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A B S T R A C T   

Background: Deep brain stimulation of the anterior nucleus of the thalamus (ANT) is emerging EU/US-approved 
form of therapy for drug-resistant focal epilepsy. Its mechanism of action is not yet fully understood, and the 
patient outcomes in epilepsy appear less consistent compared to for instance movement disorders. Furthermore, 
very little anatomy-based information, such as tractography of relevant fiber systems, exists guiding DBS therapy 
at present. 
Objective: To demonstrate ANT-related fiber systems based on histology in vivo employing multi-shell/multi- 
tissue constrained spherical deconvolution (MSMT-CSD) based deterministic and probabilistic tractography 
using a sophisticated scanning protocol of 3T high angular resolution diffusion-weighted imaging (HARDI) data 
in healthy volunteers. 
Method: HARDI data was acquired from five healthy volunteers in a 3T Siemens MAGNETOM Skyra Magnetic 
resonance imaging (MRI) machine using multiple b-values (1000, 2000, and 3000), 64 directions, and further 
preprocessed for tractography. MSMT-CSD-based deterministic and probabilistic tractography was performed 
from selected fiber systems based on existing literature. 
Results: Multiple fiber systems were identified: The anterior thalamic radiation (ANT), the thalamo-cingulate 
tract, the inferior thalamic peduncle (with remote termination areas in the amygdala, the ventral tegmental 
area, and the occipital cortex), and the mammillothalamic tract. In addition, we observed three parallel con
nections to the hippocampus (via the cingulum bundle, the fornix, and the temporo-pulvinar pathway). Inter
estingly, different seed areas in ANT complex mimicking DBS contact locations resulted in visualization of 
different fiber systems. 
Discussion: The connections of the ANT are complex and different stimulation sites are likely to affect different 
networks depending on lead locations and the selection of the active contact. 
Conclusions: In-depth understanding of the network of anatomical structures related to the ANT is likely to in
fluence therapy outcomes. A hypothetical model of neuronal networks affected by different DBS lead contact 
locations is proposed. A more profound understanding of neuroanatomic characteristics may guide stereotactic 
implantation and subsequent programming to optimize outcomes.   
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the capsula interna and pass lateral to the caudate nucleus and SOF, and 
finally penetrate corpus callosum before entering CB (Majtanik et al., 
2022; Wei et al., 2017). We notice that it is significant to identify mul
tiple ROIs along the course of TCT in the area for a successful recon
struction of the fiber bundles from ANT to MCC for each subject (Fig. 3). 
Our MSMT-CSD-based tractography study correlates with the previous 
tractography studies of TCT (Wei et al., 2017; Majtanik et al., 2022) and 
with the histological studies in primates (Heilbronner and Haber, 2014). 

4.1.1. Deep and remote connections via the inferior thalamic peduncle 
A dense fiber system (assigned here as ITP) traveling from the 

anterior aspect of ANT to sublenticular white matter and further to the 
amygdala was identified in a manner described earlier (Mai and For
utan, 2012; Majtanik et al., 2022). Interestingly, some fibers from ANT 
were found to travel via ITP and sublenticular white matter to temporal 
lobe white matter and following optic radiation eventually to visual 
cortical areas (Fig. 1). The anteromedial nucleus connections to visual 
and OC have been described in rodents (Jankowski et al., 2013). Ac
cording to our knowledge, the potential course of connection between 
the visual cortex and ANT (especially anteromedial subnucleus) has not 
been described in humans. We also detected fibers initially following ITP 
to follow MFB in the medial aspect of the thalamus to the ventral 
tegmental area (Fig. 1B). 

4.1.2. Connections to the hippocampus 
The mammillothalamic tract as an input of hippocampal signals to 

ANT has gained significant attention and has even been suggested to be 
the primary target for neurostimulation (Schaper et al., 2020). This 
structure can be macroscopically dissected (Pascalau et al., 2018) and is 
indeed visible in structural MRI in T1 weighted images (Buentjen et al., 
2014) and inversion recovery images (Möttönen et al., 2015; Grewal 
et al., 2018). The visualization of MTT has been attempted using difirent 
tractography approaches in many studies in recent years (Wei et al., 
2017; Pascalau et al., 2018; Choi et al., 2019). However, the course of 
MTT suggested in previous studies tracts differ somewhat from the 
course of MTT in shown conventional MRI (Buentjen et al., 2014; 
Möttönen et al., 2015; Grewal et al., 2018). Structural MRI and the 
recent Human Connectome Project (HCP) data-based tractography 
study (Majtanik et al., 2022) demonstrate the more posterior course of 
MTT compared to earlier tractography studies (Wei et al., 2017 Pascalau 
et al., 2018; Choi et al., 2019). It may be speculated that other more 
readily detectable fiber tracts, such as ITP or PCF with the more anterior 
course, have been misinterpreted as MTT. We observed thin MTT-like 
fibers posterior to much larger the post-commissural white matter sys
tems like ITP and PCF especially using the inferior border of ANT as an 
ROI (Fig. 2). We conclude that MTT can be visualized using 
MSMT-CSD-based tractography methods, however, it should be inter
preted cautiously due to several other denser fiber systems crossing in 
this specific area. 

