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Background and purpose

Rupture risk of intracranial aneurysms is a major issue for public healthcare. A way to obtain an individual rupture risk assessment is a main objective of many research teams in the world. For many years, we have investigated the relationship between the mechanical properties of aneurysm wall tissues and the rupture risk. In this work, we try to go further and investigate rupture limit values.

Methods

Following surgical clipping, a specific conservation protocol was applied to aneurysmal tissues in order to preserve their mechanical properties. Thirty-nine intracranial aneurysms (27 females, 12 males) were tested using a uniaxial tensile test machine under physiological conditions, temperature, and saline isotonic solution. These represented 24 unruptured and 15 ruptured aneurysms. Stress/strain curves were then obtained for each sample, and a fitting algorithm was applied following a Yeoh hyperelastic model with 2 parameters. Moreover, uniaxial tensile tests were conducted until rupture of samples to obtain values of stress and strain rupture limit.

Results

The significant parameter a 𝐶 2 of the hyperelastic Yeoh model, allowed us to classify samples' rigidity following the terminology we adopted in previous papers (Costalat 2011, Sanchez 2013): Soft, Stiff and Intermediate. Moreover, strain/stress rupture limit values were gathered and analyzed thanks to the tissue rigidity, the status of the aneurysm (initially ruptured or unruptured) and the gender of the patient.

Conclusion

Strain rupture limit was found quite stable around 20% and seems not to be correlated with the status of the aneurysm (initially ruptured or unruptured), neither with the gender of the patient. However, stretch and stress rupture limit seems not to be independent on the rigidity.

The study confirms that ruptured aneurysms mainly present a soft tissue and unruptured aneurysms present a stiff material.

Introduction

Hemorrhage stroke is a major issue for public healthcare. Approximately 12% of patients die before receiving medical attention, 40% of hospitalized patients die within one month after the accident, and more than one third of those who survive have major neurological deficits. The prevalence of intracranial aneurysms in the general population, as reported by [START_REF] Wardlaw | The detection and management of unruptured intracranial aneurysms[END_REF], ranges between 3% and 6.6%. Fortunately, very few aneurysms rupture. The incidence of ruptured aneurysms is approximately 0.5% per year. However, when a patient knows he has a "bomb" in his head, he is stressed and wants to be treated. But endovascular treatment of unruptured aneurysms, which is the safest treatment, is not without risk and has about 1% mortality rate [START_REF] Sluzewski | Rupture of intracranial aneurysms during treatment with guglielmi detachable coils: Incidence, outcome, and risk factors[END_REF]. Unruptured intracranial aneurysms therefore represent a dilemma for the physicians. The risk of aneurysm rupture with respect to its natural history has to be carefully balanced against the risk of morbidity and mortality from an endovascular or surgical repair.

Many factors are available to help decisions for surgery, like the size of the sac and its location in the Circle of Willis (ISUIAI, 1998). Other parameters, such as irregular aneurysm shape and, in particular, the presence of blebs [START_REF] Asari | Natural history and risk factors of unruptured cerebral aneurysms[END_REF][START_REF] Asari | Natural history and risk factors of unruptured cerebral aneurysms[END_REF][START_REF] Wiebers | The significance of unruptured intracranial saccular aneurysms[END_REF] are recognized as high risk factors.

In 2011 [START_REF] Costalat | Biomechanical wall properties of human intracranial aneurysms resected following surgical clipping[END_REF], we proposed an additional indicator base on the relationship between the mechanical properties of aneurysm wall tissues and the rupture risk. First conclusions suggested that the softer tissue is, the higher rupture risk is.

The present study aims to confirm these results, initiates with only 16 samples, studying 24 more aneurysms, and tries to go further investigating rupture limit values of aneurysmal tissues.

Materials and methods

Patients and clinical data

A total of sixty-three patients treated for ruptured or unruptured aneurysms by surgical clipping were recruited by four French neurosurgical teams. The research study protocol was approved by the local ethical committee in each center. A consent form was signed by patients with normal neurological status, or by the relatives in all other cases. For each patient, clinical, and radiological informations were collected concerning age, gender, aneurysm status (ruptured/unruptured), size (measured from the dome of the aneurysm and the neck represented by the communication of the aneurysm with the parent artery), the "dome to neck" ratio (aneurysm size/neck length), location on the Willis circle, morphological evaluation (classified "simple shaped" for a regular unilobulated aneurysm and "complex shaped" for a multilobulated and irregular aneurysm), as well as documented rupture risk factors; multiple aneurysms, previous ruptured aneurysm, positive family history of ruptured intracranial aneurysm, autosomal dominant polycystic kidney disease, hypertension, alcohol and tobacco. A possible mycotic intracranial aneurysm etiology was considered an exclusion criterion, as well as any previous history of endocarditis or inflammatory disease. All documented risk factors were then recorded in order to be related to the biomechanical behavior of each aneurysm.

