
Multimodal imaging of the vagal cardiac innervation to visualize the vago-cardial anatomy and 
topography 
Authors:  B. Kronsteiner1,2,3, M. Andreana1, G. Oberoi1, P. Heimel4,5,6, P. Slezak4,5, R. Blumer7. Reissig7, S. Geyer7, WJ Weninger7, BK. Podesser2,3, A. Kiss2,3, F. 
Moscato1, 2,5 1Center for Medical Physics and Biomedical Engineering, Medical University of Vienna, Austria

2Ludwig Boltzmann Institute for Cardiovascular Research, Medical University of Vienna, Vienna, Austria
3Center for Biomedical Research, Medical University of Vienna, Vienna, Austria

4Ludwig Boltzmann Institute for Experimental and Clinical Traumatology, AUVA Research Center, Vienna, Austria
5Austrian Cluster for Tissue Regeneration, Vienna, Austria

6Karl Donath Laboratory for Hard Tissue and Biomaterial Research, University Clinic of Dentistry, Medical University of Vienna, Austria
7Division of Anatomy, Medical University, Vienna, Austria

Acknowledgement 
This project was funded by the EU H2020-EU.1.2.2. - FET Proactive, ID 824071

References
[1] Kubo, S. H., Lieberman, R. A., Milasinovic, G., Berman, B. J., Djordjevic, S., Neelagaru, S., … Starling, R.

C. (2016). Vagus Nerve Stimulation for the Treatment of Heart Failure. 68(2).
https://doi.org/10.1016/j.jacc.2016.03.525

[2] Heimel, P., Swiadek, N. V., Slezak, P., Kerbl, M., Schneider, C., Nürnberger, S., Redl, H., Teuschl, A. H., & Hercher, D. (2019). Iodine-Enhanced Micro-CT 
Imaging of Soft Tissue on the Example of Peripheral Nerve Regeneration. Contrast Media and Molecular Imaging, 2019. 
https://doi.org/10.1155/2019/7483745

[3] Geyer, S. H., Maurer-Gesek, B., Reissig, L. F., & Weninger, W. J. (2017). High-resolution episcopic
microscopy (HREM) - Simple and robust protocols for processing and visualizing organic materials.
Journal of Visualized Experiments, 2017(125), 1–11. https://doi.org/10.3791/56071

[4] Andreana, M., Sentosa, R., Erkkilä, M. T., Drexler, W., & Unterhuber, A. (2019). Depth resolved label-free multimodal optical imaging platform to study 
morpho-molecular composition of tissue. Photochemical and Photobiological Sciences, 18(5), 997–1008. https://doi.org/10.1039/c8pp00410b
[5] Gesslbauer B, Hruby LA, Roche AD, et al (2017) Axonal components of nerves innervating the human

arm. Ann Neurol 82:396–408. https://doi.org/10.1002/ana.25018

Conclusion
Multimodal imaging provides novel anatomical and structural information for 
selective cardiac Vagus Nerve Stimulation and thus, support the design, 
development and test of a novel, smart cardiac Neuroprosthesis.

Results
Our data provide morphological information on the cardiac vagal innervation 
with respect to selective cardiac neuromodulation. Among species, the pig  
model is anatomically the most comparable one to the humans. In the pig, the 
average number of fascicles in the CVN was 28.44 ± 6 fascicles. The perimeter of 
the cervical and cardiac VNs was 6.63 ±1.91 µm and 1.37± 0.34µm, respectively. 
The cross-sectional area of the CVN was 2.73µm² ± 1.0µm² and for CB 0.12µm²±
0.06µm². Our study approach was the first one that generated an anatomical 
model for selective stimulation of the cardiac VN. Species-related anatomical 
differences, such as nerve sizes and branching patterns, should be considered, 
especially regarding translational research for human medicine. 

Figure 2: Topographical mapping of the pig cardiac vagal branch (blue arrow) within the cervical Vagus Nerve (orange arrow; 
Images 1 and 3) and after branching (Images 2 and 4) using µCT (upper row) and High Resolution Episcopic Microscopy (bottom 
row). 
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Introduction
To date, heart transplant patients suffer from negative 
side-effects of cardiac denervation after heart 
transplantation, such as autonomic imbalance at rest and 
insufficient chronotropic exercise response1. Within this 
project, we are addressing this clinical problem by 
mapping the anatomy of the cardiac Vagus Nerve to 
provide structural and functional in-detail information for 
selective vagal-cardiac neuromodulation. 
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Figure 1: Dissection of the cervical Vagus Nerve with its upper cardiac branch in a pig. The intended 
stimulation site for selective cardiac vagal stimulation at the base of the cardiac branch is highlighted by 
the blue arrow
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Materials and Methods
The Cervical Vagus Nerve (CVN) including the upper 
cardiac branches (CB) were carefully isolated from the 
cadavers of New-Zeeland female rabbits (n=4; 2.6-3.3kg) 
and male domestic pigs (n=4; 60-92kg) as presented in 
Fig. 1. 

One group of the VN samples were topographically mapped to 
visualize the vagal course from the cervical to the cardiac level as well 
as the tissue structure using contrast- enhanced micro-computed 
tomography (µCT)2 and High Resolution Episcopic Microscopy 
(HREM)3(Fig. 2). 

The other group of nerves was scanned using Optical coherence 
tomography (OCT)4,providing access to detailed information about 
tissue structure and molecular composition in a fast, label-free manner 
and Immunohistochemistry5 with antibodies labeling Neurofilament 
(NF), Myelin Basic Protein (MBP), choline Acetyltransferase (ChAT) and 
Tyrosine Hydroxylase (TH) (Fig.3). 

Figure 3: Immunohistochemistry of the pig cervical (Image 1) and cardiac Vagus Nerve (Images 2-4). Images 1 and 2 provide an 
overview on the fascicular structure of the nerves. Images 3 and 4 provide magnified insights into the axonal anatomy of the 
cardiac vagal branch. The red markers labels Neurofilament, the green marker labels Myelin Basis Protein.
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