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2. Project Description   
 

2.2 . Procedural Simulation in Neurointervention 
 

Training and research of neurovascular procedures were in the past mainly performed 

on live animals, e.g., pigs, rats, or rabbits1. These models have many disadvantages. 

Besides the ethical aspects, they are associated with high costs and unrealistic 

simulation of cerebral vascular anatomy and their pathologies1. Other negative aspect 

of animal models as a platform for neurovascular research and training is their limited 

reproducibility2. Thus, the need for the development of a complete simulation platform 

of neurovascular procedures to meet the continuously increasing needs for 

differentiated training in neurointervention3.   

 
 

2.2. HANNES 
Hamburger ANatomical NEurointerventional Simulation Model   
 

HANNES is a physical circulation model that enables realistic procedural simulation 

with real treatment devices. Its modular design (Fig. 1) using patient-specific 3D-

printed vascular models enables the simulation and therapy of various neurovascular 

diseases, such as vascular occlusions, stenosis or aneurysms4,5,6. The core of the 

model is the blood vessel system, which is anatomically realistic representing the 

human vasculature from their access points at the inguinal and radial artery via the 

aorta to the intracranial arteries. The model is constituted by fixed parts, such as the 

base frame, the control unit, the fluid pump, and the skull base as well as, removable, 

easily replaceable segments. With the help of defined interfaces and specially 

developed adapters, it is possible to easily exchange vascular segments such as the 

aortic arch, cervical and cerebral arteries. The adapters are characterized by an edge-

free transition of the internal structure of the vascular models for a more realistic user 

experience. HANNES is integrated in a dedicated angiography unit in the Hermann-

Zeumer Simulation Lab (Fig. 2) in the University Medical Center Hamburg-Eppendorf 

(UKE). The project is based on the results of a German Federal Ministry of Education 

and Research (BMBF)-funded research collaboration between the Technical 

University Hamburg and the UKE such as ELBE-NTM - Development and Evaluation 

of a Patient-Based Neurointerventional Training Model, funded within the framework 

of the BMBF funding program: "Alternative Methods to Animal Experiments" (Grant Nr. 



 14 

031L0068A)4. The simulation lab is currently an important platform for procedural 

training in the form of workshops and courses for physicians and medical assistants. 

Furthermore, it plays an important role also as a realistic environment for the testing of 

new devices before their application in the clinical setting.  

 

 
 

Fig. 1: Schematic diagram of HANNES showing its modular design with fixed 

supporting structures (white) and modular, interchangeable patient-specific units (grey 

and blue). (Adapted from Spallek et al.4)  

 
2.3. COSY SMILE   

COmpletely SYnthetic Stroke Model for InterventionaL Development and 
Education 

 
The BMBF-funded project COSY SMILE (Grant Nr. 161L0154B) aimed to develop a 

completely animal-free endovascular simulation model of ischemic stroke treatment for 

training and research purposes. The stroke model is a further development of 

HANNES. The hereby developed models enable the learning and practicing of 

mechanical thrombectomy under different levels of difficulty and easily replicable, 

standardized conditions. Mechanical thrombectomy is a catheter-based procedure, 

which involves the navigation of a catheter through the vasculature to reach the 
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affected vascular segment, namely in the cerebral vasculature, and either by means of 

aspiration, stent retriever or combined approaches, removal of blood clot causing 

cerebral flow reduction7. Ischemic stroke is one of the leading causes of death and 

disability worldwide. Mechanical thrombectomy has shown irrefutable evidence in the 

treatment of ischemic stroke caused by large vessel occlusion7. Consequently, the 

need for medical specialists proficient in the technique as increased dramatically in the 

last years8. And with this, the need for realistic, robust and replicable training 

environments. 

 

 
Fig. 2: Simulation of mechanical thrombectomy at the angiography in the Hermann-

Zeumer Lab using HANNES simulation model in a realistic setup.  