Biomechanical testing methodology

Immediately after resection, each aneurysm wall was progressively frozen respecting a procedure described in [START_REF] Costalat | Biomechanical wall properties of human intracranial aneurysms resected following surgical clipping[END_REF]. The resected aneurysm was initially inserted in a tube containing a Ringer lactate, 10% DMSO solution. This first tube was then placed in a larger second one containing isopropanol. This combination of the two tubes was placed in a freezer (-80°C). The sample was progressively frozen due to the surrounding isopropanol solution in order to maintain its biomechanical properties.

One hour before mechanical testing, aneurysm samples were thawed at ambient temperature. Then a regular rectangular piece was dissected from the aneurysm preserving maximum length. This was a delicate point due to the small size of the samples. Many of them were lost during this cutting.

Once cut, a uniaxial stretch test was carried out on the sample within a warmed (37 °C) physiological liquid in order to simulate in vivo conditions. This testing device was composed of a Texture Analyzer (TA-XT2, Stable Microsystems, UK) with a 50 N load cell. Aneurysm strips were fixed by glue on each extremity to aluminum grips.

Two digital video cameras, placed in two orthogonal directions, recorded the mechanical tests (see Figure 1).

The uniaxial stretch tests consisted of a series of increasing load steps until rupture of the sample.

-For the first load step the sample was stretched by about 10% of its initial length, then unloaded and that was repeated five times. This 10% value was initially calculated by [START_REF] Karmonik | In-vivo quantification of wall motion in cerebral aneurysms from 2d cine phase contrast magnetic resonance images[END_REF]) in an in vivo wall motion MRI study of 7 aneurysms. In accordance to standard mechanical testing protocol for biological tissue, the specimens were first preconditioned [START_REF] Holzapfel | International Study of Unruptured Intracranial Aneurysms Investigators, Unruptured intracranial aneurysms--risk of rupture and risks of surgical intervention. International study of unruptured intracranial aneurysms investigators[END_REF] during the first four cycles. The extension rate was 0.01 mm/s and the tension load was recorded every 0.01 s. Velocity of the solicitations was small enough to not consider viscous phenomena. A baseline tension of 0 N was applied to the strip before starting each test.

-For the next load steps, the stretch was increased by 10% with the same number of loading/unloading cycles, under the same velocity conditions.

-Loads were increased until rupture of the sample occurred.

During the tests, the two subset cameras were used to record the displacement of the sample. These images (resolution of 4μm/pixel) allowed to determine the exact dimensions (width, length and thickness) of the strips. A Force/Displacement graph was obtained from each sample tested (see Figure 2).

Data post-processing

Mechanical parameter identifications

Only the measurements from the last elongation of load step 1 were used to obtain more realistic mechanical characterization of the data. Note, however, that except for the very first cycle, the force/displacement graph was roughly cycle independent. In order to identify the parameters of an equivalent hyperelastic model, the force/displacement graph described above was converted into a strain/stress graph. For this calculation, the length, thickness and width of each strip were considered. A baseline for this aneurysmal strip dimensions were obtained at 0-Newton traction in the third cycle of each test. Using the assumption that the specimen was subjected to a uniform traction, the engineering stress, noted Π, was computed, and the engineering strain, noted 𝜀, registered.

During the cycles, some permanent deformations in the traction phase were observed causing slight compressions of the sample in the rest phase. This is reflected by the negative values of the curve origin and is in accordance to the elasto-plastic behavior of the tissue. Since we consider a hyperelastic model to represent the tissue, the plastic effects cannot be represented and only the positive part of the curve was used to identify material behavior.

Once the strain/stress graph was obtained, we proceeded to a curve fitting using a Sequential Least Squares Programming algorithm in order to determine the corresponding hyperelastic model and its coefficients. In our cases, the best match was obtained with an incompressible Yeoh model with 2 parameters. Let F be the measured force, 𝑆 0 the initial section and 𝜆 = 1 + 𝜀 the elongation of the sample, the behavior law is given by the following equation:

Π = 𝐹 𝑆 0 = 2(𝜆 -𝜆 -2 )(𝐶 1 + 2𝐶 2 (𝜆 2 + 2𝜆 -1 -3))
where mechanical parameters 𝐶 1 and 𝐶 2 have to be identified.

