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a b s t r a c t 

Objective: Deep Brain Stimulation (DBS) in the Anterior Nucleus of the Thalamus (ANT) has been shown to be a safe and efficacious treatment option for patients 
with Drug-Resitant focal Epilepsy (DRE). The ANT has been selected frequently in open and controlled studies for bilateral DBS. There is a substantial variability in 
ANT-DBS outcomes which is not fully understood. These outcomes might not be explained by the target location alone but potentially depend on the connectivity of 
the mere stimulation site with the epilepsy onset-associated brain regions. The likely sub-components of this anatomy are fiber pathways which penetrate or touch 
the ANT region and constitute a complex and dense fiber network which has not been described so far. A detailed characterization of this ANT associated fiber 
anatomy may therefore help to identify which areas are associated with positive or negative outcomes of ANT-DBS. Furthermore, prediction properties in individual 
ANT-DBS cases might be tested. In this work we aim to generate an anatomically detailed map of candidate fiber structures which might in the future lead to a 
holistic image of structural connectivity of the ANT region. 
Methods: To resolve the various components of the complex fiber network connected to the ANT we used a synthetic pathway reconstruction method that combines 
anatomical fiber tracking with dMRI-based tractography and iteratively created an anatomical high-resolution fiber map representing the most important bundles 
related to the ANT. 
Results: The anatomically detailed 3D representation of the fibers in the ANT region generated with the synthetic pathway reconstruction method incorporates 
multiple anatomically defined fiber bundles with their course, orientation, connectivity and relative strength. Distinctive positions within the ANT region have a 
different hierarchical profile with respect to the stimulation-activated fiber bundles. This detailed connectivity map, which is embedded into the topographic map 
of the MNI brain, provides novel opportunities to analyze the outcomes of the ANT-DBS studies. 
Conclusion: Our synthetic reconstruction method provides the first anatomically realistic fiber pathway map in the human ANT region incorporating histological and 
structural MRI data. We propose that this complex ANT fiber network can be used for detailed analysis of the outcomes of DBS studies and potentially for visualization 
during the stimulation planning procedures. The connectivity map might also facilitate surgical planning and will help to simulate the complex ANT connectivity. 
Possible activation patterns that may be elicited by electrodes in different positions in the ANT region will help to understand clinically diverse outcomes based on 
this new dense fiber network map. As a consequence this work might in the future help to improve individual outcomes in ANT-DBS. 

Abbreviations: 2t, optic tract; 2x, optic chiasm; ac, anterior commissure; Acc, accumbens nucleus; ACg, anterior cingulate cortex; AD, anterodorsal thalamic nucleus; 
AHB, Atlas of the Human Brain, 4th edition, 2015; al, ansa lenticularis; alic, anterior limb of internal capsule; AM, anteromedial thalamic nucleus; aMCG, anterior 
midcingulate gyrus; Amy, amygdala; ANT, anterior nucleus/nuclei of the thalamus; AS, area septi; athr, anterior thalamic radiation; AV, anteroventral thalamic 
nucleus; BNST, bed nucleus of the stria terminalis; Cd, caudate nucleus; CeM, central medial nucleus; CgG, cingulate gyrus; DB, diagonal nucleus of Broca; dMRI, 
diffusion-weighted Magnetic Resonance Imaging; DSf, dorsal superficial (laterodorsal) nucleus; DTI, Diffusion Tensor Imaging; ECx, entorhinal cortex; FA, fasciculosus 
nucleus; FMG, middle frontal gyyrus; fr, fasciculus retroflexus; fx, fornix; GPi, internal globus pallidus; Hb, habenula; Hip, hippocampus; ILF, intralaminar formation; 
Ilm, medial intralaminar formation; iml, internal medullary lamina; Ip, interpeduncular nucleus; MB, mammillary body; MD, mediodorsal thalamic nucleus; MORE, 
Medtronic ANT-DBS therapy trial for epilepsy; mth, mammillothalamic tract; NBM, basal nucleus of Meynert; nth, nigrothalamic tract; OFCx, orbitofrontal cortex; 
pc, posterior commissure; PCG, posterior cingulate gyrus; PFCx, prefrontal cortex; PirF, piriform cortex, frontal division; pMCG, posterior midcingulate gyrus; Pt, 
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. Introduction 

Deep brain stimulation of the anterior thalamic nuclei (ANT-DBS)
as been established as an effective treatment strategy for the manage-
ent of Drug-Resistant focal Epilepsy (DRE). It has demonstrated effi-

acy and is FDA and CE approved ( Fisher et al., 2010; Salanova et al.,
015 ; Zangiabadi et al., 2019 ). The clinical benefit of the stimulation
s, however, variable and with the current knowledge not reliably pre-
ictable with a median reduction of seizure frequency between 40%
nd 70% ( Salanova et al. 2015 ). The MORE registry data support the
ffectiveness and safety of ANT-DBS therapy in a real-world setting in
he years following implantation (MORE ClinicalTrials.gov Identifier:
CT01521754, first posted January 31, 2012). In the outcome evalu-
tion of this registry the non-uniform positioning of DBS electrode in
he ANT region was detected and it became clear that outcomes are not
irectly correlated to discrete positions in the ANT. Moreover, a substan-
ial proportion of treatment resistant patients with seemingly optimally
ocated ANT-DBS electrodes even failed to improve. Reasons for this
ailure to improve are supposed to be found either in patient selection,
henotyping, suboptimal stimulation strategies or peculiarities of a yet
ncharted anatomical territory and a potentially very complex ANT re-
ion fiber network. This contribution set out to investigate the latter
roblem. 

Mechanisms underlying DRE are explained by neurobiological fac-
ors ( Schmidt et al., 2005 ) but also by altered spatiotemporal dy-
amics of functional connectivity and widespread structural changes
 Cataldi et al., 2013 ; Bartolomei et al., 2017 ; Middlebrooks et al., 2017 ;
ernhardt et al., 2019 ). Many brain networks have been shown to have
hanged topologies in epileptic patients compared to controls. Func-
ional networks implied the default mode network, the attention net-
ork and the reward/emotion network ( Cataldi et al., 2013 ). The re-
orted findings include globally increased and decreased connectivity
 Pereira et al., 2010 ; Wirsich et al., 2016 ) or accompanying increased
nd decreased connectivity in neighboring networks ( Bettus et al., 2008 ,
009 ; Liao et al., 2010 ). 

As a proposed mechanism, the altered functional connectivity in
pileptic patients is modulated by ANT-DBS stimulation, which reduces
he excitability in the Papez circuit ( Zumsteg et al.,2006 ; Gimenes et. al.
019 ). Successful ANT-DBS might produce increased connectivity of
he default mode network ( Middlebrooks et al., 2018 ) and importantly
here is evidence that the patient correct positioning of the active con-
act within the ANT increases the probability of being a responder
 Osorio et al., 2021 ). These findings hint at the significance of the
atient-specific connectivity between the achieved ANT stimulation site
nd the epileptogenic network structures. Different parts of the ANT
isplay different types of structural connectivity ( Grodd et al., 2020 ). 

So far, no position for active DBS contacts has been defined
ithin the ANT or its immediate vicinity that unequivocally delivers

eizure free results as sporadically reported for some individual cases
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 Osorio et al. 2021 ). Location of the optimal active ANT electrode con-
acts for different patient groups and epilepsy phenotypes may be at
ivergent positions in the ANT region ( Fig. 1 ). The ambiguity of the posi-
ion factor is underscored by the finding that mapping of the location of
he active DBS contacts shows very close positions for different outcome
roups ( Majtanik et al., 2021 ) and indicates that the outcome of the
timulation might not depend only on the discrete subareas of the ANT
ubnuclei or on single cell populations. Positional factors for ANT-DBS
nfluence the outcome variance explanation up to 22% ( Krishna et al.,
016 ; Lehtimaki, 2016 ; Guo et al., 2020 ; Schaper et al., 2020 ). The rele-
ance of moving the stimulation to the correct spot is further supported
y the fact that “no benefit ” patients can be converted to “responder ” pa-
ients after reprogramming to a different electrode contact. Sometimes
ven a reimplantation of the electrodes ( Järvenpää et al., 2020 ) is nec-
ssary. It might therefore not be satisfactory to place a DBS electrode
nto the ANT region. A patient and epilepsy-type specific position in a
ubregion of the ANT might therefore be a prerequisite for the optimal
utcome. 

The position of a Volume of Activated Tissue (VAT) by an active elec-
rode contact determines not only its anatomical composition but also
he specific pattern of activated networks. These findings emphasize the
otion drawn in earlier studies that networks must be stimulated or oth-
rwise influenced in order to contribute significantly to improved ther-
peutic (DBS) outcomes ( Middlebrooks et al. 2018 ; Coenen and Reis-
rt, 2021 ; Hu et al., 2021 ; Osorio et al., 2021 ). Whereas the dependency
f the outcome of the stimulation from activated networks is hypoth-
sized in this and other studies there exists neither an adequate topo-
raphically precise map of trajectories that potentially influence the hu-
an ANT region, nor the level of knowledge to explain how the pro-

ections are involved (and possibly compete) in the specific types of the
pilepsy. This knowledge is indispensable for decoding the stimulation
mpact on the networks involved in the epileptic mechanisms. 

Given that epileptic seizures are the consequence of a dysfunction of
eural circuitry rather than the result of an etiologically isolated event
 Zangiabadi et al., 2019 ) it must be considered that extrinsic fibers are
ctivated by the active electrode in addition to the anatomical position
f the ANT stimulation site. The proposition that the outcome of the
timulation depends on the activity of several competing ANT-related
ircuits necessitates the fine-grained analysis of the ANT region and the
earch for relations between the area directly affected by the stimulation
ith the brain regions to which this area is connected. 

