
LABORATORY INVESTIGATION

Fibrin is the end product of coagulation cascades and 
plays a critical role in thrombus formation1,2 and an-
eurysm healing after endovascular aneurysm treat-

ment.24 The initial step in the interaction between blood and 
a flow diverter involves the adsorption of fibrin and pro-
teins onto the surface of the device.3,4 Subsequently, this ad-
sorbed fibrin can serve as a scaffold for both thrombus for-
mation and the migration of endothelial cells from the adja-
cent parent vessel. This pivotal event plays a crucial role in 

determining the durability of aneurysm occlusion.3,4 While 
the importance of fibrin in aneurysm healing is well es-
tablished, predictors of optimal fibrin accumulation on the 
aneurysm neck and the rationale for differences in patient 
outcomes after flow diversion remain largely unexplored.

The long-term complete aneurysm occlusion rates con-
sistently stayed under 80% in pivotal flow diversion tri-
als,5–7 and to date, predicting patients who will benefit 
from flow diversion remains a challenging task even for 
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OBJECTIVE  Fibrin deposition represents a key step in aneurysm occlusion, promoting endothelization of implants and 
connective tissue organization as part of the aneurysm-healing mechanism. In this study, the authors introduce a novel 
in vitro testing platform for flow diverters based on human fibrinogen.
METHODS  A flow diverter was deployed in 4 different glass models. The glass models had the same internal parent 
artery (4 mm) and aneurysm (8 mm) diameters with varying parent artery angulations (paraophthalmic, sidewall, bifurca-
tion, and slightly curved models). The neck size and area were 4 mm and 25 mm2, respectively. Human fibrinogen (330 
mg/dl) was circulated within the glass models at varying flow rates (0, 3, 4, and 5 ml/sec) with or without heparin, calcium 
chloride, and thrombin for as long as 6 hours or until complete fibrin coverage of the flow diverter’s neck was achieved. 
Aneurysm neck coverage was defined as macroscopic fibrin deposition occluding the flow diverters’ pores. Flow char-
acteristics after flow diverter deployment were assessed with computational fluid dynamics analysis. The effects of flow 
rates, heparin, calcium chloride, and thrombin on fibrin deposition rates were tested using 1-way ANOVA and the Tukey 
test.
RESULTS  A total of 84 replicates were performed. Human fibrin did not accumulate on the flow diverter stents under 
static conditions. The fibrin deposition rate on the aneurysm neck was significantly greater with the 5 ml/sec flow rate 
as compared to 3 ml/sec for all models. The paraophthalmic model had the highest inflow velocity of 48.7 cm/sec. The 
bifurcation model had the highest maximum shear stress (SS) and maximum normalized shear stress values at the 
device cells at 843.3 dyne/cm2 and 35.1 SS/SSinflow, respectively. The fibrin deposition rates of the paraophthalmic and 
bifurcation models were significantly higher than those of sidewall and slightly curved models for all additive or flow rate 
comparisons (p = 0.001 for all comparisons). The incorporation of thrombin significantly increased the fibrin deposition 
rates across all models (p = 0.001 for all models).
CONCLUSIONS  Rates of fibrin deposition varied widely across different configurations and additive conditions in this 
novel in vitro model system. Fibrin accumulation started at the aneurysm inflow zone where flow velocity and shear 
stress were the highest. The primary factors influencing fibrin deposition included flow velocities, shear stress, and the 
addition of thrombin at a physiological concentration. Further research is needed to test the clinical utility of fibrinogen-
based models for patient-specific aneurysms.
https://thejns.org/doi/abs/10.3171/2024.4.JNS232567
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experienced neurointerventionalists. Failed flow diversion 
attempts burden the healthcare system and put patients at 
risk due to long-term antiplatelet treatment and potential 
periprocedural complications. Considering the vital role 
of fibrin in aneurysm occlusion after endovascular treat-
ment, in vitro models focusing on the amount of fibrin ac-
cumulation and patterns may be of value for predicting 
patient-specific outcomes. In this study, we sought to elu-
cidate the primary factors influencing fibrin accumulation 
on flow diverter stents. Additionally, we aimed to develop 
a preclinical testing platform utilizing human fibrinogen 
for flow diverter stents.