 

The development of the stroke model has been divided in different subgroups, in order 

to achieve various mechanical thrombectomy scenarios:  

 

- Development of vascular geometries:  

One of the biggest challenges of mechanical thrombectomy is the access to the 

occlusion site9. Ischemic stroke affects mainly the elderly population, often with 

comorbidities which commonly implies tortuous vascular configurations10. Thus, the 

aim here was to build a patient-based 3D printed portfolio of vascular anatomies (Fig. 

3), comprising cervical vessels with regular, elongated, and kinked configurations, 

siphon anatomical variants and whole-brain vascular models.  
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Fig. 3: Development of vessel geometries. Digital subtraction angiography of the 

vascular models adapted in HANNES with an occlusion in the left M1-Segment by 

artificial clot and illustration of patient-based segmentations before 3D printing in STL-

Format. Note the absence of lumen irregularities at connecting sites.  

 

- Development of synthetic clots  

Main topic of this work and described in detail under section 2.4.   

 

- Development of stenosis models  

Vascular stenosis can, on one hand, be the cause of thrombus formation and on the 

other hand, significantly complicate the path to the occlusion site. Therefore, the 

treatment of stenosis in the cervical and intracranial vessels by means of stent-

protected percutaneous transluminal angioplasty (SPAC) should also be made 

possible in the training model. The stenosis simulation models for application in the 

internal carotid artery were conceptualized by the project partners at TUHH. These 

were successfully integrated and tested in the HANNES model.  
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- Emboli detection chamber  

The quantification of treatment success was made possible by the development and 

integration of an emboli detection chamber. A software for the detection of thrombi was 

developed by the cooperation partners at TUHH. After integration of the measuring 

chamber in HANNES, tests were performed with two experienced neuroradiologists. 

Designed synthetic clots prone to fragmentation were used in the setting of mechanical 

thrombectomy simulation. The diameter and number of distally flowing particles could 

be detected and quantified during the thrombectomy simulation. An assignment of the 

particles to a corresponding vessel outflow was made possible by the integration of 

different tubes, passing through a source of light, connecting to a “venous” outflow 

returning to the pump. The results are displayed in real time and can be exported and 

saved after training. 

 
2.4. Synthetic Clots  

 

The main topic of this work, the development of synthetic clots, was an integrant part 

of the COSY SMILE Project. The synthetic clots described here were granted a patent 

under the following description: synthetic clot models for the simulation of diverse 

vessel occlusion scenarios in a neurointerventional, mechanical thrombectomy training 

model – Patent Nr. 10 2021 112 467. The developed agarose- and silicone-based 

synthetic clots aimed to substitute animal-based thrombi. These were designed to 

optimally simulate the different human clot properties. Human clots have been 

characterized as red or soft clots, if the concentration of red blood cells is at least 15% 

higher than platelets or fibrin, as white/hard clots, if concentration of fibrin is at least 

15% higher than RBC and as mixed, if the RBC/fibrin concentration is present in 

different proportions11. Clot compositions have been shown to play a role in the etiology 

and characterization of ischemic stroke in large vessel occlusions12. Furthermore, this 

may be determinant for the success of mechanical thrombectomy13, for interaction with 
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clot removal devices14, as well as for the need of adjuvant therapies such as 

intracranial stenting. 

 

Fig. 4: 3D-printed vessel models integrated in HANNES with occlusions generated 

through the placement of synthetic clots. Clots with different compositions presented 

with distinct features, which were comparable to the features found in human clots.  

 

A total of 23 clots were produced: 13 were mainly composed of agarose and 12 of 

silicone. These were mixed with methylchloroisothiazolinone (MIC), 

methylisothiazolinone (MI) and/or micro-glass beads to achieve different consistencies 

(Fig. 4). 9 clots were excluded due to failure to integrate with stent retriever and/or lack 

of occlusive capacities. Clots were tested and evaluated during internal interim 

assessments. There were three final tests comparing the different compositions. The 

tests were performed in the context of an in vitro simulation of mechanical 

thrombectomy using a standard technique with stent retrieval system in HANNES. The 

synthetic clots were classified using an ordinal 5-point classification scale based on 

the following qualitative features: Vessel occlusion, elasticity, fragmentation, 

adherence, and interaction with the retrieval system (stent integration, wire perforation 

and retraction resistance). A final test was performed in a simplified simulation 

environment in which the interaction of the stent retriever with the thrombus was 
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evaluated directly in a silicone tube (Fig. 5). Concomitant simulation factors potentially 

affecting the results could hence be minimized.  