The structural network organization shows in animals a rather selec-
ive and segregated organization and there exists acceptable knowledge
hat also the human ANT has rather segregated source and target areas.
hat assumption lead us to expect that the better knowledge of the fiber
rganization in the ANT can be used to specifically influence the interac-
ion between the epileptogenic zone and the ANT. The suspected dense
ber anatomy of the ANT region allows opposing networks for a distinct
henotype of DRE to reside in close proximity. A simulatenous stimula-

Fig. 1. Visual representation of distinct stim-
ulation sites of the ANT-DBS responders in six
published studies (listed above), overlaid on a
paramedian section of MNI brain. For abbrevi-

ations see list of abbreviations. 
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ion of an epilepsy driving network together with an epilepsy dampening
etwork might result in a non-effective stimulation. It is therefore con-
eivable that the stimulation effect in a suboptimal position for a certain
atient might annihilate its own effect by such costimulation. To ana-
yze several competing structures or networks affected in epilepsy we
rst of all aim to identify the fiber components in the ANT region and
he direct ANT neighborhood, to disentangle their topographic relation
ith the ANT area and to understand their distant fiber relations in the

ontext of knowledge about the pathophysiology of epilepsy. In order to
ncrease the specificity of the delineated networks and to reduce the bias
n tractography reconstruction we have applied a synthetic approach
ombining histology with tractography. From the results of the present
tudy, we expect to gain information on how the stimulation in each
osition spreads across the extended three-dimensional fiber map of the
NT region. The resulting connectivity map is aimed to be later used for
stimating of patient specific ANT connectivity and for optimization of
he potential controllability of the patient specific epileptic network by
he ANT-DBS stimulation. This whole concept needs to be fulfilled first
f all in an anatomical setting of healthy subjects. For the moment such
trategy reduces the complexity of the problem to identify fiber network
ubcomponents. 

. Materials and methods 

.1. Brain and imaging resources 

A database of three high resolution diffusion Magnetic Resonance
maging (dMRI) data sets was used to trace and reconstruct fiber bun-
les of the ANT region that were predefined on histological specimen.
he dMRI data sets from the ex-vivo specimen included a complete brain
ithout record of neurological or psychiatric diseases and fixed in for-
alin (10T, 0.66mm voxel size) from the body donation program of

he Dept. of Anatomy of the University of Duesseldorf and a brainstem
200 μm voxel size) approved by the Duke University Health System In-
titutional Review Board ( Calabrese et al., 2015 ; Adil et al., 2021 ). In
ddition, we used Human Connectome Project data (7T diffusion data,
.05 mm voxel size). 

.1.1. Post-mortem brain 

For the post-mortem whole brain single ‐shell high angular resolution
iffusion imaging (HARDI) data were acquired with 64 unique diffusion
irections at b = 5,000 s/mm 

2 and 8 b = 0 s/mm 

2 ( b 0) volumes. The
1w and the T2w scanning resulted in a 332 μm isotropic voxel size
natomical 3D images with 512 × 512 × 360 size. Total acquisition time
as 15 h. 

For the anatomic images, a 3D gradient echo pulse sequence with
epetition time (TR) = 50 ms, echo time (TE) = 10 ms, flip angle ( 𝛼) = 60
egree, and bandwidth (BW) = 78 Hz/pixel was used with a total acqui-
ition time of 14 h 

.1.2. Brainstem 

The brainstem dMRI data set was compiled from a 65 ‐year ‐old
nonymous male subject with no history of neurologic or psychiatric
isease. Before it was transferred to a custom-made MRI-compatible
ube it was immersion fixed and doped with 1% (5 mM) gadoteridol
ProHance, Bracco Diagnostics, Monroe, Township, NJ). The MR im-
ges were acquired with a 7 Tesla small animal MRI system using a 65
m inner ‐diameter quadrature RF coil (M2M Imaging, Cleveland, OH)

or RF transmission and reception. 
The diffusion data were acquired using a simple diffusion ‐weighted

pin echo pulse sequence (TR = 100 ms, TE = 33.6 ms, BW = 278
z/pixel) with a total acquisition time of 208 h. A pair of unipolar,
alf sine diffusion gradient waveforms of width ( 𝛿) = 4.7 ms, separation
 Δ) = 26 ms, and gradient amplitude (G) = 50.1 G/cm was used for dif-
usion preparation. High angular resolution diffusion imaging (HARDI)
ata, single ‐shell, were acquired with 120 unique diffusion directions at
3 
 = 4000 s/mm2 and 11 b = 0 s/mm2 (b0) volumes distributed evenly
uring the acquisition. The FOV was 90 × 55 × 45 mm. The acquisition
atrix was 450 × 275 × 225 produced a scan with 200 μm isotropic

oxel size. 

.1.3. Human connectome project 

The data from the Human Connectome Project (HCP) derived from
ubjects scanned with 7T MRI (HCP-1200 release ( Glasser et al., 2013 ;
an Essen et al. 2013 ). The data of 10 subjects with the full MRI acqui-
ition pipeline of 2 structural, 4 resting state, 7 tasks and 1 DWI session
ere selected (for complete scanning protocols for each 7T imaging ses-

ion see http://protocols.humanconnectome.org/HCP/7T ). We selected
 male and 5 female subjects in the age range of 22–37. 

.1.4. Immunohistochemical sections 

The immunohistochemical sections derived from brains collected
nd examined since 1989 by the University Departments of Neu-
oanatomy and Neuropathology at Düsseldorf and of Pathology in
ainz, observing the local Ethical Committee protocols in all cases.

rocedures for collecting material were in accordance with the ethi-
al guidelines of the Helsinki Declaration regarding informed consent
World Medical Association, 1996). Neuropathological examination of
he tissue yielded no evidence of CNS malformations or abnormal struc-
ural changes of the brain on either gross examination or microscopic
nalysis. 

Summary of resources used for analysis: 

1 Ex-vivo specimen (one healthy brain N = 1), fixed in formaline and 
scanned over 15 h in a 10T scanner at 0.66 mm voxel size 

2 Ex-vivo brainstem (one healthy 65- yo, N = 1) immersion-fixed in a 
tube, scanned over 208 h in a 7T MRI at a 0.2mm voxel size 

3 The HCP-1200 release data set (N = 10) 
4 Immune histochemical sections derived from brains collected in the 

Dept. of Neuroanatomy, Duesseldorf, Germany 

.2. Neuroanatomical substrate and anatomical priors 

An abundance of fibers within and around the ANT forms an intri-
ately distributed network with differing fiber densities and orientation.
ssuming that the DBS stimulation effect varies as a consequence of the
ctivation of different fiber bundles or networks we developed a high-
esolution fiber atlas of the ANT region in tree steps: 

1 Selection, discrimination and tracing of significant fiber components
on microscopic sections to map the connectivity of the ANT region.
This step is based on the knowledge about the structural organization
in humans augmented by comparative anatomical studies in animals
and clinico-pathological studies in post-mortem brains. This step re-
sults in a set of anatomically defined fiber bundle priors that will be
used in the next step. 

2 Estimation of the preliminary structural connections of the ANT by
probabilistic tractography and creation of seeding masks and tract
selection volumes 

3 Synthetic Pathway Reconstruction (SPR) by iterative combination
and refinement of the results from the histological data (anatomical
priors) with the virtual fiber components from tractography. 

.3. Selection of the ANT associated fiber bundles 

The fiber bundles selected for the structural connectivity map are
ither directly connected with the ANT or are topographically closely
elated and therefore affected by an active DBS contact ( Fig. 2 ). Many
onnections are known to be implicated in the complex epileptogenic
etwork ( Deppe et al., 2008 ; Chen et al. 2020 ). Some pathways of this
etwork are well circumscribed and thus easily demarcated. Others are
nly delimited on the basis of tedious analysis that also includes im-
unohistochemistry and the study of developmental processes when

http://protocols.humanconnectome.org/HCP/7T
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Fig. 2. Schematic depiction of the orientation of fiber systems related to the 
ANT (paramedian section, anterior is to the left). The darkfield image shows 
neurofilament 200 positive fibers in white, non-immunoreactive fibrous tissue 
appears in black. The coloured lines indicate the main orientation of fibers re- 
lated with AV and AM. The dashed lines are 3 projections of the pathways not 
directly visible in the slice. For abbreviations see table 2 below. 

Table 1 

Fiber bundles selected for the synthetic pathway reconstruction 
of the ANT region. 

Extended hippocampal system (Papez circuit) 
Input: fornix (pre- and postcommissural division) fx 

temporo-(pulvino-)thalamic fibers tth 

mammillothalamic tract mth 

Output: ANT-cingulate projection thcg 

anterior route thcg-a 

posterior route (stratum zonale) thcg-p 

Extended amygdaloid system 

stria terminalis st 

ventral amygdalofugal pathway vap 

inferior thalamic peduncle ithp 

Orbitofrontal system 

anterior thalamic radiation athr 

Dorsal diencephalic conduction system 

stria medullaris thalami sm 

habenulo-interpeduncular tract fr 

Others 
Internal medullary lamina, anterior division iml 

Nigrothalamic fibers nth 
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he specific maturation period discloses the characteristic organization.
any components that were well described using experimental proce-

ures in animals have not been adequately replicated in humans, e.g. the
egregated projection of the mth or the course of the thalamocingulate
bers. The fiber bundles included in our analysis are listed in table 1 . 

Extended hippocampal system (Papez circuit): The ANT rep-
esents a most important subcortical node within the “classical ”
ippocampal–anterior thalamic-cingulate circuit. We included addi-
ional fibers connecting subcortical structures defined as the “extended-
ippocampal system ” ( Aggleton et al. 2010 ). This comprises besides the
ippocampal formation (dentate gyrus, CA fields, and the subiculum)
lso constituents in the basal forebrain and tegmentum. 

The extended amygdaloid system comprises the circular and basal
ber arrangement that connects the amygdaloid nucleus with the bed
ucleus of the stria terminalis (BNST, Alheid et al., 1990 ; Alheid. 2003 ).
he BNST is grossly organized around the anterior commissure as a com-
4 
lex conglomerate of subnuclei with rather precise margination revealed
y their immunohistochemical characteristics ( Walter et al., 1991 ). 

The stria terminalis is the dominant efferent pathway with a segre-
ated fiber composition ( Johnston, 1923 ; Post and Mai, 1980 ) from the
mygdaloid nuclei in rodents. It is greatly reduced in primates in favor
f the basal subpallidal analogue, the ventral amygdalofugal pathway
 Pabba, 2013 ). In humans, the mostly very fine fibers of the stria ter-
inalis are recognized as a circular band lying in the terminal sulcus
edial to the caudate nucleus and adjacent to the thalamostriate vein. 