Methods
Glass Models

Four different glass models with varying parent artery–
aneurysm angulations were used for the experiments (Fig. 
1). In all models, the lumen diameter of the parent ves-
sel was 4 mm, and the aneurysm sac was a sphere with 
a diameter of 8 mm. The center of the aneurysm sac was 
positioned 1 radius above the center of the apex of the par-
ent vessel in all models. All aneurysm models featured an 
oval-shaped neck, measuring 4 mm in the short axis and 
8 mm in the long axis, with the neck area being 25 mm2. 
The paraophthalmic aneurysm model had the curvature of 

parent artery wrapping 160° around a circle with a radius 
of 5 mm. The sidewall aneurysm model had a straight par-
ent vessel. The slightly curved aneurysm model had a cur-
vature of parent artery wrapping 80° around a circle with 
a radius of 50 mm. The bifurcation model had 45° angles 
between the distal small branches. In the bifurcation mod-
el, the distal minor branches measured 2 mm in diameter. 
Except for the sidewall aneurysm model, aneurysms were 
positioned at the curvature points in all models.

Benchtop Model and Human Fibrinogen Solution
A cobalt-chromium flow diverter (Fort Wayne Metals) 

was deployed in the different glass models. The flow di-
verters were 4.75 mm in diameter and 20 mm in length, 
and the porosity was 41 pores/mm2. Next, human fibrino-
gen concentrate (Fibryga, Octapharma) was circulated 
within the glass models by using a peristaltic pump in 
triplicate. Fibryga was specifically chosen over alternative 
fibrinogen sources such as fresh frozen plasma for two 
main reasons. First, the Fibryga solution is transparent, 
enabling real-time visualization of the aneurysm neck. In 
contrast, fresh frozen plasma’s turbid yellow color hinders 
assessment of gradual aneurysm neck coverage. Second, 
fresh frozen plasma includes other coagulation factors and 
a potent anticoagulant, citrate, that can introduce bias and 
make it impossible to obtain specific results for fibrinogen.

The temperature of the test fluid was consistently main-
tained at 37°C using a heating bath. To obtain realistic and 
consistent results, the fibrinogen concentrate was diluted 
to a physiological concentration of 330 mg/dl in a 100-ml 
reservoir across all replicates. First, we conducted control 
experiments under no-flow conditions for all glass mod-
els. Next, to examine the impact of the flow rate on fibrin 
accumulation, we recorded fibrin accumulation times and 
the characteristics for varying flow rates (0, 3, 4, and 5 ml/
sec). Then, using a standardized flow rate of 4 ml/sec, we 
examined the impact of calcium, thrombin, and heparin on 
fibrin accumulation characteristics. Calcium (8 mg/dl) and 
thrombin (0.1 U/ml) were used in physiological concentra-
tions. Furthermore, the concentration of heparin was set 
at 1 U/ml, which is equivalent to a 5000 IU bolus of intra-
venous heparin. Aneurysm neck coverage was defined as 
complete macroscopic closure of the flow diverter’s pores.

No-flow control experiments were observed for at least 
48 hours. Other experiments were monitored either until 
there was complete aneurysm neck coverage or for a dura-
tion of 6 hours, whichever was shorter. If the aneurysm 
neck was not completely covered after 6 hours, two inde-
pendent authors blindly assessed the extent of the cover-
age. First, two scales were placed perpendicularly along 
the long and short axes of the aneurysm neck. Then, two 
authors measured the area covered by fibrin and propor-
tioned it to the area of the aneurysm neck (25 mm2). In in-
stances of disagreement that were less than 10% between 
the authors, the mean percentage was taken as the defini-
tive measure of aneurysm coverage. If discordance was 
greater than 10%, the authors discussed their calculations 
and repeated the measurement until reaching a consen-
sus. Next, the aneurysm neck coverage percentage was 
divided by the duration of the experiment, and the fibrin 
deposition rates (%/min) were calculated for all replicates. 

FIG. 1. Glass models. Slightly curved (A), bifurcation (B), paraophthal-
mic (C), and sidewall (D) models are shown. Figure is available in color 
online only.



J Neurosurg  July 12, 2024 3

Bilgin et al.

Furthermore, all samples were categorized into 3 groups 
based on the initial location of fibrin deposition: proximal 
aneurysm neck, distal aneurysm neck, and non-neck por-
tion of the flow diverter. Fibrin coverage quantification is 
summarized in Supplementary Fig. 1.