Rupture limit identifications

Hemorrhage occurs when the aneurysmal wall ruptures, but this rupture is rather a local cracking than a total and entire tearing. In majority of the ruptures we observed in-vitro, the sample was not cut into two distinct pieces, but there was an abrupt loss of resistance. The specimens stayed in one piece held by undamaged fibers. Hence, we decided that the rupture limit would be given by the point of maximum stress.

An example of strain/stress curve, with visible rupture, is given in Figure 3. This figure represents the last load for the aneurysm of Figure 2, but expressed with stress and strain variables.

For each sample the limit of stress Π 𝑟 and elongation λ 𝑟 values were collected.

Results

We initially collected 63 specimens, but were able to test only 39. It was mainly because of the cutting of the samples due to their small size. The second cause of the losses is related to the positioning of the samples in the tensile machine. We broke a few cases during the procedure. All results are gathered in table 1. It summarizes clinical, anatomical and biomechanical data of the 39 cases tested (A tiny fraction of the information is missing).

Material parameters values

For this type of behavior law (Yeoh hyperelastic model), parameter 𝐶 1 is related to the Young modulus 𝐸, which is the slope at origin (𝜆 = 1) of the function Π(𝜆). It could be easily demonstrated that 𝐶 1 is equal to 𝐸/6. Parameter 𝐶 2 is representative of the curvature of the function Π(𝜆). The larger the parameter 𝐶 2 is, the higher rigidity of the material is.

After the identification procedure, we gathered the values of parameters 𝐶 1 and 𝐶 2 respectively in the graphs Figure 4 and Figure 5. These values are sorted according to the aneurysm status before surgery (ruptured (red points) or unruptured (green points)) and to the gender (female (circles) or male (squares)). On average, unruptured aneurysms are stiffer than ruptured ones. Indeed, the average value for 𝐶 1 is 0.07 MPa for ruptured and 0.12 MPa for unruptured aneurysms. The same trend is observed for parameter C2: the average value is 2.1 MPa for ruptured and 6.8 MPa for unruptured. But, the results show also that some unruptured aneurysms have soft material properties. For both parameters, there seems to be an upper limit for ruptured aneurysms: 0.2 MPa for 𝐶 1 and 10 MPa for 𝐶 2 .

Moreover, we noticed that all ruptured aneurysms have a 𝐶 2 lower than 3.7 MPa, except one which is equal to 7 MPa. Then we stratified aneurysms in 3 categories:

-Soft tissues are those having a 𝐶 2 lower than 3.7 MPa -Intermediates tissues are those having a 𝐶 2 between 3.7 MPa and 7 MPa -Stiff tissues are those having a 𝐶 2 greater than 7 MPa

Concerning the influence of the gender on material parameters, the graphs in Figure 4 and Figure 5 do not show a significant dependence. Aneurysmal tissues from males seem not to be stiffer than those of females and vice versa (p-value = 0.79 for 𝐶 1 and 0.39 for 𝐶 2 ).

Rupture limit values

For each specimen, the stress and stretch rupture limit have been identified and sorted by different criteria: gender, status (ruptured/unruptured) and rigidity (soft/intermediate/stiff). Results are presented in the graphs Figure 6 and Figure 7. Symbols and color codes are the same as in the previous paragraph. Neither correlation between the previous specific criteria and the stress was found, nor with the stretch. Stretch rupture limit does not depend on the gender (p-value = 0.22), nor on the status (p-value = 0.78). Stress rupture limit also does not depend on gender (p-value = 0.38). However, stretch and stress rupture limit seems not to be independent on the rigidity (respectively p-value = 0.006 and p-value = 0.04).

Furthermore, when reporting the engineering stress and the engineering strain (instead of the stretch) limit in a same graph (Figure 8) we clearly see that a notion of strain limit is more relevant than one of stress limit. The average value for the strain limit is about 0.2 (20% of deformation), with a standard deviation of 0.06 while the average value for the engineering stress limit Π 𝑟 is about 0.38 MPa, with a standard deviation of 0.24 MPa.

Limitations and discussion

Several points about experimental results and limitations must be discussed.

Result analysis

Almost certainly the physicians made the right choice in treating the unruptured aneurysms having a 𝐶 2 lower than 3.7 MPa (soft tissues). In a general manner, both soft and intermediate tissues had a risk of rupture, because we found a ruptured aneurysm with a 𝐶 2 equals to 7 MPa. At this time, only stiff tissues ( 𝐶 2 > 7 MPa) seem to be safe.