The basal fiber arrangement of the ventral amygdaloid pathway also
onnects the amygdala with (mainly) the bed nuclei of the stria termi-
alis. At the very narrow passage way in the sublenticular continuum
hese fibers are separated from the inferior (ventral) thalamic peduncle
y the basal nucleus but both fiber systems are very difficult to dis-
inguish as they reach the thalamus. We have therefore included the
nferior) thalamic peduncle within the extended amygdaloid system. 

Orbitofrontal system : The ANT nuclei are connected with certain
arts of the prefrontal and orbitofrontal region by the anterior thala-
ic radiation which is part of the anterior limb of the internal cap-

ule ( alic ). Alic is a heavily myelinated composite bundle that carries
bers between the thalamus and the frontal cortex, the anterior cin-
ulate and also the temporobasal areas (mainly the medial prefrontal
ortex). Alic also contains the frontopontine tract, bidirectional thalam-
striate fibers and fibers to the ventral tegmental midbrain ( Ongür and
rice, 2000 ; Coizet et al., 2017 ). Alic shows a coarse topological or-
anization with segregated ventrodorsal and mediolateral partitions
 Safadi et al., 2018 ). We have analysed the fibers connected with the
V and AM differently. 

The dorsal diencephalic conduction system ( Sutherland, 1982 )
onnects limbic forebrain with limbic midbrain structures circumvent-
ng the hypothalamus. These latter nuclei in turn give rise to the
abenulo-interpeduncular tract (fasciculus retroflexus) that connects
ith the highly cholinergic interpeduncular nuclei. The stria medullaris
bers course as a well marginated myelin-rich bundle lengthwise along
he dorsomedial margin of the thalamus between the anterior pole of
he thalamus, the „stria medullaris bed “, and the habenula , exchanging
bers with the ANT. Ventrally to the ANT the fibers cannot longer be
istinguished from those of the stria terminalis ( Fig. 16 a). 

The internal medullary lamina, iml, was described as “great defin-
ng landmark ” ( Jones, 1998 ) because it separates as a fiber-rich partition
he anterior, medial and lateral region of the thalamus. This territorial
istinction is visible in regular MRI and can be used for localizing the
NT. Among the three divisions of the iml ( Mai and Forutan, 2012 ) only

he anterior part has intense fiber exchange with the ANT. 
Nigrothalamic fibers: The efferent GABA-ergic fibers from the (pos-

erior) substantia nigra pars reticulata (SNRp) reach the ANT along-
ide of the mth passing through the intralaminar formation lateral to
he mediodorsal nucleus ( Carpenter and Peter; 1972 ; Mai and Foru-
an, 2012 ). 

.4. Production of the anatomical high resolution fiber map integrated 

ithin the MNI space 

Creating an anatomically accurate map of the fiber pathways of
he ANT region requires consistent anatomical materials and detailed
natomical knowledge about the specific features of each pathway. We
sed anatomical fiber priors, the 3D volumetric representation of path-
ays in a dense stack of aligned brain sections (histological or high-

esolution MRI). 

tep 1: Anatomical pathway priors 

For the construction of the anatomical fiber map priors we relied
n two brain atlases representing either hemisphere of one young indi-
idual (Atlas of the Human Brain, AHB4, right hemisphere and MRX-
tlas, left hemisphere, Fig. 3 a) that are represented in the native space
nd in the MNI space ( Fig. 3 b). To represent each pathway with the
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Fig. 3. Process of synthetic pathway reconstruc- 
tion. (a) Histological information and atlas parcel- 
lations were tranferred to single slices in native 
space and converted to path masks. (b) Transfer 
of the path masks into the MNI slice stacks. (c) 3D 

reconstruction of the tracts from the dense slice 
stacks. The lower images show 3D pathway priors 
for the fornix and athr in the MNI brain. (d) Cre- 
ation of ANT region pathway definitions. (e) Con- 
struction of precursory pathway trajectories fol- 
lowed by an update of the pathway definitions. (f) 
Seed regions include volumes and pathway masks 
transfer from MNI to subject space and pathway 
extraction. (g) Aggregation of Tract Orientation 
Densities (TOD) in MNI space. (h) Finalized path- 
ways visualized with MRX Atlas brain structures. 
The center grid schema aggregates the pathways 
in an orientation of structures not standard for 
each structure, but optimized for viewing. 

5 
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equested detail objectivity and distinctiveness, we added information
btained from archival immunostained sections. Most valuable were
ections of immature human brains because early and later maturing
athways can be distinguished selectively by applying histochemical
ethods ( Ashwell and Mai 2012 ; Mai and Forutan, 2012 ). For the par-

ellation of the various fibers we used fiber density, compactness, ori-
ntation, neighborhood relation and histochemical properties. The seg-
entation of the immunostained serial sections were carried out by an

xpert neuroanatomist and manually transferred to the brain stacks con-
aining Nissl- and Weigert-stained microscopic slices of the AHB4 and
he “MRX-Atlas ” in native space respecting neighborhood relations with
eneral and topometric characteristics of the studied region (interven-
ng fibers, neuronal populations, chemical features and characteristics
erived from development, distance values). 

The versatility of the priors was boosted by registration of the stack
lices into the MNI space. Such normalized stacks of sections represent-
ng a space with defined coordinated system (origin of the MNI and its
ain axes) served as an unambiguous reference for anatomical repre-

entation available for many alternative processing pipelines. The na-
ive Atlas stacks transformation into the MNI space (ICBM/MNI_2009b)
as performed by a geometrically constrained Atlas normalization pro-

edure ( Mai et al. 2015, Mai and Majtanik, 2017. , Mai and Majtanik
017). 

The pathway reconstruction procedure operates on the data of dense
lice stacks containing three atlases registered in the MNI space (AHB4,
NIG, MRX-Atlas) and the imformation from the immunostained sec-

ions. The compilation of all parameters representation of each parcel-
ated tract embedded in the two atlases resulted in a 3D pathway recon-
truction (first anatomical priors, Fig. 3 c). The segmentation strategy
as iteratively checked in the atlas representation at any further step of
ur analysis and, if necessary, revised according to the available land-
arks and distances relations. Immunostained (serial) sections or scans

derived from the available brain collection) that display morphochem-
cal properties of each pathway of interest were delineated at meso- and
icroscale resolution. 

These manually segmented and reconstructed anatomical priors of
he tracts and fascicles of interest provided an anatomically approxi-
ating representation of their anatomical organization related to the
NT. 

tep 2: Estimation of the precursory structural connections of the ANT by 

robabilistic tractography, the creation of seeding masks and of tract 

election volumes. 

In this step we generated a test set of ANT pathways to ensure that the
ractographically reconstructed pathways follow the anatomical priors.
f discrepancies appeared we changed the paramenters and updated the
riors. 

At first a default set of pathway definitions for tractographic recon-
tructions was generated from the precursory anatomical priors ( Fig. 3
). The pathway definitions consisted of the 3D volumetric representa-
ion of each pathway, selection-volumes (waypoint volumes) for fiber
election and pathway masks for spatial extent control of the tracts. In
his step we also tested which values of the tractography parameters
cutoff, maxlength, minlenght, angle) yielded the best results. 

From the anatomical priors in the MNI space, we manually deter-
ined two volumes for each pathway: one closest to the ANT, the other

arthest distally where the tract was anatomically determined (in the
NI space). The pathway definitions were transformed to the individual

rains by inverse deformation fields resulting from the normalization of
he subject brains into the MNI space. 

For the ten HCP brains, the post-mortem brain and the brainstem,
 global tractography within the constrained spherical deconvolution
ramework (CSD) was computed. For each pathway we selected all tracts
assing through the two selection volumes. We visually checked if the
esulting tracts correspond to the pathway priors. In the cases of ma-
6 
or deviations we augmented the selection volumes or used volumes of
voidance (for example ithp ). 

For many tracts the global tractography as outlined above did
ot result in the expected unambiguity compared with the anatom-
cal concept. These included the thalamocingulate projection ( thcg ),
emporo-(pulvino-)thalamic fibers ( tth ), fasciculus retroflexus ( fr ), stria
edullaris ( sm ) and the nigrothalamic fibers ( nth ). For these tracts we

mployed seed-based tractography and performed additional iterations
f constructions of the seed and selection-volumes, enhanced by regions
f avoidance to ensure that the resulting tracts fit the anatomical priors.
he seed based tractography used a dilated volumetric representation
f the tract, the tract mask, which was larger than the region through
hich the tract will pass. 

tep 3: Synthetic pathway reconstruction (SPR) 

For the final 3D characterization and documentation of the axonal
athways connecting the ANT region with other components of the hu-
an brain, we used a synthetic pathway reconstruction approach ( Fig. 3
-g). 

The SPR utilizes the updated anatomical fiber map priors from
tep 2 for the definition of pathways reconstructed from the diffusion
RI data ( Fig. 3 d). This approach relates the actual histological in-

ividual fibers/connectivity priors to the virtual in-silico fiber path-
ays/connectivity patterns generated with tractography. The method-
logy applied iterative refinement of histologically verified trajectories
nd source/target definitions with high resolution anatomical tractog-
aphy ( Fig. 3 e). The reconstructed axonal trajectories of the ANT region
ere synthetically assembled into a 3D model of the fiber pathways re-

ated to the ANT region ( Fig. 3 h). 
The first step of the SPR used the anatomical pathway priors to gener-

te a set of pathway definitions for tractographic reconstructions ( Fig. 3
). The pathway definitions consisted of 3D volumetric representations,
eed and way-point volumes for fiber selection and pathway masks for
patial extent control of the tracts. With these pathway definitions, we
ractographically reconstructed the 12 bundles that were mapped on
he microscopic slides. The alignment of these reconstructions with the
natomical priors was then used to adjust and optimize the pathway def-
nitions and tractography parameters in order to ensure the anatomical
lausibility and completeness of the reconstructed pathways ( Fig. 3 e). 