 

 

Fig. 5: Partially retrieved fragile agarose-based synthetic clot from a simple silicone 

tube integrated within the stent-retriever mesh (TrevoTM, Stryker, Kalamazoo, MI, 

USA).   

 

The results of this study enabled not only a successful patent application but also in 

the practical setting, the complete replacement of animal-based thrombi in the training 

of mechanical thrombectomy at the Hermann-Zeumer Lab. Their different 

characteristics are now routinely used for the simulation of different scenarios of 

intracranial vessel occlusion.  
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3. Summary  
 

This work was an important part of the development of a complete simulation set-up 

for the training and research of mechanical thrombectomy. An animal-free 

experimentation setting is increasingly important due to not only the ethical concerns 

but also to establish a replicable, simplified, and cost-effective solution for 

differentiated training.  

The agarose-based synthetic clots presented in this study may mimic white, rigid clots 

with reduced breakability. However, the expected stickiness of white clots failed to be 

met.  The silicone-based clots with their high level of elasticity may mimic red clots. 

Addition of solid resins developed and printed in different shapes using 3D-printing 

techniques showed to be a feasible solution for the replication of calcified clots of mixed 

nature. However, further optimization of clot adherence capability is needed and is 

planned, as part of the subsequent project COSY SMILE 2 (BMBF Grant Nr. 

16LW0165K).    

 

In summary, the developed synthetic clot analogs showed to successfully mimic the 

main natural mechanical properties of human clots and can effectively be used in the 

procedural simulation setting for training of endovascular treatment of ischemic stroke 

as well as for device tests. They provide a readily available, cost-effective alternative 

to animal- or human-based clots.      
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3. Zusammenfassung 
 

Diese Arbeit war ein wichtiger Bestandteil der Entwicklung eines vollständigen 

Simulationsaufbaus für das Training und Forschung im Bereich der mechanischen 

Thrombektomie. Eine tierfreie Versuchsumgebung wird nicht nur aus ethischen 

Gründen immer wichtiger, sondern auch, um eine reproduzierbare, vereinfachte und 

kosteneffiziente Lösung für eine differenzierte Ausbildung zu schaffen.  

Die in dieser Studie vorgestellten synthetischen Thromben auf Agarosebasis können 

weiße, rigidere Thromben mit geringer Fragmentierung imitieren. Die erwartete 

Adhärenz der weißen Thromben wurde jedoch nicht erreicht.  Die künstlichen 

Thromben auf Silikonbasis mit ihrer hohen Elastizität könnten rote Thromben 

nachbilden. Die Zugabe von festen Harzen, die mit Hilfe von 3D-Drucktechniken 

entwickelt und in verschiedenen Formen gedruckt wurden, erwies sich als praktikable 

Lösung für die Nachbildung von kalzifizierten Thromben gemischter Natur. Die 

Klebrigkeit der synthetischen Thromben muss jedoch noch weiter optimiert werden. 

Diese Optimierung ist im Rahmen des Folgeprojekts COSY SMILE 2 (BMBF-

Förderkennzeichen: 16LW0165K) geplant.  

 

Zusammenfassend hat sich hier gezeigt, dass die entwickelten synthetischen 

Thrombenanaloga die wichtigsten natürlichen mechanischen Eigenschaften 

menschlicher Thromben erfolgreich simulieren und in der Verfahrenssimulation für das 

Training der endovaskulären Behandlung des ischämischen Schlaganfalls sowie für 

Device-Tests effektiv eingesetzt werden können. Sie stellen eine gut verfügbare, 

kostengünstige Alternative zu Thromben aus Tieren oder Menschen dar. 
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