In terms of comparisons, we are able to compare parameter 𝐶 1 with those obtained in the literature. In [START_REF] Valencia | Mechanical test of human cerebral aneurysm specimens obtained from surgical clipping[END_REF], they extracted from a Mooney-Rivlin hyperelastic model, an average value of parameters 𝐶 01 + 𝐶 10 , equivalent to our 𝐶 1 , of about 0.17 MPa, while in [START_REF] Toth | Laboratory tests for strength paramaters of brain aneurysms[END_REF]) they found 0.12 MPa. They are of same order than our average value for 𝐶 1 : 0.11 MPa. Unfortunately, we cannot compare 𝐶 2 , which is however the most significant.

Beyond that, our results highlighted an average rupture limit for strain of about 20%. Already, in 1989 Steiger and co-authors [START_REF] Steiger | Strength, elasticity and viscoelastic properties of cerebral aneurysms[END_REF], presented rupture limit value for strain. Only 7 aneurysms were tested for an average strain rupture limit of 37%. More recently, works of [START_REF] Cebral | Wall Mechanical Properties and Hemodynamics of Unruptured Intracranial Aneurysms[END_REF] and [START_REF] Valencia | Mechanical test of human cerebral aneurysm specimens obtained from surgical clipping[END_REF], extracted also rupture limit values from their uniaxial traction tests. In both articles few samples were tested, due to the difficulty of getting aneurysms from surgery. Cebral and co-authors found an average value of 37% for a total of 8 unruptured aneurysms and compared the rupture limit values to those of control arteries in [START_REF] Robertson | Diversity in the Strength and Structure of Unruptured Cerebral Aneurysms[END_REF]. Valencia and co-authors, found an average value of 38% for 6 samples. The difference between our results and those of the literature may come from several reasons. First, the testing protocol is mainly different, because in our study, the sample is immersed in a physiological liquid controlled in temperature at 37 °C. The effect of the temperature is probably not negligible. Secondly, all our samples were initially frozen (as reported in [START_REF] Masson | Mechanical properties of arteries cryopreserved at -80 °C and -150 °C[END_REF]), while in the other studies, they were tested without freezing in a maximum of 48h after surgery. Finally, the total number of tested samples could also explain this difference. In a general manner, we think that in vivo rupture limit may be lower than 38%, because a simple mechanical analysis on a hemispherical model of aneurysm, using the Laplace theory and assuming standard material thickness and radius values, shows that strains are about 2 or 3 % in physiological conditions of pressure. Then, the pressure should be increased by almost a factor of 10 for reaching the values of measured rupture limits.

On the other hand, several authors [START_REF] García-Herrera | Mechanical behaviour and rupture of normal and pathological human ascending aortic wall[END_REF][START_REF] Pichamuthu | Differential tensile strength and collagen composition in ascending aortic aneurysms by aortic valve phenotype[END_REF][START_REF] Pham | Biomechanical characterization of ascending aortic aneurysm with concomitant bicuspid aortic valve and bovine aortic arch[END_REF][START_REF] Forsell | Biomechanical properties of the thoracic aneurysmal wall: differences between bicuspid aortic valve and tricuspid aortic valve patients[END_REF] have investigated the uniaxial rupture properties of ATAAs (Ascending Thoracic Aortic Aneurysms). Works of Duprey and co-authors [START_REF] Duprey | Biaxial rupture properties of ascending thoracic aortic aneurysms[END_REF] on ATAAs exhibit an average rupture limit value for strain of 69%, which is different than our. This mismatch could be explained because pathologies are really different. ATAAs mainly concern old persons with stiff arterial properties due to the atheromatous process, while cerebral aneurysms occur more often in younger people.

All these observations go in the same direction. For a given arterial pressure, a soft tissue has a higher risk of rupture than a stiff one, because it has a larger deformation which tends to come closer to the strain rupture limit (20%). Our study also confirms observations suggesting that big aneurysms are dangerous [START_REF] Wiebers | International Study of Unruptured Intracranial Aneurysms Investigators. Unruptured intracranial aneurysms: natural history, clinical outcome, and risks of surgical and endovascular treatment[END_REF]. Indeed, thanks to the Laplace theory, the larger the bending radius is, the higher the stress in the wall of the membrane (aneurysm wall) is. In big aneurysms, the strain would then be higher and closer to the rupture limit, than in a small aneurysm for a same arterial pressure. This phenomenon is worsened for soft tissues.