After the final update cycle, the pathway definitions were transferred
rom the MNI to the subject spaces and corresponding fibers were ex-
racted from the whole brain tractograms and normalized to the MNI
pace by nonlinear deformation fields ( Fig. 3 f). For each pathway the
racts were scaled with the corresponding SIFT2 coefficients (Spherical-
econvolution Informed Filtering of Tractograms) to obtain an estimate
f fiber densities ( Smith et al., 2015 ). Further, the tract orientation den-
ities (TOD) were computed and aggregated into the MNI space ( Fig. 3
). Probabilistic tractography with dynamic seeding was performed on
he normalized track orientation densities to obtain final representations
f the pathways. During this process, however, the final fiber bundles
id not retain the quantitative properties contained in the individual
IFT2 coefficients (for details see Supplementary information). The sum
f the pathways that were generated by the iterative refinement of the
ractographic reconstructions with the histological priors resulted in a
omplex high-resolution fiber map of the ANT region, that we name a
-D “fiber grid map ”. 

The registration of the probabilistic tractography back into the At-
ases ( Mai et al., 2015 ; Mai and Majtanik, 2017; Mai and Majtanik, 2010 ;
ai and Majtanik, 2019 ) provides the correspondence between the path-
ays and the histological trajectories. The result is consistent with exis-

ent knowledge and more selective with respect to histological detail and
opographic precision than recent DTI results in humans ( Grodd et al.,
020 ). Since this study is aimed to correlate fiber pathways with study
roup data, we did not distinguish between subnuclei in most instances.
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.5. Aggregation of the scans into the MNI space 

All scans were combined by normalization into the MNI space in
 high resolution registration pipeline with geometric shape constrain
 Mai et al. 2015 ). The pipeline performs a sequence of rigid, affine and
on-linear whole brain multi-spectral registrations with an additional
hannel containing the geometrical constrains. A single geometric shape
onstrain defines a homologous structure in the AHB and in the MNI
rain that will be perfectly matched during the nonlinear part of the
egistration process. The geometric constrain can be defined as a set
f one-, two- or three-dimensional structures (1D, 2D or 3D constrain).
he pipeline enforces perfect match of the geometrical constrains. The
onstrains defined were: mth, ac, pc , fornix, ventricles, corpus callosum,
ptic tract, lateral and medial geniculate bodies, septum, mammillary
odies. 

The anatomical priors were defined in the MNI space and transferred
nto the individual subject space by warping operation utilizing the in-
erse of the transformation fields. The priors were then smoothed in the
ndividual space and used for the selection of the tracts from the global
ractography into a tract bundle. To be selected and included from the
ract we required that fibers have to be inside the smoothed prior vol-
me. 

.6. Processing of the imaging data 

The anatomical scans and the dMRI data were processed with our
RX-Brain ANT pipeline that uses the CSD tractography framework

 Tournier et al. 2004 , 2007 , 2012 ) of the MRtrix3 software ( https://
ithub.com/MRtrix3/mrtrix3 ). The MRX-Brain ANT pipeline performs
recise segmentation of the subcortical structures and normalization of
he T1 images to the MNI space. Prior to the processing of the DWI
ata the anatomical image in the native space was segmented into tis-
ue types (GM, WM, CSF, …) and converted into the 5TT (five tissue
ype) file format, that is used for Anatomically Constrained Tractogra-
hy (ACT) by the MRtrix3 ( Tournier et al. 2012 , Smith et al., 2012 ). 

The processing and the tractographic reconstruction from the DWI
ata were carried out using functions from the MRtrix3 software pack-
ge ( Tournier er al., 2019 ). The DWI data were subjected to multi-tissue
ulti-shell constrained (msmt_5tt, msmt_csd) spherical deconvolution

or the HCP and brainstem data, and multi-tissue single shell for the post-
ortem whole brain data. The HCP full brain and the brainstem tissue

esponse functions were reconstructed with the multi-shell multi-tissue
ractography option (msmt_5tt) of the dwi2 response mrtrix3 command
nd masked with the whole brain mask. The postmortem full brain tis-
ue response functions were estimated with the multi-tissue single-shell
ption (msmt_csd) and masked with the whole brain mask. 

Whole brain probabilistic tractography was performed using the
FOD2 algorithm implemented in the tckgen mrtrix3 command. In the
SD framework, the fiber tracking works by advancing along a particu-

ar direction at each tracking step. The probabilistic algorithm works on
 Fiber Orientation Distribution (FOD) image represented in the Spher-
cal Harmonic (SH) basis. The step direction is computed by sampling
he FOD of the current position. A streamline is more probable to follow
 path where the FOD amplitudes along the path direction are large;
ut it may also rarely traverse orientations where the FOD amplitudes
re small, as long as the amplitude remains above the FOD amplitude
hreshold along the entire path. 

Whole brain probabilistic tractography for the HCP data and for the
ull postmortem brain was performed with the options: -cutoff 0.06, -
inlenght 3, maxlenght 200, angle 35 and -seed_dynamic from the white
atter normalized FOD data. Total of 50 million tracts for each subject
ere obtained. 

For the brainstem the parameters were: cutoff 0.04, -minlenght 3,
axlenght 100, angle 35 and -random seeding from the whole brain-

tem. Total of 10 million tracts were computed. 
7 
For quantitative analysis of connectivity strength and for further op-
imization the weighting values of the tracts were computed with the
Spherical-deconvolution Informed Filtering of Tractograms ” algorithm
SIFT2, Smith et al., 2015 ). The algorithm estimates appropriate cross-
ectional area multiplier for each streamline to establish a quantitative
easure of fiber density. The weights are optimized such that the recon-

tructed fiber volumes match those estimated directly from the diffusion
ignal throughout the brain white matter. The estimation of quantitative
tructural connectivity between two areas can be computed by using the
IFT2 algorithm cross-sectional areas weights for each streamline. Dur-
ng the pathway reconstruction process, however, the final fiber bundles
id not retain the quantitative properties contained in the individual
IFT2 coefficients. Therefore quantitative measurements of the connec-
ivity were not possible. 

The SIFT2 based tractography, however, was not able to reconstruct
ome of the tracts. For these tracts different strategies were employed to
chieve optimal reconstruction. The alternative strategies included iter-
tive definition of the seed and waypoint regions that were optimized by
egions of avoidance to ensure that the resulting tracts fit the anatomical
riors. 

The seed based tractography uses a dilated volumetric representation
f the tract, the tract mask, which was larger than the region through
hich the tract will pass. The seeds were randomly selected from the po-

itions inside the tract mask volume. The tracts were computed with the
ame parameters as the global tractography, except that the maxlength
arameter was adjusted to be slightly longer that the estimated tract
ength. All computed tracts had to pass all defined selection-volumes.
he number of computed tracts was adjusted in such a way that at least
00 tracts could be selected for the final tracts. 

In most cases, predefined regions from our volumetric tract recon-
tructions were optimal for ROI, waypoints and stop region definitions
nd only in few cases new ROIs were constructed to serve as additional
aypoints guiding the tracts in anatomically correct directions. 

The tracking was done in the subject space where the track orienta-
ion densities were computed and then warped into the MNI where the
nal tracts were computed on averaged group TODs. 

The Tract Orientation Density (TOD) maps for each pathway were
btained by the tckmap map command with the tod = 12 option and 0.7
m resolution. The TOD maps were then warped into the MNI stan-
ard space with the mrtransform MRtrix3 command and the reorient
ption turned on. The warp transformation used the deformation fields
btained from the registration of the T1 and T2 images. The TOD maps
ere then averaged across subjects and normalized. The TOD maps

n MNI standard space in such way were then used for probabilistic
athway-specific tractography using iFOD2 algorithm with a moderate
topping criterion (cuttoff value 0.005). The minlengh and maxlength
alues were adjusted (-20% and 20% offset) with respect to the esti-
ated length of the pathway priors 

Further refinement was carried out with working pathway defini-
ions and tract generation processes to trim away erroneous tracts (false
ositives) to retain the most accurate fiber bundles. To this end the
xpert knowledge of the authors and the assembled anatomical prior
atabase was used to clean up the fiber bundles. The final tracts were
hen visualized overlayed onto the 3D thalamus. 

. Results 

Our analysis showed that histological and tractographic data of the
ber bundles in the common space can be combined in spite of the rather
mall territory of the ANT subnuclei and the different scaling of the im-
ges obtained by these approaches. Fig. 4 shows that slight shifts in the
eed point locations result in significant differences in the course of the
onnections. If seed points are placed in areas roughly corresponding to
he ANT subdivisions different connectivity profiles are observed. This
nding, which matches descriptions in the literature, shows that a pat-
ern of pathways may be obtained also with tractography that can be

https://github.com/MRtrix3/mrtrix3
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Fig. 4. Tractograms of subareas of the ANT region (colored squares) derived from diffusion MRI of a HCP subject overlaid on a T1 image. The first sagittal image 
(a) shows the three different seed volumes used. The images b-d show that seed positions in different subareas of the ANT (left row) result in unequal trajectories 
and demonstrate the feasibility of distinguishing segregated pathways emanating from subnuclei of the ANT. 

Fig. 5. Tractograms showing the extension of the fimbria-fornix system (fornix: lilac; mth: blue) in a T1 scan. The parasagittal view shows the distinct precommissural 
fornix component extending to the basal forebrain (a). The coronal view highlights the fornix entry zone at the mammillary body. 

e  

s  

t
 

a  

o  

p  

t  

e  

l  

i

3

 

c  

o  

l  

i

3

 

t  

d  

a  

m  

2  

(  

o
 

p  

b  

o  

b  

i  

t  

w
 

n  

t  

t  

t  

p  

K  

e  

e  

m  

i

3

 

t  

s  

j  

fi  

fi  

w  

t  

a  

(  

a
 

A  

p  

i  

i  

a  

t  

t  

t  
asily matched to the histological resolution. This example shows how
lightly individual divergences of electrode positions (or stimulation set-
ings) change the composition of the fiber structures affected. 

With the view that several competing structures and networks are
ffected in epilepsy, we aimed to determine what fiber components are
rganized in ANT and its direct neighborhood to disentangle their to-
ographic relation within the ANT area and to understand their dis-
ant relations in the context of knowledge about the pathophysiology of
pilepsy. Figs. 2 and 4 display the high complexity of fiber bundles se-
ected and their coarse orientation. The fiber systems included are listed
n Table 1 . 