Computational Flow Models
Computational fluid dynamics (CFD) models were con-

structed for the 4 geometries of the in vitro glass models 
by using the corresponding STL files. For each geometry, 
an initial unstructured mesh of tetrahedral elements with 
an element size resolution of 0.2 mm was generated by 
using an advancing front approach.8 Next, flow diverting 
devices consisting of 48 wires that were 30 µm thick and 
a braid angle of 90° were virtually deployed in each ge-
ometry, with the assumption of no oversizing (i.e., the de-
vice reference diameter was 4 mm).9 Once deployed, the 
computational mesh was adaptively refined around the 
device wires and used for flow calculations by using an 
immersed boundary method on unstructured grids.10 The 
refined meshes contained 19, 15, 36, and 68 million ele-
ments for the sidewall, curved, paraophthalmic, and bifur-
cation models, respectively. To simplify the analysis, the 
flow simulations were carried out under steady conditions 
by numerically solving the Navier-Stokes equations for an 
incompressible Newtonian fluid by using an in-house–de-
veloped code based on finite elements.11 Inflow rates of 3, 
4, and 5 ml/sec were prescribed at the model inlet by using 
a parabolic velocity profile. At the model outlet(s), a zero-
pressure boundary condition was prescribed. The result-
ing flows were visualized using 100 streamlines randomly 
placed within the aneurysm (and propagated in both veloc-
ity directions) and velocity vectors on a cut-plane through 
the center of the aneurysm and the parent artery. Addition-
ally, shear stress was interpolated and visualized on a half 
cylindrical surface along the flow diverter at the aneurysm 
neck.

Statistical Analysis
Descriptive and comparative statistics were calculated 

with statistical software package SPSS version 25.0 for 
Windows (IBM Corp.). Differences in coverage rates, 
times, and percentages were examined with ANOVA and 
post hoc Tukey tests. A p value ≤ 0.05 was considered sta-
tistically significant.

Results
A total of 84 replicates (n = 21 in each model) were per-

formed. Of these, 12 were control experiments that were 
performed under no-flow conditions.

Relationship Between Fibrin Deposition and Flow Rates
The relationship between fibrin deposition and flow 

rates was examined by using standardized concentrations 
of fibrin and thrombin: 330 mg/dl and 0.1 U/ml, respec-
tively. No fibrin deposition was observed under no-flow 
control experiments. The fibrin coverage rate on the aneu-
rysm neck was significantly greater with the 5 ml/sec flow 
rate as compared with 3 ml/sec for all 4 models (Table 1). 

The 5 ml/sec flow rate provided greater fibrin coverage 
rate than 4 ml/sec for all models; however, the difference 
was statistically significant only for the curved model (p 
= 0.004). With the 4 ml/sec flow rate, the neck coverage 
rate was significantly greater compared to 3 ml/sec for the 
curved (p = 0.006) and bifurcation (p = 0.036) models. 
Detailed statistics regarding changes in fibrin coverage 
time based on flow velocities are presented in Table 1.

Aneurysm Inflow Velocities and Shear Stress After Flow 
Diverter Deployment

Maximum aneurysm inflow velocities, maximum shear 
stress, and normalized shear stress values at the device 
cells were compared using CFD analyses for all models. 
The paraophthalmic model had the highest inflow veloc-
ity of 48.7 cm/sec. The bifurcation model had the high-
est maximum shear stress (SS) and maximum normalized 
shear stress values at 843.3 dyne/cm2 and 35.1 SS/SSinflow, 
respectively. Detailed CFD results were presented in Table 
2. In all models, fibrin started accumulating on the high-
flow or high–shear stress areas (Figs. 2–4).

General Fibrin Accumulation Patterns and the Effects of 
Additives

In all replicates, fibrin began accumulating specifically 

TABLE 1. Aneurysm neck coverage rate changes depending on 
flow velocities in replicates containing fibrinogen (330 mg/dl) 
and thrombin (0.1 U/ml)

Model
Aneurysm Neck 

Coverage Rate, %/min p Value

Paraophthalmic
  0 ml/sec 0
  3 ml/sec 4.1 ± 3.5 0.3*, 0.006†
  4 ml/sec 5 ± 0.5 0.037‡
  5 ml/sec 6.7 ± 0.9
Slightly curved
  0 ml/sec 0
  3 ml/sec 0.13 0.006*, 0.001†
  4 ml/sec 0.16 0.004‡
  5 ml/sec 0.19
Sidewall
  0 ml/sec 0
  3 ml/sec 0.08 ± 0.01 0.058*, 0.007†
  4 ml/sec 0.11 ± 0.01 0.234‡
  5 ml/sec 0.12 ± 0.1
Bifurcation
  0 ml/sec 0
  3 ml/sec 3.9 ± 0.6 0.036*, 0.004†
  4 ml/sec 6.7 ± 0.9 0.18‡
  5 ml/sec 8.4 ± 1.4

