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Abstract 

Flow diverters (FDs) have emerged as a transformative 

solution in the endovascular management of complex 

intracranial aneurysms, especially those considered 

untreatable by conventional surgical or endovascular 

methods. These devices operate by redirecting 

hemodynamic flow away from the aneurysmal sac, 

thereby facilitating progressive thrombosis and promoting 

vascular remodeling. However, clinical performance 

hinges on the mechanical characteristics of the flow 

diverter, including radial force, flexibility, fatigue 

resistance, and wall apposition. Recent advancements in 

manufacturing technologies have introduced annealing—

a controlled thermal treatment process—as a strategic 

method to optimize these mechanical attributes. 

Annealing modulates the microstructural configuration of 

metallic alloys such as nitinol and cobalt-chromium, 

enhancing flexibility, radial strength, and fatigue 

resistance while reducing residual stress. This review 

critically examines the role of annealing in improving the 

design, deployment, and clinical outcomes of flow 

diverters. We evaluate data from mechanical bench 

testing, materials science literature, and clinical 

observations, underscoring the impact of annealing 

parameters such as temperature, duration, and cooling 

rate on device performance. By contextualizing annealing 

within the broader landscape of neurovascular device 

innovation, we identify its pivotal contribution to next-

generation flow diverters. The paper concludes with a 

vision for future advancements—such as personalized 
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annealing protocols, integration of bioactive coatings, and 

computational modeling—that will refine device 

performance and support safer, more effective treatment 

of intracranial aneurysms. 

Keywords: Flow Diverters (FDs), Intracranial 

Aneurysms, Annealing, Radial Force and Flexibility, 

Fatigue Resistance, Neuroendovascular Device 

Innovation 

Introduction 

Intracranial aneurysms, particularly those with complex 

morphology or location, remain a significant cause of 

subarachnoid hemorrhage and associated morbidity. 

Subarachnoid hemorrhage (SAH) often results from 

ruptured aneurysms and can lead to severe complications, 

including vasospasm, hydrocephalus, seizures, and re-

bleeding (Verywell Health, 2012). The introduction of 

Flow-diverting stents (FDS) have significantly advanced 

the management of complex aneurysms by redirecting 

blood flow along the natural vascular pathway, thereby 

attenuating aneurysmal inflow, promoting intra-

aneurysmal thrombosis, and facilitating neointimal 

formation across the aneurysm neck. (Brinjikji et al., 

2013). Despite their clinical promise, early-generation 

FDs were limited by mechanical constraints—often 

attributed to their metallic microstructure and 

manufacturing techniques (Brinjikji et al., 2013). 

Annealing presents an opportunity to mitigate these 

limitations by altering the crystalline structure and 

thermomechanical properties of the metallic constituents 

of FDs. This thermal treatment process can enhance 

flexibility, radial strength, and fatigue resistance while 

reducing residual stress, thereby optimizing FD 

performance (Brinjikji et al., 2013). 

 

 

Flow Diverters: Background and Design Principles 

Flow diverters are low-porosity, tubular mesh stents 

implanted within the parent artery across the neck of an 

aneurysm. Their primary function is to redirect blood 

flow along the physiological trajectory while suppressing 

aneurysmal inflow. This promotes intra-aneurysmal 

thrombosis and facilitates neointimal coverage across the 

aneurysm neck (Brinjikji et al., 2013). 

First-Generation Devices and Limitations 

Devices like the Pipeline Embolization Device (PED) and 

Silk FD utilized braided nitinol or cobalt-chromium 

alloys. While effective, these devices exhibited 

limitations including incomplete wall apposition in 

tortuous vessels, low radial force, device migration or 

incomplete deployment, and risk of delayed thrombotic 

complications (Brinjikji et al., 2013). 

Engineering Innovation in New-Generation Flow 

Diverters 

Design Criteria 

Next-generation flow diverters (FDs) have been 

developed to address limitations observed in earlier 

devices. These advancements focus on enhancing radial 

force and fatigue resistance, improving navigability 

within tortuous cerebral vasculature, ensuring better wall 

apposition and thrombotic sealing, and increasing 

biocompatibility while reducing thrombogenicity (Döring 

et al., 2023; Gory et al., 2019). 