.1. Extended hippocampal system (Papez circuit) 

The ANT is a crucial node within the hippocampal–anterior thalamic-
ingulate circuit and most important for the understanding of seizure
rigin, propagation, or expression ( Samadani and Baltuch, 2007 ). We
ooked at these components with detail and compared some character-
stics with findings in experimental animal studies. 

.1.1. Afferent fibers 

The ANT receives its input from subareas of the hippocampal forma-
ion. The predominantly glutamatergic afferents reach the ANT either
irectly via the fornix ( Percheron, 2004 ) or indirectly from the fornix
fter relay in the mammillary nuclei by the mammillothalamic tract,
th ( Gonzalo-Ruiz et al., 1996 ; Bernstein et al. 2007 ; Dillingham et al.,
015 ). The pre- and postcommissural fornices are reliably demonstrated
 Fig. 5 ) as is the mth which presents as a compact bundle that is related
nly with AV ( Fig. 6 ). 

A larger and circumscribed share of the fornix column separates as
recommissural fornix above the anterior commissure to reach the lim-
ic forebrain area ( Fig. 5 ). This is a compelling difference to the course
f the fibers shown in the immunostained section ( Fig. 7 ). It is explained
y the partial volume effect misrepresenting the thin septum pellucidum
n the MRI. The characterization is relevant because the septal area is
8 
he source of several efferents to the hippocampus and exchanges fibers
ith the stria terminalis and the stria medullaris (see below). 

The predominance of the mentioned mth -afferents to the ANT shall
ot provoke to neglect other sources of direct relations within the ex-
ended hippocampal (limbic) system. That includes fibers from the en-
orhinal region which do not join the fornix but take an alternative route
o reach the anterior (limbic) nuclei. These fibers were described as tem-
oropulvinar (or temporothalamic) bundle ( Whitlock and Nauta, 1956 ;
rieg, 1973 ). Fig. 8 shows the fiber stream with its relations with the
ntorhinal cortex region, the course around the inferior horn of the lat-
ral ventricle and along the perimeter of the pulvinar in the external
edullary lamina until the dorsal superficial nucleus with fibers reach-

ng AV. 

.1.2. Efferent fibers 

The output of the ANT forms part of the thalamo-cingulate projec-
ion ( thcg ) and target the limbic lobe on the internal surface of the hemi-
phere. The fibers innervate the cingulate and retrosplenial cortex. They
oin the cingulum bundle which also contains association and callosal
bers. We distinguished two routes to the cingulum bundle. An anterior
ber stream ( thcg-a ) travels forward and assembles between the medial
all of the hemisphere and the lateral ventricular area to reach the an-

erior cingulate area ( Fig. 9 ). They do not use the passage through the
nterior limb of the internal capsule but follow a more medial course
 Fig. 9 c,d). Interestingly, the streamlines are followed until only in the
nterior (genual) and the anterior middle cingulate cortex. 

The other, posterior trajectory ( thcg-p ) consists of fibers that leave the
NT in the stratum zonale. These fibers traverse the centrum semiovale,
enetrate the corpus callosum and join the callosal bundle. This relation
s verified in the clinico-pathological case ( Fig. 10 ) where the loss of
nterfering myelinated axons allows tracing the fibers between the ANT
nd the cingulate gyrus. The well myelinated fibers of the stratum zonale
urn around the occipito-frontal association bundle before they perforate
he callosal fibers to reach the limbus of the hemisphere (the base of the
elencephalic evagination). Our material was unsuited to follow fibers
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Fig. 6. Demonstration of the mammillothalamic tract (blue) without any indication for a relationship of the tract with other than the AV nucleus (yellow broken line: 
anterior commissure (ac); white stippled outline: AV). The sagittal, coronal and axial sections are cut perpendicular to the brainstem axis of Meynert. The navigation 
box in the right lower corner of (a) shows the orientation of the brainstem scan. 

Fig. 7. Paramedian section at perinatal age showing SMI-312 immunoreactive 
fibers. A considerable amount of the precommissural fornix fibers course below 

the anterior corpus callosum whereas those separating immediately above the 
anterior commissure are shown with minor intensity. The image thus illustrates 
the structural separation between the postcommissural (excitatory) and precom- 
missural (mostly inhibitory) fornix fibers. Note the appreciable extension of the 
interventricular foramen separating the fornix from the ANT (marked in red). 
For abbreviations see table 2. 
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o the orbito- and prefrontal cortex anteriorly and the parahippocampal
yrus posteriorly, respectively. 

In the tractogram the cingulate fibers are rather loosely grouped and
an be followed in anterior and posterior directions to the middle and
etrosplenial segments of the cingulate region ( Fig. 11 a,c). 
ig. 8. Trajectory determined for the alternative pathway connecting the entorhina
NT). Sagittal (a), coronal (b) and axial (c) views in a T1 image. The arrow indicates

9 
Within the cingulate gyrus the afferents were described to be lo-
ated in the basolateral portion of the medullary core ( Mufson and
andya, 1984 ) which is compatible with the trajectory shown in Fig. 11 .
hey are separate from the dorsolateral and dorsoventral sectors of the
ingulate cortex where the corticofugal (cingulothalamic) and associa-
ional (callosal) fibers are located ( Domesick, 1970 ) 

.2. Extended amygdaloid system 

Both components of the extended amygdaloid system, the stria termi-
alis and the ventral amygdalofugal pathway are easily recognized. The
tria terminalis ( st ) is identified as a conspicuous band of fibers from
he amygdala along the terminal sulcus to the bed nuclei of the stria
erminalis (BNST) situated around the anterior commisure. Considering
he rather loosely arranged fibers embedded within the glial rich sub-
tance of the caudothalamic groove the markedness of the streamlines
n humans is conspicuous ( Fig. 12 ). 

The complex projection field of the st is reflected by the widely
arked area comprising the conglomerate of subnuclei of the BNST and

lso extensive parts of the hypothamus marked by the postcommissural
bers. 

The ventral amygdalofugal pathway ( vap ) presents as a contin-
um that extends between the central (and basolateral) amygdaloid cell
roups with the medial and lateral nuclei of the septum and the BNST
 Nauta and Haymaker, 1969 ). We were interested only in the portion
hat was originally defined by the demonstration of cholinergic fibers
 Fig. 13 c). This division partly overlaps with the inferior thalamic pe-

uncle ( ithp ) at the subpallidal segment. As shown in Fig. 14 both fiber
undles have different orientations with respect to the frontal plane and
re separable medially where vap reaches the BNST whereas the ithp in-
ervates the limbic thalamus. Ithp is a composite bundle ( Klingler and
loor, 1960 ; Riley, 1960 ) that recruits its afferents mainly from the
mygdala and the basal, insular and anterior temporal cortical regions.
he fibers then become rather compact and curve dorsally around the
edial margin of the emerging pallidal fibers to enter the polar reticu-
l cortex with the anterior thalamic nuclei (dorsal superficial nucleus, DSf and 
 the connection between the entorhinal cortex and the base of the ventricle. 
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Fig. 9. The trajectory of the anterior thalamo-cingulate fibers and its distribution along the anterior and middle cingulate cortex. The fibers emanate from the ANT 
in anterior direction and course around the genu and rostrum of the corpus callosum to extend above the corpus callosum in the basolateral cingulate gyrus. The 
location of fibers depicted in the frontal and axial images (T1) is outside the alic . 

Fig. 10. Coronal sections showing the core of the left hemisphere in a case 
of middle cerebral artery infarction (Weigert stain). Insets on the right show 

the boxed area at further caudal levels. Whereas in normal preparations the 
fibers in the stratum zonale are impossible to follow further distally because 
of the multiple fiber orientations at the centrum semiovale the massive loss of 
fibers allows following them to the cingulum bundle (arrow). These fibers bend 
around the caudate nucleus along the occipito-frontal association bundle before 
they perforate the callosal fibers to reach the limbus of the hemisphere. 
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ar thalamic nucleus (Ncl. fasciculosus) where the fibers fan out towards
heir destination in the MDmc and AM. 

.3. Orbitofrontal system 

The anterior thalamic radiation ( athr ) connects the ANT nuclei with
he prefrontal and orbitofrontal region. These fiberes are embedded
ithin the anterior limb of the internal capsule ( alic ) where fibers from
arious sources are arranged in a coarse topological order ( Safadi et al.,
018 ).The athr fibers are also not intermingled within alic but form a
ircumscribed bundle in the most medial and ventral position ( Fig. 15
,d). 

The athr fibers pass above the anterior commissure between the cau-
ate and the accumbens nucleus to reach the pre- and orbitofrontal cor-
10 
ex. These anteriorly directed fibers are depicted in a paramedian sec-
ion in Fig. 15 a. The sagittal section in Fig. 15 b shows the partially
egregated fibers of AV and AM in the prereticular zone of the thalamus
here sm, st, fx, athr and ithp converge. The frontal section ( Fig. 15 c)
resents the location of the athr in the medial partition of alic. Fig. 15 d
hows the continuity with the frontal cortex. 

.4. Dorsal diencephalic conduction system 

The stria medullaris ( sm ) and its relation with the stria medullaris
ed (anteriorly) and the habenula (posteriorly) is clearly demarcated in
he histological section as is the fasciculus retroflexus ( Fig. 16 a). Both
omponents are are well outlined in the sagittal tractograms. Figs. 16 b
nd c show the sm fibers well posterior to the anterior commissure dis-
inguishing the stria medullaris bed from the BNST. 

We were not able to follow the fasciculus retroflexus to its target
reas, the Ip, ventral tegmental ncl. of Gudden or the raphe nuclei
 Aizawa et al., 2011 ; Fig. 17 ). 

.5. Internal medullary lamina 

The anterior portion of the internal medullary lamina ( iml ) forms
 calix around the base of ANT ( Fig. 18 ) and has intense fiber ex-
hange with the ANT. Together with some midline nuclei it also projects
o the limbic cortex ( Robertson and Kaitz, 1981 ; Matsuoka, 1986 ;
ogt et al.,1987 ). The overall connections are very distributed and there-

ore it was not possible to separate any specific projection to the ANT
rom those related to the basal ganglia and caudally directed fibers. The
ntimate relation of the anterior iml with the ANT ( Fig. 18 ) inevitably
rovokes co-activation by DBS stimulation of the ANT. 