Interestingly, a direct connection between PCF to ANT has been 
described in rats (Guillery, 1956; Wright et al., 2010) and illustrated 
schematically (Aggleton et al., 2010; Child and Benarroch, 2013) in the 
context of memory function and/or ANT-DBS in refractory epilepsy. The 
direct pathway from the subiculum via PCF to ANT and the indirect 
pathway via MB have been shown to arise from different cell pop
ulations (Wright et al., 2010; Vann and Nelson, 2015). The direct fibers 
from PCF to ANT have been described using histological staining at the 
light microscope level (Guillery, 1956), but not using any 
diffusion-weighted MRI study of healthy volunteers or human con
nectome project data (Wei et al., 2017). Likewise, we were not able to 
observe a direct fiber connection from PCF to ANT. It seems likely that 
these subtle fibers are beyond the resolution of current 
diffusion-weighted MRI and tractography methods. 

An alternative input to the fornical input to ANT has been described 
originally as the temporo-pulvinar fiber system (Nauta and Whitlock, 
1956). A dense fiber system from the hippocampal area to ANT was first 

shown using DTI tractography for DBS studies (Coenen et al., 2014). 
Recently, this fiber system was identified in more detail as the 
temporo-pulvinar tract (TPT) using tractography approaches on human 
connectome project data (Majtanik et al., 2022). We observed TPT 
consistently in each subject data both using MSMT-CSD-based deter
ministic and probabilistic tractography in a manner comparable to 
recent 7T HCP tractography data. The connections between the sub
iculum and thalamus are indeed complex and not fully understood. In 
rodents, TPT has been described as a white matter tract connecting 
mainly the dorsolateral thalamic nucleus and hippocampus (Aggleton 
et al., 1986; Saunders et al., 2005; Dillingham et al., 2015). It has been 
shown that it has weaker light connections to the anterodorsal nucleus in 
monkeys, thus also to the anterior nuclear complex (Aggleton, 2008). 
Interestingly, input from the hippocampus to AM was shown to be 
almost entirely fornical in rats (Dillingham et al., 2015). On the con
trary, the posterior and distal subiculum were connected to the ante
rodorsal, dorsolateral, and posterior third of the anteroventral nucleus 
via TPT. 

4.1.3. Clinical implications for the DBS targeting 
An understanding of all major white matter pathways and their 

directional connections in three-dimensional space is vital for under
standing of ANT-DBS therapy. For instance, the three described hippo
campal connections are at different aspects of ANT: The direct post- 
commissural fornical fibers (Guillery, 1956; Child and Benarroch, 
2013) may enter ANT after penetrating to thalamus at the anterior 
inferior part of the thalamus. The fornical fibers traveling to MB and 
then superior via MTT enter ANT at its inferior aspect close to ante
romedial (AM) and anteroventral (AV) subnuclei. These fibers may arise 
mainly from the presubiculum and subiculum, i.e., the anterior part of 
the hippocampal complex (Aggleton et al., 2010). Temporo-pulvinar 
tract (TPT) from the posterior and distal subiculum to the posterior 
part of the ANT complex and DM may be modulated by more posterior 
DBS lead location. 

The effect of DBS on cortical connections also depends on the stim
ulation site. Capsular TCT fibers that travel in the CB to the entorhinal 
cortex leave ANT from its superior, lateral, or posterior aspect. The most 
anterior part of ACC also receives fibers via septal connections, probably 
mainly from AM subnucleus. It may be speculated that depending on 
DBS lead location in ANT, a corresponding segment of the cingulum is 
affected by DBS. It is also possible that inferior lead contact (for example 
at the level of MTT), might not stimulate the axons to CB and may 
therefore, have a more pronounced effect on deep connections such as 
ITP, ATR, MTT, and thalamo-nigral pathway (Majtanik et al., 2022). 

We therefore employed MSMT-CSD-based deterministic and proba
bilistic tractography using a 3 mm spherical ROI to mimic VAT (volume 
of activated tissue) by DBS at different locations in the anterior thalamic 
area. We indeed noted more dense fiber systems to frontal cortical areas 
with ROIs at the anterior and especially inferior aspect of ANT. We also 
demonstrated using the anterior ANT ROI the dense ITP and connection 
to the amygdala, which is one of the most epileptogenic regions of the 
temporal lobe. Interestingly, DBS at the anterior part of the ANT com
plex has been reported to have a more favorable treatment outcome 
compared to the stimulation sites in other parts of ANT by two inde
pendent study groups (Lehtimäki et al., 2016; Järvenpää et al., 2020; 
Guo et al., 2021). We noted that MTT was demonstrated using ROI at the 
inferior border of ANT, while ITP was less prominent at this location. 
Our analysis from individual subjects is in concordance with group data 
from HCP (Majtanik et al., 2022) demonstrating differences in the most 
prominent fiber systems using ROIs at different parts of ANT. We extend 
this finding further to involve not only differences in fiber systems 
depending on ROI location, but also to involve variation between 
hemispheres and individual subjects. We hypothesize that the variation 
in treatment outcomes is explained by differences in network anatomy 
between the subjects. A hypothetical model of fiber systems affected by 
different stimulation sites based on the evidence discussed above is 
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