Values are shown as mean or mean ± SD unless indicated otherwise. Boldface 
type indicates a significant difference according to the post hoc Tukey test.
* 3 ml/sec vs 4 ml/sec.
† 3 ml/sec vs 5 ml/sec.
‡ 4 ml/sec vs 5 ml/sec.

https://thejns.org/doi/suppl/10.3171/2024.4.JNS232567
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at the neck portion of the aneurysm within the flow divert-
er. Subsequently, other sections of the diverter (i.e., along 
the parent artery) also became covered by fibrin. In line 
with the CFD results, fibrin accumulation was particularly 
noted on the proximal side of the aneurysm neck in the 
paraophthalmic, sidewall, and bifurcation aneurysm mod-
els. Only with the curved model did fibrin accumulation 
start from the distal side. These initial accumulation sites 
coincided with aneurysm inflow, as determined from the 
CFD analyses (proximal neck of the paraophthalmic, side-
wall, and bifurcation models and distal neck of the curved 
model) (Table 2) (Supplementary Figs. 2 and 3). No in-
stent thrombosis occurred.

Fibrin aggregated over the aneurysm neck even in the 
absence of other coagulation factors. However, complete 
coverage of the aneurysm neck was only observed in the 
paraophthalmic aneurysm model for fibrinogen-alone 
replicates with mean ± SD time to complete coverage 
of 80 ± 7 minutes. In the other fibrinogen-alone experi-

ments, the neck coverage percentages were 10% for the 
sidewall model, 30% for the curved model, and 30% for 
the bifurcation model (Supplementary Table 1). With ad-
ditives, both the paraophthalmic and bifurcation models 
demonstrated complete aneurysm neck coverage. Time 
to coverage ranged between 15 and 33 minutes for the 
paraophthalmic model and between 12 and 26 minutes 
for the bifurcation model after the addition of additives 
(Supplementary Table 1).

Adding thrombin to the fibrinogen solution increased 
the fibrin coverage rates for all models. Notably, with the 
addition of thrombin, the bifurcation model exhibited sig-
nificantly greater fibrin coverage rates than the other mod-
els (Table 3). Introducing heparin to the fibrinogen/throm-
bin solution significantly reduced the neck coverage rates 
for the paraophthalmic model (p = 0.002); however, the 
differences were not statistically significant for the other 
models. The inclusion of calcium in the solution of fibrino-
gen, thrombin, and heparin statistically increased the cov-

TABLE 2. Summary of CFD results

Model
Max Flow Velocity at 

Aneurysm Neck, cm/sec
Max SS,  
dyne/cm2

Max Normalized 
SS, SS/SSinflow

Location of Max SS  
Zone on Aneurysm Neck

Initial Fibrinogen Deposition 
Location on Aneurysm Neck

Paraophthalmic 48.7 694.6 28.9 Proximal Proximal
Bifurcation 31.5 843.3 35.1 Proximal Proximal
Curved 15 278 11.6 Distal Distal
Sidewall 4.8 62.9 2.6 Proximal Proximal

SS = shear stress; SS/SSinflow = normalized shear stress.

FIG. 2. Intra-aneurysmal flow characteristics after flow diverter deployment of the paraophthalmic aneurysm model (A and B). High-
flow and high–shear stress zones on the flow diverter (C). Fibrin deposition on the aneurysm neck (arrows), which corresponds to 
the high-flow and high–shear stress zones from the CFD analyses (D). Veloc = velocity. Figure is available in color online only.

https://thejns.org/doi/suppl/10.3171/2024.4.JNS232567
https://thejns.org/doi/suppl/10.3171/2024.4.JNS232567
https://thejns.org/doi/suppl/10.3171/2024.4.JNS232567
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erage rates for all models, with the exception of the bifur-
cation model (p = 0.64). Detailed results on the impact of 
additives on fibrin deposition rates are presented in Table 3.

Discussion
Our study revealed several important findings. First, 

we showed that human fibrinogen converts to fibrin on 
the surface of flow diverter stents under physiological 
flow conditions, even without the presence of blood cells, 
calcium, or thrombin. Second, in our study, models with 
higher intra-aneurysmal flow or shear stress demonstrated 
greater and faster fibrin deposition on the neck portion of 
the flow diverters. Third, CFD analyses revealed that the 

FIG. 3. Intra-aneurysmal flow characteristics after flow diverter deployment of the bifurcation aneurysm model (A and B). High-
flow and high–shear stress zones on the flow diverter (C). Fibrin deposition on the proximal aneurysm neck (arrow), which cor-
responds to the high-flow and high–shear stress zones from the CFD analyses (D). Figure is available in color online only.