.6. Nigrothalamic fibers 

The efferent GABA-ergic fibers from the (posterior) substantia ni-
ra pars reticulata (SNRp) reach the ANT alongside of the mth pass-
ng through the intralaminar formation lateral to the mediodorsal nu-
leus ( Carpenter and Peter; 1972 ; Mai and Forutan, 2012 ). We were
ble to convincingly demonstrate this connection until the undersurface
f the AV around the base of the entry zone of the mammillothalamic
ract (Fig. 19) . This location provides an extremely complex composi-
ion of diverse cellular and fibrous elements as indicated in Figure 18 .
t comprises VAmc where a sweet spot for positive outcome after DBS
n epilepsy patients has been found ( Majtanik et al., 2021 ). 
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Fig. 11. The trajectory of the thalamocingulate fibers that leave the ANT region as part of the paramedian or limbic radiation displayed in T1 images. These ANT 
efferents turn around the ventral and lateral border of the caudate nucleus and extend within the basolateral division of the cingulate gyrus. 

Fig. 12. Delineation of the stria terminalis, bed nucleus of the stria terminalis and associated fibers. The white broken line (b) indicates the course of vap fibers in 
more anterior section planes. 

Fig. 13. Inferior thalamic peduncle ( ithp ) and ventral amygdalofugal pathway. (a) Anterior view on the reconstruction of the human thalamus and some related 
fibers. Highlighted are the three ANT nuclei (pink) surrounded by the stria medullaris ( sm ) and stria terminalis ( st ) and the inferior thalamic peduncle ( pthi , red). 
The mammillothalamic tract is shown in blue. (b) Trajectory of the ithp as determined by DDT. (c) Cholinergic system (brown and black) in the basal forebrain area 
and the anterior temporal lobe (color enhanced frontal section immunostained for nerve growth factor receptor). The asterisk shows the approximate location of the 
“area tempestas ”. 
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.7. The ANT fiber grid 

Fig. 20 shows the reconstructed pathways as centroid fiber represen-
ation defined as a center of mass of all fibers belonging to a pathway.
 single point on the centroid fibers is approximately the center of mass
f the nearest points in the fibers of the pathway. The densest point in
his 3-D grid locates near the ending of the mammillothalamic tract. 

. Discussion 

The ANT represents a convergence zone with in- and output-relations
f many regions which are associated with quite diverse functions. The
11 
etailed and anatomically valid reconstruction of the fiber pathways of
he ANT region serves as basis for a connectivity profile of the ANT rep-
esented in the common ICBM/MNI 2009b space. Under the preposition
hat target and source areas of these pathways cover segregated territo-
ies in the ANT this knowledge may be used for the planning of DBS in
pilepsy. 

.1. Microscopic information providing improved selectivity and specificity 

High-resolution microscopic information was used for guiding the
on-invasive in-vivo imaging. We applied dMRI ‐based tractography to
erive at a structural description of the connectedness of brain regions
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Fig. 14. Top row (a-c): The course of the ventral amygdalofugal pathway ( vap , green). Lower row (d-f): Demonstration of the vap compared with the trajectory of 
the inferior thalamic peduncle ( ithp , red) in a T1 scan. Arrow in a indicates the small extension of vap . 

Fig. 15. Components of the orbitofrontal system. (a) Sagittal section highlighting the ANT with its fiber relation of the anterior thalamic radiation ( athr , red); anterior 
commissure: blue. Drawing of a parasagittal fiber stained section; modified from Vogt and Vogt (1904) . (b-d) Partial segregation of the athr projections from AV 

(yellow) and AM (red). Both fiber streams locate in the most medial portion of alic . Scattered fibers (white arrows) can be traced to the region of the middle frontal 
gyrus (FMG). (T1 scan). 

Fig. 16. Dorsal diencephalic conduction route. (a). The sagittal section (GAP-43 immunoreactivity) through the human thalamus depicts the stria medullaris thalami 
and the fasciculus retroflexus interrupted by the habenular nuclei. (b,c). The stria medullaris (red) in sagittal plane shows the close relation to AM. The coronal 
section (d) reveals sm at the caudomedial border of AV. Figs (b-d) show FA modality of the brainstem scan. The three canonical sections are cut perpendicular to the 
brainstem axis of Meynert and are displayed as a navigation box in the lower right corner of (b). 

12 
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Fig. 17. The course of the fc. retroflexus between Hb and Ip (green)) shown on the FA brainstem sections rotated in such a manner that the axial section cut through 
the fasciculus. The rotation and the orientation of the brainstem is depicted with the locator image in the right low corner of (a). The navigation box shows the 
sagittal section of the rotated brainstem overlaid onto the MNI brain. 

Fig. 18. Coronal section through the anterior third of the thalamus at 25 weeks 
of gestation. The three main divisions (anterior, A, medial, MD, and lateral, 
VAmc, VAL, VL) are separated by the intralaminar formation, outlined by the 
yellow stippling. The mth (red color) is surrounded by VAmc before it passes 
through iml to reach the ANT. 
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n-vivo ( Johansen-Berg and Rushworth (2009) . However, this method-
logy alone is an inherently limited approach that has variable degrees
f selectivity and specificity and requires augmenting strategies to ac-
urately describe the intricate anatomy and connectivity of the human
rain ( Schilling et al., 2019 ). This was achieved by a hybrid approach
ombining a histological ( in-vitro ) approach providing improved selec-
ivity and specificity for the in-vivo tract tracing of anatomical connec-
ivity. 

Our Synthetic Pathway Reconstruction (SPR) process thus combined
istological and tractographic data of the fiber bundles. It results in
 pathway atlas that explicitly integrates the discriminated fiber bun-
le priors from histological (microscale) sections with the streamlines
rovided by probabilistic tractography. The pathways show a complex
opography with very different spatial orientations and different fiber
trength, a feature which we described as “fiber grid map ” representa-
ion ( Fig. 20 ). With this approach we aimed to discriminate and charac-
erize those fiber bundles which are known to being related to the ANT
n a microscopic scale. This ANT atlas represents a multi-layer tem-
late which embeds microscopic resolution of individual anatomy with
he mesoscale resolution provided by in vivo imaging. The anatomical
etail far exceeds the capabilities of any current tractography algorithm.

.2. Limitations to define ANT subdivisions in the human brain 

The analysis of the connectivity in humans is challenging because of
he high variability of the ANT region, interindividual differences, age
nd disease related changes ( Hughes et al., 2012 ; Akeret et al. 2021,
13 
uppl. Fig. 5 ). Many structural features are still unknown in humans
nd principal differences exist between the human and non-human
NT. Information derives mainly from clinico-pathological findings and

nterpretation of experimental data obtained in animals. Therefore,
hen describing the anatomical and functional relationships of the hu-
an ANT and its associated pathways, we rely on relatively sketchy

nformation. 
As most information about the structure and connectivity of the hu-

an ANT derives from animal studies some major organizational dif-
erences shall be noticed: First , the topography and relative size of the
NT subnuclei differ between humans and subhuman species. This is
articularly evident for the AD, which in humans undergoes a promi-
ent reduction in volume ( Hopf, Gihr and Kraus, 1967 ). Second , many
racts related to the ANT are well demarcated ( mth, sm, st, sz ) but their
ode of termination in the ANT subnuclei in humans is unclear and

ften described in analogy with animal studies where the connectivity
f most components is characterized by distinct and segregated path-
ays ( Poletti and Creswell, 1977 ). Third , the methodology did not uti-

ize the chemoarchitectonic properties to distinguish the source and tar-
et areas of projections in the ANT. Lastly , we neither did consider the
ole of interneurons which show fundamental interspecies differences
 Letinic and Rakic, 2001 ; Mathiasen et al., 2020 ) nor the microenviron-
ent by glial cells and ECM-components that contribute to the etiology

f epilepsy ( Devinsky et al.,·2013 ; see Patel et al., 2019 ). We have min-
mized the disadvantages by integrating results from additional cyto-,
ber- and chemoarchitectonic resources. 

Are the tools appropriate to distinguish the fiber elements of the ANT
egion? dMRI ‐based tractography allows localization of white matter
undles in-vivo ( Jbabdi and Johansen ‐Berg, 2011 ). In view of the many
imitations that exist about the specificity and selectivity of the fiber sys-
ems, it is essential to use adequate methods for their characterization
 Schilling et al., 2021 ). One accurate approach in the case of complex
ber configurations is the use of the fiber orientation density function
fODF) which estimates the directions of fiber distribution in each voxel.
n this work we use the multi-tissue multi-shell constrained spherical
econvolution for the HCP and brainstem data, and multi-tissue sin-
le shell for the postmortem whole brain data ( Tournier et al., 2004 ;
ournier et al. 2007 ; Jeurissen et al. 2014 ). These methods provide es-
imates of the fODF and a discrete number of crossing orientations in
ach voxel. The estimation of the crossings and the optimality of de-
onvolution methods are essential for tracking the white matter fibers
 Behrens et al. 2007 ). As with all diffusion-weighted reconstructions,
he generated fiber tracts only describe the diffusivity in the region of
nterest and it is assumed that this corresponds to what is or can be
escribed as a real existing tract. 

Several validation studies tested if and how accurate tractog-
aphy can separate fiber bundles and follow them through white
atter ( Maier-Hein et al., 2017 ). Qualitative analyses have shown

ood agreement with histological tracing methods in the monkey
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Fig. 19. Course of fibers between the posterior substantia nigra (SNRp) and AV (orange streamline), passing through the intralaminar formation and the magnocellular 
ventroanterior nucleus of the thalamus (VAmc). The FA modality of the brainstem is shown. The three canonical sections are cut perpendicular to the brainstem axis 
of Meynert and displayed as a navigation box in the lower right corner of (a). 