Technological Leap: Integration of Annealing 

Annealing has emerged as a pivotal innovation in the 

manufacturing of FDs. This controlled thermal treatment 

process enhances the metallurgical properties of the 

devices, leading to improved flexibility and shape 

memory, increased radial strength without compromising 

deliverability, and reduced internal stresses, thereby 
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improving fatigue performance (Guo et al., 2023; Döring 

et al., 2023). 

The Annealing Process: Fundamentals and 

Metallurgical Basis 

Annealing entails heating the flow diverter (FD) alloy—

typically nitinol or cobalt-chromium—to a specific 

temperature, followed by a controlled cooling process. 

This process alters the phase structure—typically 

promoting martensite to austenite transformation—

enhancing ductility and mechanical resilience (Guo et al., 

2023). 

Key Parameters 

 Temperature: The annealing temperature typically 

ranges from 300°C to 600°C, influencing phase 

transformations and the material’s shape memory and 

mechanical properties. 

 Duration: 50–60 minutes allows sufficient 

recrystallization. 

 Cooling Rate: 30–40 minutes of gradual cooling 

helps avoid residual stress accumulation (Guo et al., 

2023). 

Mechanical Impact of Annealing on Flow Diverters 

Flexibility and Navigability 

Annealed FDs demonstrate up to a 25% increase in 

flexibility, facilitating smoother navigation through 

tortuous vascular segments and reducing procedural risk 

(Guo et al., 2023). 

Radial Force and Apposition  

Bench testing indicates a 30% increase in radial force in 

annealed devices, improving vessel wall apposition and 

minimizing risks of incomplete sealing or device 

migration (Döring et al., 2023). 

 

 

 

Fatigue Resistance  

Annealed FDs show improved resistance to mechanical 

fatigue, which is critical under continuous cyclic loading 

in the cerebral vasculature (Guo et al., 2023). 

Shape Memory Optimization 

The shape-setting aspect of annealing ensures predictable 

deployment behavior, especially important in complex 

anatomical environments (Guo et al., 2023). 

Clinical Implications and Outcomes 

Enhanced mechanical performance translates into 

superior clinical outcomes. Improved wall conformity 

reduces endoleak risk, while stable radial force supports 

long-term aneurysm exclusion. Enhanced fatigue 

resistance reduces the likelihood of structural failure 

during the device's lifespan (Gory et al., 2019). 

Comparative Bench and In Vivo Testing 

Recent studies comparing annealed and non-annealed 

flow diverters have reported improved aneurysm 

occlusion rates, a decreased incidence of in-stent 

thrombosis, and enhanced long-term structural integrity 

in the annealed group (Gory et al., 2019).  

Future Directions in Flow Diverter Design 

To maximize the therapeutic potential of FDs, future 

research must address: 

 Patient-specific annealing: Custom thermal profiles 

based on anatomical and hemodynamic parameters. 

 Computational modeling: CFD and FEM 

simulations to predict deployment dynamics. 

 Hybrid technologies: Annealed FDs combined with 

bioactive, anti-inflammatory coatings for improved 

healing and reduced thrombosis. 

 Sustainable manufacturing: Environmentally 

conscious materials and processes. 
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Conclusion 

Annealing represents a critical advancement in the 

manufacturing processes of next-generation flow 

diverters. By strategically optimizing thermal treatment 

parameters, manufacturers can produce devices with 

superior flexibility, radial strength, and fatigue 

resistance—attributes essential for treating complex 

cerebral aneurysms. The integration of this process 

signifies a major step forward in neuroendovascular 

technology, with implications for both procedural success 

and long-term patient safety. 

Continued interdisciplinary research between materials 

scientists, biomedical engineers, and 

neurointerventionalists is essential to fully realize the 

potential of annealing in next-generation device design. 
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