FIG. 4. Gradual fibrin deposition leading to complete aneurysm occlusion. Photographs are shown at baseline (A) and after 2 
minutes (B), 5 minutes (C), 7 minutes (D), 9 minutes (E), and 15 minutes (F). Figure is available in color online only.
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observed initial fibrin accumulation coincided with the 
aneurysm inflow zone where the velocity and shear stress 
tend to be high at the device cells. This indicates that the 
CFD models, which take into account biological interac-
tions, may provide additional valuable information to as-
sess the likelihood of neck coverage and aneurysm occlu-
sion. These findings are important because they suggest 
that fibrin could cover a significant proportion of the flow 
diverter’s pores in a short period of time, depending on the 
flow characteristics of the aneurysm.

Despite the vast flow diversion literature, little is 
known about how the aneurysm occlusion process begins 
or proceeds. Several postmortem studies have shown that 
coils can be covered by fibrin within the early postoper-
ative period.12–15 Similarly, in our study, the macroscopic 
fibrin deposition on flow diverter stents began within min-
utes after deployment. Stamboroski et al. demonstrated 
that bivalent and monovalent metallic ions may promote 
fibrinogen precipitation.16 Additionally, another study by 
Belisario et al. indicated that this interaction between met-

al ions and fibrinogen alters the fibrinogen structure and 
promotes fibrin-myofibroblast or fibrin-platelet adhesion.17 
However, the primary factors driving fibrin accumulation 
on flow diverter stents had not been previously explored. 
In our study, fibrin deposited on the flow diverters’ necks 
under physiological flow conditions, even without the ad-
dition of blood cells or procoagulants. More importantly, 
fibrin specifically started accumulating on the high-flow 
and high–shear stress areas on the flow diverter, result-
ing in gradual coverage of the aneurysm neck. This has 
an important potential implication on aneurysm occlu-
sion after flow diverter treatment. It is well known that 
fibrin provides binding sites for myofibroblasts, which 
are responsible for collagen production and can promote 
neointimal layer formation on flow diverter stents. In our 
study, we deployed flow diverters of the same size across 
all replicates and utilized glass models with the matched 
parent artery and aneurysm dimensions. Despite this stan-
dardization, we observed significant variations in fibrin 
deposition on the flow diverters that correlated with dif-

TABLE 3. Effects of additives on fibrin deposition rates under standardized flow conditions (4 ml/sec)

Model
Aneurysm Neck 

Coverage Rate, %/min
p Value for  

Group Comparisons
p Value for  

Model Comparisons

Paraophthalmic (model A)
  Fibrinogen alone (group 1) 1.25 ± 0.1 0.001*, 0.003†, 0.001‡ 0.001††, 0.001‡‡, 0.001§§
  Fibrinogen + thrombin (group 2) 5 ± 0.5 0.002§, 0.89¶ 0.001††, 0.001‡‡, 0.016§§ 
  Fibrinogen + thrombin + heparin (group 3) 3.07 ± 0.47 0.005** 0.002††, 0.003‡‡, 0.002§§
  Fibrinogen + thrombin + heparin + calcium (group 4) 4.7 ± 0.46 0.001††, 0.001‡‡, 0.001§§
Sidewall (model B)
  Fibrinogen alone (group 1) 0.03 0.001*, 0.001†, 0.001‡ 0.738¶¶, 0.738a

  Fibrinogen + thrombin (group 2) 0.11 0.134§, 0.001¶ 0.99¶¶, 0.001a

  Fibrinogen + thrombin + heparin (group 3) 0.09 0.001** 0.99¶¶, 0.001a

  Fibrinogen + thrombin + heparin + calcium (group 4) 0.15 >0.99¶¶, 0.001a

Curved (model C)
  Fibrinogen alone (group 1) 0.08 ± 0.01 0.001*, 0.001†, 0.001‡ >0.99b

  Fibrinogen + thrombin (group 2) 0.16 0.053§, 0.001¶ 0.001b

  Fibrinogen + thrombin + heparin (group 3) 0.17 0.004** 0.001b

  Fibrinogen + thrombin + heparin + calcium (group 4) 0.2 0.001b

Bifurcation (model D)
  Fibrinogen alone (group 1) 0.08 ± 0.01 0.001*, 0.001†, 0.001‡
  Fibrinogen + thrombin (group 2) 6.7 ± 0.9 0.773§, 0.244¶
  Fibrinogen + thrombin + heparin (group 3) 5.9 ± 1.1 0.64**
  Fibrinogen + thrombin + heparin + calcium (group 4) 8.4 ± 1.4