Fig. 20. The centroid representation of the final ANT fiber grid. Each reconstructed pathway is represented as a single centroid fiber embedded onto transparent 
3D thalamus model with the ANT, mammillothalamic tract (mth) and mammillary body (MB) shown in solid colors. For orientation, the prefrontal cortex (PFCx), 
cingulate gyrus (CgG), amygdala (Amy) and hippocampus (Hip) are indicated. The orientation is indicated by the colored coordinate system arrays with anterior A, 
right R and superior S directions. For further abbreviations see list of abbreviations. 
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 Schmahmann et al. 2007 ) and in the human brain ( Lawes et al., 2008 ).
owever, novel comparisons have also stressed the false positive con-
ection problem in the fiber estimates ( Dyrby et al., 2007 ; Dauguet et al.,
007 ). Further, it was shown that the probabilistic tractography is
ess sensitive to anisotropy and curvature and shows more sensitiv-
ty, but less specificity, than deterministic methods ( Thomas et al.,
014 ). This results in a higher susceptibility to false positives which
e account for with the anatomical fiber bundle priors. This higher

pecificity allows including the relevant fibers in the selected bun-
les. In our iteration procedure we optimize the corresponding param-
ters for inclusion of less pronounced fibers. The integration of the
ber priors defined from microscopic anatomy also reduces the seed
ias. 

To increase the selectivity of our reconstruction we used the anatom-
cal fiber models (priors) to clean up the fiber bundles. In a first step all
bers were removed that did not correspond to the anatomical prior and

n the second step the fiber bundles were inspected and revised by an
natomical expert. 
14 
.3. Location and trajectory of each selected tract and the possible 

elevance for seizure mechanisms 

.3.1. Extended Papez circuit 

Experimental and clinical studies have shown that disturbances
ithin the extended Papez circuit are associated with the pathogenesis
f epilepsy ( Stypulkowski et al., 2014 , Gross et al., 2021 , Vonck et al.,
007 ). We clearly delineated in our analysis the “classical ” fibers linking
ippocampal regions, ANT and cingulate gyrus but we realized differ-
nces with respect to descriptions in animals. 

ANT afferents: The direct input for the ANT was described to detach
rom the retrocommissural fornix and to turn around the inferior bor-
er of the foramen of Monroe to reach the ANT ( Percheron, 2004 ). This
irect projection to the thalamus is documented in monkey as a volu-
inous bundle ( Poletti and Creswell, 1977 ) but has to our knowledge
ever convincingly mapped as a robust pathway to the ANT in humans.
he physiological consequences of the activity of this proposed direct
ippocampal pathway are not known. 
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The anatomic organization of the precommissural fornix fibers ap-
ears also to differ from the established concept where these are shown
o separate from the fornix column as rather compact bundle directly
bove the anterior commissure ( Poletti and Creswell, 1977 ). Quite dif-
erently, Fig. 7 shows the immunostained fibers leaving the column suc-
essively along the septum to reach the limbic forebrain area. Such
bers are depicted in Riley’s atlas ( Riley, 1960 ) (p. 454) but labelled
s “fasciculus olfactorius septi ” to indicate their olfactory connection.
he distinction between the pre- and postcommissural fornix fibers is

mportant because the target of the precommissural fibers in the me-
ial septal area (and diagonal band complex) is the source of cholin-
rgic, GABAergic and glutamatergic neurons, in part connected with
ABAergic interneurons in the hippocampus. Disturbance of the adjust-
ent or deregulation of the excitatory-inhibitory balance of synaptic

ransmission in the hippocampus has been associated with temporal
obe epilepsy ( Bonansco and Fuenzalida, 2016 ). Both, the cholinergic
nd GABAergic projections, propagate theta waves in the hippocampus
ontributing to the coordination of neuronal activity. Several lines of
vidence support the concept that the theta rhythm plays an important
ole in specific brain processes ( Colom, 2006 ) and appears as part of a
eizure-resistant functional state ( Miller et al., 1994 ). 

The mth is mapped as a coherent fiber bundle connected only with
he AV entrance zone not contributing to the remaining ANT subnu-
lei. This circumscribed relation of mth to this subnucleus only, presents
 challenging fact in the light that in non-human mammals the mam-
illothalamic tract has a characteristic and precise topographic allo-

ation with all anterior nuclei ( Christiansen et al., 2016 , Sikes et al.,
977 ; Swanson and Cowan, 1977 ; Seki and Zyo; 1984 ; Shibata, 1992 ;
illingham et al., 2015 ). This finding has elementary functional impli-
ations because in non-humans a segregated organization of projections
nd intranuclear domains is maintained throughout the extended Papez
ircuit including the brainstem relations. For example, a pathway re-
ated to the medial mammillary nucleus is regarded as a theta rhythm
elated component of the mnemonic and orientation system; a lateral
ircuitry matches the head direction pathway utilizing distinctive net-
ork components ( Bubb et al., 2017 ). The role of subcomponents of

he MB or the mth is challenging in the light that pathology of these
tructures has been related to mesial temporal lobe epilepsy without
oticable involvement of the hippocampus (see Meys et al., 2022 ). 

The relationship between the mammillary body and the tegmental
uclei by the mammillotegmental tract and the mammillary peduncle
alls out of the direct connections of the anterior nuclei. This relation
s, however, relevant with respect to the possible persistence of the seg-
egated organization of the brainstem connections with the extended
ippocampal system. The important source of fibers from the cingulate
ortex to the ANT is part of the reciprocal cortical connection and de-
cribed below. 

ANT efferents: The thalamocingulate projections ( thcg ) from each
f the ANT subnuclei terminate in partly overlapping sectors along the
nterior-posterior extension of the basolateral cingulate gyrus (possi-
ly in a medial-to-lateral topographic organization). Whereas the to-
ographic correlation and spatial order in this connection was already
escribed for the monkey by Yakovlev et al. (1960) , it is noticeable
hat there still exists very limited knowledge about the precise organiza-
ion in humans. Two alternative routes were described in animal studies
 Bubb et al., 2020 ). One ( thcg - a) is taken by fibers that emanate from the
NT at the anterior limb of the internal capsule ( alic ). These fibers then

ocate not in alic as described in recent DTI studies ( Weininger et al.,
019 ) but assemble more medially. We found appreciable numbers of
bers that reach the anaterior cingulate gyrus, contrasting the very

ew fibers described by Armstrong (1990) . The other trajectory ( thcg -
) consists of fibers that leave the ANT in the stratum zonale and per-
orate the callosal fibers to reach the limbus of the hemisphere (the
ase of the telencephalic evagination). These fibers were verified by
he analysis of sections from developing ( Krieg, 1973 ) and pathologi-
al human brains following rather circumscribed lesions ( Yakovlev and
15 
ocke, 1961 ) ( Fig. 10 ). The description of a dichotomous organization
s probably simplified because the ANT efferents appear to continuously
eave the anterior thalamus and join the fan of the corona radiata. 

The knowledge of the regional distribution and their laminar orga-
ization would be important because the thalamocingulate projection
nteracts with diverse neuronal populations representing many func-
ionally related systems with different outputs ( Beckmann et al., 2009 ;
hibata and Yukie, 2009 ; Vogt, 2009 ). The cingulum and, more gen-
ral, the cortico-thalamo-cortical circuits have been described as be-
ng involved in the generation and propagation of a large number of
eizures ( Vonck et al., 2007 ). Experimental investigations have detected
eurons that are prone to rapidly recruit epileptic cortical networks
 Sorokin et al., 2017 ; Gobbo et al., 2021 ). Other studies documented
he involvement of the cingulum in the generation and propagation of
eizures possibly by disinhibition due to decreased GABA input of the
halamic projection neurons ( Tomitaka et al. 2000 ; Kremer et al., 2003 ).

.3.2. Extended amygdaloid system 

The fibers included in this system ( st, vap and ithp ) are well out-
ined. This is contrasted with the challenging array of fibers and their
ntricate relations. The postcommissural st fibers occupy an area that
ncludes the ventromedial hypothalamic nucleus, the premammillary
ucleus and the lateral hypothalamic area. This latter connection is im-
ortant in the context of stress-related events and may be responsible
or epileptic seizures ( Gunn and Baram, 2017 ). 

The ventral amygdalofugal pathway ( vap ) and the inferior thalamic
eduncle ( ithp ) share the subpallidal corridor as passage of fibers related
o either the septal nuclei or the limbic thalamus, including the AM. The
istant affiliation of ithp is apparently more widespread and connects
ith the anterior and medial temporal lobe and olfactory cortex. Both
athways pass along the piriform cortex, involving the “area tempes-
as ” which has been related to epileptogenesis and seizure propagation
 Vismer et al., 2015 ), and below the basal nucleus of Meynert. This latter
ucleus has also described as an area that is involved in epileptogenesis
 González et al., 2021 ). The ithp fibers then become rather compact and
urve dorsally around the medial margin of the emerging pallidal fibers
o enter the polar reticular thalamic nucleus (Ncl. fasciculosus) where
he fibers fan out towards their destination in the MDmc and AM. MDmc
as been reported as an effective target for DBS in specific epilepsies
 Juhász et al., 1999 ; Bertram et al., 2001 ). It is worth mentioning, that
n all areas and nuclei high levels of CART (cocaine- and amphetamine-
egulated transcript) peptide are present. This molecule has been related
o the pathophysiology of epilepsy ( Keating et al., 2008 ). 

.3.3. Orbitofrontal system 

The connection between the ANT nuclei and the orbitofrontal cor-
ex was described since the early last century ( Sachs, 1909 ; Clark and
oggon, 1933 ; Waller, 1933 ). The orbitofrontal system together with
he extended amygdaloid system have been jointly described as the
efferent) conduction systems of the amygdalo-thalamo-orbitofrontal
rganization and compared to that of the hippocampal formation
 Nauta, 1962 ). Both systems are engaged in some common fundamen-
al mechanisms mediated by the medial forebrain bundle ( mfb ). This
onnection has raised great interest because of psychophysiological im-
lications ( Coenen et al., 2012 ). 