Finally, from a mechanical point of view, consideration of only the wall stiffness is not sufficient, the strain rupture limit must be taken into account too. Indeed, for the ruptured aneurysm having a 𝐶 2 equals to 7 MPa, we found a strain rupture limit equal to 10% (two times inferior of the average limit value). This aneurysm was the unique specimen from the posterior vertebrobasilar circulation we tested and it is well known that they are more dangerous at the same size than those located in other places [START_REF] Wiebers | International Study of Unruptured Intracranial Aneurysms Investigators. Unruptured intracranial aneurysms: natural history, clinical outcome, and risks of surgical and endovascular treatment[END_REF]. So, wall stiffness has to be considered in the light of the strain rupture limit. Moreover, with the same tissue (material properties) and at the same arterial pressure, the strain is higher if the thickness of the wall is smaller, which increases the risk of rupture.

Of course, all these values have to be considered carefully, even though we paid a lot of attention to measurements and in the control of results. Despite this, a security coefficient should be applied to these bounded values.

Limitations

Because of the surgical resection necessary to obtain these samples, only aneurysms easily and safely accessible were selected, introducing a potential selection bias. Hence, the MCA (Middle Cerebral Artery) location was over-represented in this study. There may be also a bias induced by the differences between cases with indication of surgical treatment compared to those indicated for interventional therapy.

Uniaxial strain/stress testing is not representative of the anisotropic behavior of the aneurysm wall in vivo.

Although, bi-axial testing was contemplated in this study, it is technically challenging to carry out. In our experiments the main limitation was the small size of the strips ranging from 1.3 to 8 mm. Work by [START_REF] Toth | Laboratory tests for strength paramaters of brain aneurysms[END_REF] also confirms that bi-axial testing does not generate reliable and reproducible results. MacDonald and coauthors [START_REF] Macdonald | Directional wall strength in saccular brain aneurysms from polarized light microscopy[END_REF] investigated the molecular strength of the collagen fibers layers in four aneurysms. When comparing directional tissue strength, an anisotropy was demonstrated by a factor of two. In our study, aneurysm samples were selected in a meridional direction (which means for us the greater length of the sample and not a direction of anisotropy) in both groups demonstrating a difference between ruptured and unruptured aneurysms in this direction. A bi-axial testing of the sample may have addressed this high level of anisotropy, this was not possible due to physical limitations as mentioned above.

Furthermore, the probability of consistently and systematically slicing the aneurysm sample in the weakest direction in the ruptured aneurysms, and the strongest direction in unruptured aneurysms was unlikely.

The taking of measures of the size of samples such as the thickness and the width, was difficult to carry out because they are relatively irregular. We took average values, which can skew the estimation of the stresses and explain a higher dispersal of the values compared with those of strains. This also has consequences for the estimation of parameters 𝐶 1 and 𝐶 2 of the hyperelastic model.

Because of the small size of samples, in several cases the hypothesis of pure traction was not insured (the proportion of the length over the width was too low). This is an additional factor of error to be considered.

Aneurysm strips were fixed by glue on each extremity to aluminum grips. This procedure is delicate. It allows to block the sample on the grips, but can sometimes damage it when the glue is badly arranged and diffused in the sample, which is very small.

Conclusion

With a total of 39 analyzed aneurysms, our study confirms that ruptured aneurysms mainly present a soft tissue and unruptured aneurysms present a stiff material. But, contrary to what we observed in the previous study [START_REF] Costalat | Biomechanical wall properties of human intracranial aneurysms resected following surgical clipping[END_REF], including only 16 samples, gender has no influence on material parameters. Aneurysmal tissues from males seem not to be stiffer than those of females and vice versa.

Secondly, the strain rupture limit is quite stable around 20 % and seems not to be correlated with the status of the aneurysm (initially ruptured or unruptured), neither with the gender of the patient. However, stretch and stress rupture limit seems not to be independent on the rigidity. The existence of a fixed rupture limit for strain confirms that a soft tissue has a higher risk of rupture than a stiff one. That also confirms the observations suggesting that big aneurysms are dangerous.

Finally, from a mechanical point of view, consideration of the wall stiffness alone is not sufficient, the strain rupture limit must be taken into account too.

All these experimental results have to be considered carefully, a security coefficient should be applied on the bounded values.

Further studies investigating the biomechanical properties of cerebral aneurysms should be led to validate these observations and conclusions. 
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