monoaminergic fibers representing the MFB join the ansa lenticularis, which was 

originally described as a pallidothalamic fiber connection, however this latter fact could 

not be confirmed by fiber dissection. The MFB described by tractography turned out to 

be a false positive fiber bundle resulting from the limitations of tractography, and is 

actually made up of the ansa lenticularis, the lenticular fasciculus and the ALIC. 

However, stimulation of the slMFB has been emerged as a promising DBS target 

in the last decade, which - based on the presented results - actually corresponds to the 

stimulation of the ansa lenticularis in the prerubral region. The therapeutic effect arises 

most likely due to the activation of the monoaminergic fibers joining it, along with the 

co-stimulation of the limbic cone region of the medial STN. 

While the subthalamic region has been a stimulation target for a relatively long 

time, the septal region is currently only stimulated in form of animal experiments, but 

with rather encouraging results. Therefore, it can be expected that in the future the 

stimulation of this region will also be approved by the authorities as a therapeutic option 

in human diseases and conditions, for which the topographical anatomical knowledge 

presented in this thesis will certainly be useful. 
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