The medial forebrain bundle ( mfb ) is a loosely textured, bidirec-
ional, transhypothalamic fronto-midbrain pathway related with the
rbitofrontal system. In the lateral preoptico-hypothalamic continuum
 Nieuwenhuys et al.,1982 ) it is situated between the cerebral peduncle
nd the fornix and then runs longitudinally to the ventral tegmental area
VTA). A superolateral-branch of the mfb has been described as a compo-
ent that reaches the wider ANT region ( Zyo et al., 1963 ; Coenen et al.,
012 ). We could only show those elements of the mfb fibers that can
e followed in myelin sections but were not able to demonstrate the
elation of mfb fibers with the ANT group of nuclei. 
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.3.4. Stria medullaris thalami (part of the dorsal diencephalic conduction 

ystem) 

The course of the stria medullaris ( sm ) is well discriminated in
ur tractogram with its dorsomedial course along the thalamus to the
abenula. The compact bundle provides no difficulty and has earlier
een investigated using diffusion-weighted imaging by a probabilis-
ic ( Kochanski et al., 2016 ) and also by an anatomically guided ap-
roach ( Roddy et al., 2018 ). Anteriorly, sm derives from the frontolim-
ic “bed ” around and behind the anterior commissure, an area that
artially merges with the territory of the stria terminalis fibers. At the
evel of paratenial nucleus, regarded as an interstitial nucleus of the sm
 Kuhlenbeck, 1951 ) the fibers are directly adjacent the AD. 

By its direct connection with the habenula and the habenulo-
nterpeduncular tract (fasciculus retroflexus) the sm influences the
holinergic and monoaminergic output of the limbic midbrain area. The
abenula is also linked to the ventral tegmental ncl. of Gudden, VTA,
aphe nuclei and superior colliculus ( Aizawa, 2011 ). All these targets are
omponents of a network that have been related to the pathophysiology
f epilepsy at least in experimental studies: the tegmental nuclei close
he loop with the mammillary nuclei (by the mammillotegmental tract
nd the mammillary peduncle); activation of the deep layers of the su-
erior colliculus exerts anticonvulsant effects ( Wicker et al., 2019 ); the
idbrain raphe nuclei influence arousal and cardiorespiratory function

hat may be compromised during seizures ( Zhan et al., 2016 ). 

.3.5. Internal medullary lamina 

The anterior part of the internal medullary lamina ( iml ) shows com-
lex relations with the ANT. The iml fibers are highly collateralized
nd it was therefore not possible to separate the components for the
NT from those related to the basal ganglia or cortex ( Robertson and
aitz, 1981 ; Matsuoka, 1986 ; Vogt et al., 1987 ). As iml fibers are ap-
osing the undersurface of AV and penetrate AM they are influenced
y the VAT during ANT stimulation. The excitability of this region
ight affect the cholinergic and orexinergic network and thus inter-

ere with the sleep-wake state resulting in effects on seizure threshold
 Saalmann, 2004 , Ng; 2017 , Voges et al., 2015 ). 

.3.6. Nigrothalamic fibers 

The nigrothalamic fibers are described as a loosely arranged array
f thin axons. This arrangement differs from our result where a rather
ompact bundle is revealed that passes through VAmc before it reaches
V around the base of the entry zone of the mth . VAmc receives ma-

or GABAergic input from the basal ganglia, more specifically from the
osterior division of the substantia nigra pars reticulata. The VAmc area
round the entry zone corresponds to the hot spot for good postoperative
utcome reported by Schaper et al. (2020) . Our own analysis of a large
ohort of epilepsy patients (the MORE study) also revealed a statistical
weet spot for good postoperative outcome that was located around the
ase of the entry zone of mth at the AV-VAmc transition ( Majtanik et al.,
021 ). Because one or two tip contacts of the lead are quite often po-
itioned at the lower part of the ANT and adjacent VAmc/Ilm-region
t should be considered relevant for the effects of DBS in intractable
pilepsy. 

The involvement of the fibers from the substantia nigra pars retic-
lata (SNR) in the seizure-controlling network is widely discussed
 Velísková and Moshé, 2006 ). It must be tested whether the same group
f neurons from the SNR also involves the caudal deep layers of the su-
erior colliculus. Both projections have been implicated in the control
f brain stem convulsive seizures. 

.3.7. Neuromodulatory pathways 

Neuromodulatory pathways are specified by their neurotransmitter
r -peptide content. For understanding network activity and the modu-
ation of cellular operation it is mandatory to describe their presence in
he ANT and associated networks. They are difficult to demonstrate be-
16 
ause of the much dispersed arrangement, extensive branching pattern
nd wide terminal fields. 

The ANT receives afferents from a remarkable number of neuro-
ransmitter systems. We mentioned trajectories that included choliner-
ic ( Fig. 12 ) and dopamin- and GABAergic axons. The ANT has been
escribed to receive the highest innervation density of cholinergic af-
erents to the diencephalon with predominance of the AD. They appar-
ntly do not originate from the NBM but from the pontine tegmental
nd the laterodorsal tegmental nuclei ( Heckers et al., 1992 ). Like their
ction on sensory relay nuclei the cholinergic afferents may enhance the
pontaneous and evoked activity in the ANT, affect the state of vigilance
nd may change the excitation-inhibition balance in circuit level func-
ion ( Wang et al., 2021 ). Perturbations of DA neurotransmission have
een related to behavioral abnormalities and may be directly involved
n seizure facilitation in epilepsy ( Bouilleret et al., 2008 ; Galovic and
oepp, 2016 ). 

Adrenergic and noradrenergic afferents from the brainstem enter
he anterior thalamus through the zona incerta and reticular nucleus
nd reach the ANT by the dorsal noradrenergic bundle ( Lindvall and
jörklund, 1983 ). Recent immunohistochemical analysis found het-
rogeneous distribution of DA-transporter-ir axons within the an-
erior nuclei (with moderate to dense immunolabeling in the AM
nd AV and very weak to poor immunolabeling in the AD and
sf). A prominent density of histaminergic fibers was observed in
D. 

The human ANT harbors up to 40% GABA-ergic interneurons (IN).
hey derive from the primate-specific-telencephalo-diencephalic migra-
ory stream called corpus gangliothalamicum which is of relevance for
he interpretation of animal studies with respect to human circum-
tances. The IN can be classified based on the expression of several
europeptides and calcium-binding proteins. GABA-B (determined by
ABA-B mRNA expression) that may regulate slow oscillations of thala-
ocortical neurons has been found in monkey AV with the highest level

f the dorsal thalamus. 

.4. The relevance of the representation of the fiber pathways for the 

nalysis of DBS outcomes 

The final output of our synthetic reconstruction method is
 unitary representation of the pathways in the MNI space
ICBM/MNI_2009b_symmetric) that is applicable for complex pathway
ctivation analyses ( Lujan et al., 2013 ; Hartmann et al., 2015 ). The ANT
ber grid map ( Fig. 20 ) enables to identify axonal fiber bundles sur-
ounding an individual electrode that are critical for optimal benefit
nd helps to better isolate the confounding factors. 

In a theoretical analysis we studied the extent of pathway activations
y the VAT of an active electrode (paper in publication). The positions
f the contact varied in a dense grid (0.2 mm spacing) across the ANT
egion. We found that the activation pattern of fibers depends on the
ocation and amplitude of the stimulation. Different positions showed
istinct fiber activation patterns that modulate different seizure regula-
ory networks. 

Optimal therapeutic results are associated with the activation of dis-
inct and stable fiber pathways and cortical areas have been proven by
athway activation analysis of DBS in obsessive-compulsive disorder pa-
ients ( Hartmann et al., 2016 ). In case of epilepsy, this association be-
ween the activated pathways and areas is not stationary but depends
n the type of the epilepsy and the location of the epileptogenic zone.
dditionally, the connectomes of the epileptic patients show complex
lternations relative to the healthy population ( Kreilkamp et al., 2021 ).
e therefore propose to use the ANT fiber map with the individual pa-

ient dMRI in order to create a patient specific estimate of the networks
hat may be adjustably modulated by the ANT-DBS stimulation. This ap-
roach offers the possibility to modulate different domains of the net-
ork with respect to functional properties ascribed to subcomponents.
his makes it possible to selectively manipulate the activation strength
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f different networks, e.g., limbic vs. frontal. This selective modulation
 derived from of the ANT fiber map - may potentially support the plan-
ing procedures. The combination of the quantification of ANT network
ctivation ability with patient specific connectome of the epileptogenic
one ( Jirsa et al., 2017 ; Proix et al., 2018 ) may significantly improve
he identification of an optimal target location. Such detailed analysis
s beyond the scope of this anatomical work but the focus of our future
esearch. 

We believe that the present work has significant impact on clinical
ractice both in neurosurgical implanting techniques as well as post-
perative stimulation programming. In movement disorders like Parkin-
on’s disease and essential tremor, targeting of specific white matter
racts rather than grey matter nuclei ( Coenen et al., 2014 ; Avecillas-
hasin et al, 2019 ) is being implemented to clinical use in increasing
anner. Analogically, the role of mth input to ANT was acknowledged

arly and targeting of mth has indeed been suggested as an alternative
o ANT nucleus stimulation ( Koeppen et al., 2019 ; Schaper et al., 2020 ).
ur work combines detailed histological information and connectome

based fiber tract information and demonstrates the plethora of fiber
racts connected to ANT. We believe that this serves as a fundamental
asis to individually tailored targeting of specific seizure spread path-
ays in epilepsy or potentially other limbic system circuitpathies. Im-
ortantly, the technology today enables current targeting via segmented
eads to more specific substructures as well as sensing of neural sig-
als in target area. Without full understanding of the complexity of 3D
hite matter networks these sophisticated capabilities may be of limited
alue. 

In summary, this study provides the first anatomically realistic path-
ay map of the ANT region with the synthetic reconstruction method

ncorporating human histological and structural MRI data. We propose
hat this map can be used for detailed fiber-based analysis of the out-
omes of the DBS studies and potentially for visualization during the
eurosurgical planning procedures. 

In future work, resting state functional magnetic resonance imaging
fMRI) or individual Diffusion Weighted magnetic resonance Imaging
DWI) on mesoscopic scales combined with electrophysiological analysis
ill help to identify (short range and long range) network idiosyncrasies

n the different epileptic phenotypes based on a newly described fiber
natomical network. This work here might then serve as the anatomical
emplate for such studies. The application of the here defined relations
etween individual ANT region fiber maps and their conjunction to spe-
ific epilepsy phenotypes (which are not the focus of this work) might
n the future improve surgical electrode placement. If successful, this
nformation might help to improve the predictability of the ANT-DBS
timulation outcomes. 
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