Values are shown as mean or mean ± SD unless indicated otherwise. Boldface type indicates statistical significance according to the post hoc Tukey test (p < 0.05).
* Group 1 vs group 2.
† Group 1 vs group 3.
‡ Group 1 vs group 4.
§ Group 2 vs group 3.
¶ Group 2 vs group 4.
** Group 3 vs 4.
†† Model A vs B.
‡‡ Model A vs C.
§§ Model A vs D.
¶¶ Model B vs C.
a Model B vs D.
b Model C vs D.
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ferences in parent artery curvature and intra-aneurysmal 
flow rates. Currently, predictors of successful aneurysm 
occlusion after flow diversion remain largely unexplored. 
Considering fibrin’s crucial role in neoendothelialization 
and thrombus formation, these disparities in fibrin deposi-
tion may contribute to the divergent patient outcomes ob-
served in clinical settings. Further investigation is needed 
to elucidate fibrin’s specific role in aneurysm occlusion 
after flow diversion.

The most commonly used in vitro flow diverter model 
consists of a silicone aneurysm model and a flow loop, 
and it uses a glycerol-based fluid to mimic the lubricity 
of blood.18–20 In this previous model, a contrast bolus is 
administered after device deployment, and contrast in-
tensity is measured for approximately 20 seconds. High 
contrast intensity indicates greater stagnation and more 
efficacy. Although this model provides a useful platform 
for preclinical testing, its real-world efficacy remains un-
explored, as flow diverter–induced aneurysm occlusion 
may take months or sometimes years. Our model has two 
main advantages over the available in vitro flow diver-
sion models. First, instead of focusing on a short period of 
time, our model allows real-time visualization of gradual 
aneurysm occlusion. Second, fibrinogen provides binding 
sites for myofibroblasts, which produce collagen and are 
the main drivers of neointimal layer formation. Therefore, 
implementing human fibrinogen in benchtop models may 
provide more realistic preclinical testing platforms that 
consider biological factors.21

Gester et al. investigated the mechanism and character-
istics of flow diverter–induced aneurysm thrombosis using 
anticoagulated pig blood.22 Incorporating whole blood into 
an in vitro model can provide valuable insights into the 
role of blood cells and other components in aneurysm oc-
clusion after flow diverter treatment. However, it is impor-
tant to note that hemolysis is inevitable under in vitro con-
ditions. Additionally, thrombosis starts immediately under 
ex vivo conditions, and therefore these models require 
high doses of anticoagulants. In our study, we performed 
a total of 84 experiments with 3 replicates for each treat-
ment arm, and we obtained consistent results, as supported 
by the low standard deviations. Also, our fibrinogen-based 
model successfully reflected changes in parent artery or 
intra-aneurysmal flow rates and the influence of biologi-
cal components such as thrombin, calcium, and heparin. 
Therefore, our findings suggest that the human fibrinogen–
based flow diverter model may provide more reproducible 
and consistent results than animal blood–based models.

Our study has several limitations. First, our model does 
not consider cellular interactions and may not represent 
known or currently unknown coagulant or anticoagulant 
mechanisms. Therefore, it is important to note that aneu-
rysm neck coverage times are only shared as a reference 
for our in vitro model. Second, fibrin serves as a substrate 
for cell binding, potentially influencing device neoendo-
thelialization. However, neoendothelialization is a com-
plex process that may commence as late as 7 days after 
flow diversion.3,23 Third, glass models are rigid, in contrast 
to blood vessels, and this may have affected the flow char-
acteristics. Fourth, our test flow diverter had cobalt-chro-
mium wires. Fibrin deposition characteristics may vary for 

different metal ions. Lastly, we used a pulsatile pump for 
our experiments, which may limit representation of in vivo 
flow characteristics.

Conclusions
Predictors of flow diversion success remain largely 

unexplored. Our human fibrinogen–based model may ad-
dress the important limitations of the available benchtop 
flow diverter–testing platforms. Additionally, our results 
suggest that, depending on aneurysm anatomy, fibrinogen 
alone can completely cover the aneurysm neck and lead to 
aneurysm occlusion. Further research is needed to under-
stand the role of fibrinogen in aneurysm occlusion after 
flow diverter treatment.
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